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ABSTRACT

This paper describes the methods that are used in the SAPRC mechanism generation system,
MechGen, to estimate rate constants and derive mechanisms for gas-phase reactions of volatile organic
compounds (VOCs) in the lower atmosphere. Versions of this system have been used for over 20 years in
the development of the SAPRC mechanisms for air quality models, but this is the first complete
documentation of the scientific basis for the chemical mechanisms it derives. MechGen can be used to
derive explicit gas-phase mechanisms for most compounds with C, H, O, or N atoms. Included are
reactions of organic compounds with hydroxy (OH) and nitrate (NO;) radicals, O3, O°P, or by photolysis
or unimolecular reactions, and the reactions of the radicals they form in the presence of O, and oxides of
nitrogen (NOy) at lower atmospheric temperatures and pressures. Measured or theoretically calculated
rate constants and branching ratios are used when data are available, but in most cases rate constants and
branching ratios are estimated using various structure-reactivity or other estimation methods. Types of
reactions include initial reactions of organics with atmospheric oxidants or by photolysis, and
unimolecular and bimolecular reactions of carbon-centered, alkoxy, and peroxy radicals and Criegee and
other intermediates that are formed. This paper documents the methods, assignments, and estimates
currently used to derive these reactions, and provides examples of MechGen predictions. Many of the
estimation methods discussed here have not been published previously, and others have not been used
previously in developing comprehensive mechanisms Our knowledge of the of atmospheric reactions of
organic compounds rapidly and continuously evolves, and therefore mechanism generation systems such
as MechGen also need to evolve to continue to represent the current state of the science. This paper points
out areas where MechGen may need to be modified when the system is next updated. This paper
concludes with a summary of the major areas of uncertainty where further experimental, theoretical, or
mechanism development research are most needed to improve predictions of atmospheric reaction
mechanisms of volatile organic compounds.
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1. Introduction
1.1. Background

When most volatile organic compounds (VOCs) are introduced into the atmosphere in the
presence of sunlight, they can react to form various radicals that then further react to form oxidized
organic products, including gas-phase toxics and secondary organic aerosol (SOA). In the presence of
oxides of nitrogen (NO,) from combustion sources, these radicals also promote the formation of ozone
(O3) and oxidized nitrogen compounds that further affect air quality. Many hundreds of types of organic
compounds are emitted, from both anthropogenic and biogenic sources. The atmospheric reaction
mechanisms for these compounds are complex, and for larger molecules can involve an extremely large
number of reactive intermediates and result in a large number of stable oxidized organic products. Most
of these organic products also react in the atmosphere, forming even more intermediates and products. In
most cases these mechanisms involve reactions whose rate constants, and in some cases mechanisms, are
unknown and thus have to be estimated. Because of the complexity, it is necessary either to greatly
simplify the mechanisms for most VOCs, use extensive lumping or condensations in representations of
VOCs, or use an automated chemical mechanism generation system to derive the mechanisms.

In the case of tropospheric reaction mechanisms of VOCs, existing automated chemical
mechanism generation systems include the Generator of Explicit Chemistry and Kinetics of Organics in
the Atmosphere (GECKO-A) developed by Aumont and co-workers (Aumont et al., 2005) and the
SAPRC mechanism generation system, MechGen, (Carter, 2024) that is the subject of this paper.
GECKO-A has been used in a number of studies of varying chemical complexity (e.g., Aumont et al.,
2005; Camredon et al., 2007; Lee-Taylor et al., 2011; Aumont et al., 2012; Lannuque et al., 2018; Afreh
et al., 2021) and is designed primarily to derive and carry out model simulations using multi-generation
mechanisms of selected compounds and all of their oxidation products. The SAPRC MechGen system
was developed primarily to support the development of versions of the SAPRC atmospheric gas-phase
chemical mechanisms (Carter, 2000, 2010a, b, 2016, 2020), and has been focused on single-generation
reactions of individual compounds, with mechanisms for representative organic oxidation products being
derived separately. Therefore, the objectives and operations of the two systems are somewhat different. In
addition, although the two systems employ similar structure-activity relationships (SARs) and can give
very similar predictions, there are some differences in the mechanisms they derive, reflecting both
different treatments of uncertainties and also different areas where updates are needed to incorporate
recent results. For example, GECKO-A does not yet predict autoxidation reactions of peroxy radicals that
are believed to occur (and are predicted by MechGen), while GECKO-A employs more detailed and
updated estimates for bimolecular reactions of peroxy radicals and photolysis reactions of larger
molecules.

Perhaps the most important difference between GECKO-A and MechGen is that GECKO-A is
described in the peer-reviewed literature (e.g., Aumont et al., 2005), while the description of MechGen is
largely incomplete in the literature, with only an abbreviated description in applied studies (Jiang et al.,
2020; Li et al.,, 2022). Different versions of MechGen, incorporating our changing and evolving
understanding and ability to estimate the underlying chemistry, have been used in the development of
SAPRC-99 (Carter, 2000), SAPRC-07 (Carter, 2010a, b), SAPRC-11 (Carter and Heo, 2013), SAPRC-16
(Carter, 2016; Venecek et al., 2018) and SAPRC-18 (Carter, 2020). Additional updates to the system have
been made since the release of SAPRC-18. The lack of a stable and peer-reviewed version has inhibited
the use of MechGen for atmospheric chemistry research beyond the development of SAPRC mechanisms,
despite its potential utility as an alternative to or for comparison with GECKO-A or the semi-explicit
Master Chemical Mechanism (Jenkin et al., 1997, 2003; Bloss et al., 2005; MCM, 2023). The purpose of
this paper is to document the chemical basis of the estimates and assignments as it currently exists, so it
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can be appropriately cited and more widely used. The version of MechGen described here has been used
in the preparation of the recently-completed SAPRC-22 mechanisms (Carter, 2023a). This paper can also
be used to as a starting point for future updates and to illustrate areas of uncertainty where experimental
or theoretical studies are needed.

1.2. Scope

MechGen is capable of generating fully explicit mechanisms for the atmospheric reactions of
most types of organic compounds emitted into the atmosphere and the intermediate radicals they form. It
is designed to generate mechanisms for lower tropospheric modeling only, so its mechanisms are
applicable primarily for temperatures at or near 300 K and pressures at or near 1 atmosphere. Although
temperature-dependent rate constants are assigned or estimated for many reactions, for others the rate
constants or branching ratios are only applicable for 300 K and 1 atmosphere. In particular, MechGen is
not currently designed for estimating mechanisms for combustion modeling or for low temperature or low
pressure systems.

Table 1 lists the types of stable compounds and the categories of initial atmospheric reactions that
can be generated for those compounds. Table 2 lists the types of reactions within each category that can
be generated, including reactions of intermediate radicals and reactions of stable compounds. These
include H-atom abstractions from stable compounds by OH, NOs, and Cl radicals; additions to double
bonds by these radicals and by O; and O’P; and photolyses at various groups. The types of radicals that
can be generated include carbon-centered radicals that in most cases react primarily with O,; peroxy
radicals that in most cases react with NO, NO,, NOs, HO,, or other peroxy radicals and in some cases also
have unimolecular reactions; alkoxy radicals that can react with O, or by various types of unimolecular
reactions; and excited and stabilized Criegee intermediates (CI). More information about their reactions
and how they are generated are described below, with additional detail given in the Supplementary
Information (SI) as referenced below.

Although the MechGen system can represent chemical structures containing halogen atoms and
estimate some types of reactions of compounds with Cl atoms, not all types of reactions of halogen-
containing compounds are currently supported. Therefore, a discussion of reactions of halogen-containing
compounds is not included here.

The operations and capabilities of MechGen as a software system are described in a separate
manuscript and user’s manual (Carter, In Prep.), while this paper focuses on the chemical basis for the
derived mechanisms.

1.3. Designation of Structures

Information on how to input and designate structures for MechGen is given in the software
description and users’ manual (Carter, In Prep.). Briefly, the structure of an organic reactant or radical is
specified by giving the "groups" in the molecule or radical and indicating the groups each are bonded to,
the type of bond, and in some cases (e.g., cis or trans isomers) the orientation of groups around the bonds.
Groups are parts of molecules that are treated as units in the system and are used to determine which
types of reactions can occur and what products are formed and used by the SARs or other methods to
estimate rate constants. These groups contain no more than one carbon or nitrogen atom, and also contain
zero to three hydrogen atoms and zero to three oxygen atoms. Structure designations are summarized in
Section S1.1 of the SL



112 Table 1. Types of stable compounds whose reactions are supported by MechGen.

Type of Compound Reactions Exceptions not Supported

Alkanes OH, NO; Some estimates for polycyclic compounds
are not reliable

Alkenes (including multiple OH, O3, NOs, O’P See above; not all reactions of Cl-addition

double bonds) radicals can be generated

Alkynes OH, NO;, See above

Aromatic hydrocarbons OH PAHs other than naphthalenes

Aldehydes, ketones, hydro- OH, NO;, hv Photolysis reactions of larger compounds

peroxides, organic nitrates are over-simplified

Alcohols, ethers, esters, other OH, NO;,

oxygenates

Unsaturated aldehydes, ketones, OH, O3, NOs, O°P, hv Ketenes
hydroperoxides, and nitrates

Phenols OH, NO;
Furans OH, O;, NO;, O°P
Other unsaturated oxygenates OH, O;, NO;, O°P
Amines OH, NO; Amines with no o or B hydrogens; imines
Peroxynitrates Unimolecular, OH, Formation of alkyl peroxynitrates from RO,
NO;s, hv + NO, is not generated because of assumed
rapid decomposition back to reactants
Bi- and polyfunctional OH, 0;, NO;, O°P, hv,  Estimates are generally much more
compounds as applicable uncertain and less reliable
113
114
115 The generated reactions and estimated rate constants depend not only on the group(s) where the

116  reaction occurs but also on the immediate neighbor group and in some cases groups some distance away
117  in the molecule. In many cases, different groups or combination of groups are estimated to react similarly
118  or have similar effects on reactions at neighboring groups, so this documentation uses designations that
119 refer to such combinations. Examples include -CX,H- to refer to carbon-centered groups with at least one
120 hydrogen (where "X" designates either H or any neighboring group bonded to the carbon with a single
121  bond), -CH,-OH to any carbon-centered group bonded to an OH group. G refers to any group and -G-G-
122 to chains of groups, etc. Some group designations used in the text will be somewhat different than those
123 used by MechGen in order to be more familiar to chemists. Generally the group designations are noted in
124  cases where they may not be obvious.

125
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Table 2.

Reactant(s)
VOC + OH

VOC + O;

VOC + NO;

VOC + O°P
VOC + hv

VOC Uni.

Carbon-
centered
Radicals

Peroxy or
Acyl Peroxy
Radicals

Alkoxy
Radicals

Excited
Criegee
Intermediates

Summary of types of reactions supported by MechGen. "VOC" indicates any stable
compound supported by the system (see Table 1).

Type of Reactions

H-atom abstraction
Addition to double and triple bonds
Addition to aromatic rings (OH only)

Addition to double bonds followed by Criegee intermediate formation

Excited adduct addition to amines, followed by decomposition forming OH

H-atom abstraction
Addition to double bonds

Addition to double bonds
Breaking the weakest bond in aldehydes, ketones, hydroperoxides, o-dicarbonyls, PAN

compounds, and organic nitrates
More rapid photolysis of dinitrates and carbonyl nitrates and carbonyl hydroperoxides

Unimolecular decompositions of peroxynitrates

Unimolecular decompositions of radicals with o-nitro, oi-nitrato, or O-peroxy groups
Reaction with O, with H-abstraction from o.-OH groups

Addition of O, to radicals with allylic resonance

Reactions of O, with aromatic - OH adducts

Addition of O, to other alkyl radicals

Unimolecular reactions of excited OH + alkene and aromatic adducts

Reactions with NO forming the corresponding alkoxy radical or organic nitrate
Cyclization of aromatic OH-O, adducts

Unimolecular H-shift reactions forming hydroperoxides

Reactions with NO, forming the corresponding peroxynitrate or PAN
Reaction with HO, forming the corresponding hydroperoxide or other products
Reaction with NO; forming NO, and the corresponding alkoxy radical
Reaction with the total of other peroxy or acyl peroxy radicals forming the corresponding
alkoxy radical, carbonyl compound, or alcohol

a-H abstraction by O, forming the corresponding carbonyl compound
B-scission decompositions

H-shift isomerizations

Ester rearrangement

Decompositions, stabilization, or rearrangements of saturated intermediates

Internal addition to the double bond of unsaturated intermediates, followed by O-O
scission and epoxide formation
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2. Initial Reactions of Organic Compounds
2.1. Bimolecular reactions with Atmospheric Oxidants

The methods MechGen uses to estimate rate constants for reactions of organic compounds with
OH, NO;, O3, O’P, and CI have been documented by Carter (2021), with updates as discussed below and
in the SI. In most cases the rate constant estimates are made separately for each reaction route, with the
total rate constant being the sum of the estimated rate constants for each route. The estimates are made for
the various types of reactions using SARs based on the groups in the molecule, the neighboring groups
bonded to them (in some cases the 2nd neighbor as well), and the structure of the molecule around the
group(s) where the reaction occurs (e.g., groups in a ring). The equations and parameters used for
estimating the rate constants are summarized in Table 3 and the parameter values are given in various
tables in Section S1.2 of the SI. Most adjustable parameters needed for mechanism generation were
derived by optimizations to fit the measured OH, NO;, Os, and Cl rate constants tabulated by McGillen et
al. (2020), with the rate constants for most O°P reactions taken from Calvert et al. (2000). There were
insufficient data to derive all parameters using this approach, so some parameters were estimated based
on assumed relationships with the adjustable parameters.

The derivation or estimation of most of the parameters and the ability of the estimates to predict
the experimental data were given by Carter (2021). However, parameters for predicting rate constants for
reactions of phenols with OH and NOs; were recently updated to improve the ability to model
environmental chamber experiments with generated mechanisms, as discussed in the SI. Rate constants
for most hydrocarbons and monofunctional compounds can be estimated to within +30%, though
predictions are not as good for multifunctional compounds and predictions for ~15% of the rate constants
are off by more than a factor of 2. Estimates are more uncertain in the case of NO; and Oj; reactions
compared to OH, Cl, and O°P. This reflects the current state of the science in estimating these rate
constants with empirical structure-reactivity methods. Note that our estimates perform comparably to
those developed for the GECKO-A system by Jenkin et al. (2018a, b) for OH, Kerdouci et al. (2014) for
O3, which were developed independently using similar methods (see Carter (2021)).

The following sections describe the mechanisms generated for the various types of reactions and
how branching ratios, if applicable, are derived. Note that some compounds may have more than one
reaction for a given oxidant, so branching ratios are estimated using ratios of estimated rate constants,
unless the branching ratios have been assigned explicitly for the compound and oxidant, as indicated in
the tables in Section S1.2 of the SI. If only the total rate constant is assigned, the branching ratios are
unaffected because they are derived from ratios of estimated rate constants. Note that additional
branching ratio estimates are needed for additions of Os; or O’P to double or triple bond systems, as
discussed below.

2.1.1. H-Atom Abstractions by OH or NO;

OH and NOj radicals can react with groups containing H atoms as follows, with rate constants
estimated as indicated in Table 3a and the parameters as indicated in Table S-3.
-GH + X — HX + G-
'GIH'G2=G3' +X > HX + -aGl[-]-an-aG3[-]—
-HG;-G,=G;- + X— HX + - G[-]-G,=G3- (no resonance)



165
166
167
168

169

Table 3. Structure-reactivity equations and parameters used to estimate rate constants for reactions
of VOCs with OH, NO;, Cl, or O’P. Parameter values are given in the SI. Rate constants
are per group unless otherwise indicated. The table numbers in the SI giving the assigned
parameter values are also indicated.

a) H-Atom abstractions from a group by OH or NO;
kH(group, site, nbrs) = kH™*(group) x FH™™(site) x FH"™(nbrs, group)

FH""(nbrs, group) =
If no more than one non-alkyl
substituent
If [ Toes FH™ (nbr, group) <1 [Ticuss FH™ (nbr, group) X [Tascaers FH"™ (nbr,group)
If [ Tpes FH™ (nbr, group) > 1 [Ticuss FH™ (nbr, group) X Aveuucus:s [ FH™ (nbr,group)]
Where HCnbrs and nHCnbrs refer to sets of alkyl and non-alkyl substituents, respectively

FH"™(nbr, group)

KH"*(group): Base rate constant for abstraction from group (Table S-37 in the SI)

FH"™(site): Ring strain correction based on the smallest ring containing the group (Table S-42)
FH"™"(nbrs, group): Correction factors for all substituents groups (defined above)

FH"(nbr, group): Correction factors for single substitution on groups (S-38, S-39, S-40)

b) Addition to a group on isolated or conjugated double or triple bonds by OH or NO;
(Addition to group G; on a bond defined by G,;=G, or G;=G,; nC = number of carbons)
KA(G;, G, site, nbrs) = kKA™(Gy, G,) x FA™™(site) X [Tuprs1 FA;"(nbr) X [Tuors2 FA,™ (nbr)
FA™(nC) = {1 — exp(—min(nC, 12) x FS™ /{1 — exp(-4 x FS™**)}; where FSN** = 0.101
and FS®M = FS'=0 (FA™™' correction for NO; only)

kAbase(Gl, G,): Base rate constant for addition to this group on the double or triple bond (S-37)
FA*"“(site): Structural correction factor for addition to this site (NOs only, see above) (S-39)
FA,"™(nbr): Correction factor for each substituent on G, (other than G,) (S-38, S-39, S-40)
FA,"™ (nbr): Correction factor for each substituent on G, (other than G,) (S-39, S-39, S-40)

c¢) Additions to groups on aromatic rings by OH or NOs

kAro(aGrp, aSubs) = kAro™*(aGrp) x FA™(aSub,) x FA*™(aSub,) x FA™"(aSubs) x
FAP™(aSuby) X FA™"(aSubs) x FA™(aSubs)

kArobase(aGrp): Base rate constant for addition to this aromatic group (S-37)
FA™*(aSub,): Correction for substituents on the same group where the addition occurs (S-41)
FAOnhO(aSubz), etc: Correction factors for ortho, meta, or para substituents on aromatics (S-41)

d) Additions to non-aromatic double or triple bonds by O; or O’P (rate constant per bond)
kA'(bond, site, nbrs) = kA' "°(bond) x FA' "(site) x FA' *™(site) X [ L,y FA' ™ (nbr)
FA"*"“(nB) = 1 — (FB”* x {(min [4, max(1, nB)] — 1}), where F3* = 0.268, F°*" = 0, and nB is
the number of substituents on non-H groups bonded to groups around the unsaturated bond
kKA b“g‘se(bond): Base rate constant for addition to this type of bond (O; only) (S-43)
FA' ""(site): Ring strain correction factor for addition to this site (O; only) (S-44)

FA' *"*“(site): Correction factors for branched structures (see above) or furans (O3 only) (S-44)
FA' nbr(nbr): Correction factor for each substituent on groups at ends of the bond (S-44)

e) Additions to the center group with cumulated double bonds by OH or NOs, and

Additions to the N in amino groups by OH, NOs, Os, or O°P
KA"(group,nbrs) = kA" "(group,nbrs) (substituent effects incorporated in kA" ") (S-37)




169
170
171
172
173
174

175

176
177
178

179
180
181
182

183
184
185
186
187
188

189

190
191
192
193
194
195

196
197
198
199
200
201

202
203
204
205

Here "G" is any group where H is removed, "X" is OH or NOs, and "aG" refers to groups in a resonance
structure (bonded to alternating double and single bonds). Separate estimates are made for each H-
containing group in the molecule, so the branching ratio can be derived from the ratio of estimated rate
constants to the sum of all the estimated rate constants for the VOC, including addition reactions (see
below) where applicable. The subsequent reactions of the carbon-centered radicals are discussed in
Section 3.

2.1.2. Additions of OH or NOj; to Groups with Unsaturated Bonds

The OH and NO; radicals can also add to groups with double, triple, or aromatic bonds as
follows, with rate constants estimated as indicated in Table 3b for alkenes and alkynes and Table 3c for
aromatics. The parameters are given in the SI as indicated in Table S-3.

-G1=Gy- + X = -G(X)-G,[- ]- {excited}
-G =G;- + X = -G(X)=G,[-]- {excited}
-G1=G1-G3=G4- + X = -G(X)-aG,[- ]-aG3-aGy|- |- {excited }
*aG1-aGy-aG3-aG4-aG5-aGe* + X — *aG(X)-aG,[- |-aG3-aGy[- ]-aGs-aGg[- * {excited}

Here "G" refers to any group with an unsaturated bond, "X" refers to the reacting radical, "{excited}"
indicates vibrational excitation, and "*" indicates ring closure. Separate estimates are made for addition to
each group so these can also be used to make the branching ratio estimates. Most of the excited carbon-
centered radicals are stabilized and react with O, as discussed in Section 3.1, but some have fast
unimolecular reactions, as discussed in Section 3.3 for radical + alkene and alkyne adducts and Section
3.4 for radical and aromatic adducts.

2.1.3. Additions of OH or NO; to Amines

Both OH and NO; radicals are known to react rapidly with amines (McGillen et al., 2020; Carter,
2021), but the fact that the reaction with tertiary amines is about as rapid as reaction with secondary or
primary amines indicates that the reaction is due to initial addition of the radical to the amino group,
rather than direct H-abstraction from the amino group [see discussion in Section S1.9 of Carter (2021)].
Based on this, MechGen assumes that the rate-determining step is addition of the radical to the amino
group forming an addition complex that rapidly decomposes. An example is shown below.

— CH;NH- + H,0 (D
— -CH,NH, + H,O ()

In the case of tertiary amines, where reactions analogous to (1) are not possible, the adduct is assumed to
decompose by abstraction of an o hydrogen if one is present, forming the same products that would be
formed if the radical abstracted from the o hydrogen directly. Both decomposition modes are possible for
primary or secondary amines with o hydrogens, but the formation of the ai-amino carbon-centered radical
(analogous to 2) is estimated to be more exothermic and is assumed to dominate. If there is no o
hydrogen, then only the reaction forming the amino radical (analogous to 1) is generated.

CH;NH, + OH — [ complex ]

Neither of these decomposition modes are possible for tertiary amines with no o hydrogens (e.g.,
tri-t-butyl amine), so MechGen assumes that the adduct decomposes back to reactants and there is no net
reaction at the amino group. We are aware of no measurements or calculations of rate constants for these
reactions, but they would be interesting to study.
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2.14. Additions of O; to Unsaturated Bonds

O; is assumed to react only by additions to double or triple bond systems as follows, with rate
constants estimated as indicated in Table 3d and with parameters as indicated in Table S-3. Reactions of
O; with aromatics or cumulated double bonds are assumed to be negligible based on low measured rate
constants (McGillen et al., 2020). Note that only total rate constants for additions to unsaturated bond
systems are estimated, so it is necessary to assume branching ratios for reactions of the initially formed
adducts or, in the case of additions to conjugated bond systems, for the initial reaction. The branching
ratios used are shown in brackets where applicable.

G=G-+ 0; —> -GI(OO*)—Gz(O*)- {excited}

-G1(00*)-G,(0*)- — G,[00] {excited} + -G,(=0)- [a]

— - G,(=0) + -G,[00]- {excited} [1-a]

-G1=G,-G3=Gy- + O3 — -G(00*)-G(0*)-G3=G,- {excited} [0.5]

— -G1=G,-G3(00%)-G4(0%)- {excited } [0.5]

-G1(00*)-Gy(0*)-G3=Gy- {excited} — -G,(=0) + -G,[00]-G3=G,- {excited} [0.5]
— -G,[00] {excited} + -G»(=0)-G3=G,- [0.5]

-G=G,- + O3 — -G,(=0)-G,[00]- {excited} [0.5]

— -G[00]-G,(=0)- {excited} [0.5]

Here o and (1-a) are branching ratios assigned for the additions to separated double bonds, G(=0) refers
to a carbonyl (-CO- or -CHO) group, and G[OO] {excited} refers to an excited Criegee intermediate (CI)
whose subsequent reactions are discussed in Section 7, and "*" indicates rings. The additions to double
bonds are assumed to proceed via initial formation of excited primary ozonides, which decompose to the
products as shown above; while additions to alkynes are assumed to form the excited Cls directly. The
assumption that the Criegee intermediates are formed entirely in the excited state is an approximation that
is made to simplify the estimations of their subsequent reactions, as discussed in Section 7. In most cases
it is assumed that formation of all the possible Criegee and carbonyl combinations are equally likely, as
indicated above. However, following the recommendations of Jenkin et al. (2020), we estimate that o0 =
0.1 if G; is -HCO, -CO-, -O-, or -OH and no such group is bonded to G;, or 0.5 otherwise (or if Gj is
absent). In other words, formation of the carbonyl bonded to the oxygenated group is favored.

In the case of alkynes, the primary ozone adduct is assumed to directly form excited CIs with o-
carbonyl substituents, with the two possible CIs formed in equal yields. However, it is assumed that the
intermediates can rapidly interconvert by O shifting from the Criegee to the carbonyl group, so reactions
of both of the isomers in this equilibrium need to be considered. The Criegee reactions are discussed in
Section 7.

2.1.5. Additions of O’P to Unsaturated Bonds

O’P is assumed to react only by additions to double bonds, with rate constants estimated as
indicated in Table 3d for isolated or conjugated double bonds and in Table 3e for additions to cumulated
double bonds. Addition reactions involving O’P are expected to initially form a highly excited oxirane
compound or biradical, which can stabilize, rearrange, or decompose to radicals. Based on model
simulation results of high NO, environmental chamber experiments performed when developing the
SAPRC mechanisms for alkenes (e.g., Carter, 2000, 2010b), it is assumed that radical formation from
reactions of O°P with Cs, organics are negligible, so only stabilization or rearrangements forming stable
compounds are assumed to occur (as shown below). This is assumed for conjugated alkenes and alkynes
as well, though this assumption is more uncertain. Although it is assumed that additions occur to both
sides of the double bond at the same time, it is necessary to assign branching ratios in cases where there

9



241
242

243
244
245
246
247
248
249

250
251
252

253

254
255

256
257
258
259

are different possible rearrangements of the exited adducts. The general mechanisms are assumed are as
follows, with branching ratios assumed shown to the right in brackets.

-G1=Gy- + O'P — -G,(0%)-G,(*)- {excited}

-G1=G»-G3=Gy4 + O'P — -G,(0%)-G,(*)-G3=G, {excited} [0.5]

— -G1=G,-G3(0%)-Gy(*) {excited } [0.5]

-G1(0*)-Go(*¥)- {excited} + M — -G,(0*)-Gy(*)- + M [o]
-G1(0*)-Gy(*)- {excited} — -G, "(=0)-HG»- (o]

— -HG,(=0)-G,"- (o]

-G1=G,=Gs- + O’P — -G,(0*)-Gx(*)=Gs- {excited} [0.5]

— -G1=G,(0%)-G5(*) {excited} [0.5]

G1(0*)-Gy(*)=Gs- {excited} + M — G,(0*)-G,(*)=G3- + M [0u]
G1(0%)-Gy(*)=Gs- {excited} — G,"(=0)-HG,=G3- [os]
-G=G;- + O°P — -G,(O[-])=Gy[- ]- {excited} [0.5]

— -Gy[-1=GA(O[- 1)- {excited} [0.5]

-G(O[-1)=G,[-1-G;H- {excited} — G,(=0)-HG,=G;- (if possible) [ot]
]

-G1(O[-)=G;[-]- {excited} — -G,=G,- + O°P (no net reaction otherwise) [1-0t

The only type of rearrangement considered for the initially formed adducts are H-shifts from one
carbon to another, forming a carbonyl compound. In the case of additions to double bonds, it is assumed
that stabilization occurs 50% of the time if at least one rearrangement is possible (i.e., 04=04=0.5,
0L +0,3=0,5=0.5) and all of the time if it is not (i.e., o;=04=1 and 0,=0;3=0;s=0). If more than one
rearrangement is possible, they are assumed to be equally likely (0,=0;3=0.25). In the case of additions to
triple bonds, it is assumed that stabilization (not shown) is unlikely, and that there is no net reaction if the
rearrangement shown is not possible (0,=0) and no back decomposition of the adduct otherwise (0,s=1).

These assumptions are uncertain, but they have relatively little effect on model simulations of
most atmospheric systems because reactions of O’P are generally not important unless NO, is very high,
such as in high NO, environmental chamber simulations or in combustion/biomass burning plumes.

2.1.6. Reactions of O; and O°P with Amines

The reactions of amines with O or O’P are assumed to form excited N-oxides, with rate constants
estimated as shown in Table 3e, and parameters for other addition reactions as indicated in Table S-3.

-N- + O3 — -N(=0) {excited} + O,
-N- + O’P — -N(=0)- {excited}
-HN(=0)- {excited} — -N(OH)- (if possible) [o7]
-N(=0)- {excited} + M — -N(=0)- (otherwise) [1-a]
In the case of primary or secondary amines, these excited N-oxides are assumed to rapidly rearrange and
then stabilize to form -N-OH compounds (0;=1). In the case of tertiary amines, it is assumed that the N-

oxide is stabilized (0;=0). The current system does not handle reactions of stabilized N-oxides so it treats
them as unreactive. Their reactions and mechanisms are unknown.
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2.2, Photolysis Reactions

Compounds with the groups -CHO, -CO-, -ONO,, or the group pairs -O-OH, -O-O- are expected
to undergo photolysis at non-negligible rates under lower tropospheric conditions. These groups or group
pairs are referred to as "photoreactive groups" hereafter. Compounds not containing these photoreactive
groups may photolyze with UV wavelengths less than the atmospheric cutoff of ~290 nm, but photolyses
at this low wavelength regime are not currently considered in MechGen. Photolysis of radicals and Cls
are also ignored because it is assumed that loss of these intermediates by other reactions will dominate
over photolysis under atmospheric conditions.

Rate constants for photolysis reactions depend on the compound, reaction, and lighting
environment, and can be calculated by:

J(reaction, environment) = J(photolysis set, environment) X Qoyeran (reaction)
J(photolysis set, environment) = 20 o(photolysis set) x ¢ (photolysis set) x F, (environment)

where J is the first order rate constant for a photolysis reaction in a particular lighting environment,
"photolysis set" is a set of wavelength-dependent absorption cross-sections and quantum yields assigned
to various types of reactions, Q. iS an overall wavelength-dependent quantum yield used for the
reaction of interest; if needed, A is the wavelength, o, and ¢, are the wavelength-dependent absorption
cross-sections and quantum yields at wavelength A in the photolysis set, and F;, is the intensity of the light
source at wavelength A, which is a function only of the environment, not the reaction.

MechGen makes no assumptions about the light source (other than having no significant intensity
at wavelengths below ~290 nm) and therefore does not output estimated or assigned photolysis rate
constants when generating photolysis reactions. Instead, it outputs the name of the photolysis set and the
value of overall quantum yield (¢overan), if applicable, assigned to the reaction. The photolysis sets
assigned by MechGen are a subset of those incorporated in the SAPRC-16, -18 and -22 mechanisms
(Carter, 2016, 2020, 2023a), and are summarized in the SI on Table S-5. That table also indicates how
they were derived and gives half lives (with 0,..i=1) at direct overhead sun using the actinic fluxes in the
reactivity scenarios of Carter (1994), and orders them by increasing half life. The files containing the data
for these photolysis sets are available online at the SAPRC website (Carter, 2023a, b). Photolysis rate
constants can be calculated using these data and are required for model application of mechanisms
generated using MechGen. Photolysis rate constants should be calculated for the light conditions of the
experimental or atmospheric conditions of interest. The mechanisms, photolysis sets, and (where
applicable) overall quantum yields for the various types of photolysis reactions are summarized below.
The photolyses of compounds with only a single photolysis group are described first, followed by a
discussion of treatments of photolyses of compounds with more than one such group. Note that if there is
more than one reaction, the branching ratios shown are implemented as overall wavelength-independent
quantum yields and are assumed not to depend on the spectrum of the light source.

In most cases the estimated mechanisms, absorption cross-sections, and quantum yields for
compounds with photoreactive groups are based on those derived for the smallest Cs, or C4, compound
with the photoreactive group(s), with all the other groups being alkyl (-CH,-) groups. This is clearly an
oversimplification, especially since the structure and size of the molecule, and the presence of non-alkyl
substituents, can affect the absorption cross-sections or quantum yields for at least some of the different
types of photoreactive compounds (Calvert et al., 2011). Although MechGen currently does not take these
differences into account, this needs to be considered in future versions.
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2.2.1. Compounds with a Single Aldehyde Group

Aldehydes with a single -CHO group that are not directly bonded to any unsaturated or
photoreactive group, other than acetaldehyde and glycolaldehyde for which photolysis assignments are
given explicitly (see SI), are assumed to photolyze as follows:

RCHO + hv —» R- +-CHO

where "R" is any carbon-centered group other than methyl that does not contain a double bond on the
group next to the -CHO. The absorption cross sections used are those recommended by IUPAC (2023) for
propionaldehyde, and are given in photolysis set "C2CHOabs". IUPAC makes no specific
recommendations concerning quantum yields or branching ratios, but it appears likely that the quantum
yield - CHO formation for A>~295 nm is near unity, based on the data of Chen and Zhu (2001). MechGen
assumes that this is applicable for higher aldehydes of this type as well.

Aldehydes where the -CHO group is bonded to a C=C double bond group are assumed to
photolyze with a mechanism based on that derived for acrolein, which is taken as representative for all o-
unsaturated aldehydes, including those with conjugated or cumulated double bonds, and with non-alkyl
(but non-photoreactive) substituents. The photolysis set giving the absorption cross sections and quantum
yields used for acrolein is ACROL-16, while MACR-15 (based on methacrolein) is used for the others,
though the acrolein mechanism is used in all cases to predict the subsequent reactions that occur. This
gives half lives of ~50 and ~60 hours, respectively, for loss by photolysis for direct overhead sunlight,
which means that photolysis is relatively slow but not necessarily negligible. The assumed mechanism is
as follows:

-CH,=CH,-CHO + hv — -CH,=CH,- + -CHO [0.15]
— -CH,=CH,,,-+ CO [0.25]
— -CH,=CH,-C(=0)- + H. [0.15]
— -CH,,,-CH,[..] + CO [0.45]

where x=0-2, x'=0-1, and [..] indicates a carbene radical group, whose subsequent reactions are discussed
in Section 6.3. These branching ratios are based on the data of Gardner et al. (1987) for acrolein, as
shown on Figure IX-C-7 of Calvert et al. (2011) for air at 1 atm. These are assumed to apply to photolyses
of other unsaturated aldehydes as well.

Aldehydes where the -CHO is bonded to aromatic groups are assumed to photolyze with the same
rate constant and a similar mechanism as estimated for benzaldehyde, regardless of substituents. The
photolysis set used is "BALD-11", where absorption cross-sections are those recommended for
benzaldehyde by Calvert et al. (2002). In addition, Qoveran = 0.06 is used to approximately fit consumption
rates of benzaldehyde in chamber experiments (Carter, 2000)).

Benzaldehyde acts as an efficient radical terminator when added to environmental chamber
experiments (Carter et al., 1982; Carter, 2000), suggesting that photolyses of aromatic aldehydes do not
form radicals. (The reaction with OH radicals is also predicted to be radical terminating, but that would
not be sufficient to compensate for radical initiation due to photolysis if the quantum yield for radical
production were non-negligible.) For mechanism generation purposes, these are represented as follows:

-*aC,-aC,-aC,-aC,-aC,-aC*-CHO + hv — -*aC,-aC-aC,-aC,-aC,-aCH* + CO

where -aCi- refers to either -aC- or -aCH- and "*" indicates ring closure. The actual photolysis reaction is
highly uncertain, and it is likely that other products are actually formed, since we know of no evidence
that aromatic hydrocarbons are formed in high yields from the photolyses of aromatic aldehydes.
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Aldehydes where the -CHO is bonded to an alkyne group, e.g., -C=C-CHO, are assumed not to
photolyze. We could not find data concerning absorption cross-sections or photolyses of these
compounds, and assume that they either do not photolyze, or do so relatively slowly. Data are needed to
test this assumption.

2.2.2. Compounds with a Single Ketone Group

C,, ketones with a single -CO- group that is not directly bonded to any unsaturated or
photoreactive group are assigned photolysis sets giving absorption cross-sections and overall quantum
yields as indicated in Table 4. In the case of acetone, the wavelength-dependent quantum yields
recommended by ITUPAC (2023) for atmospheric temperature and pressure are used. In the case of the
higher ketones, the photolysis set only has absorption cross-sections, and overall quantum yield factors
are derived so that the SAPRC mechanism simulates environmental chamber data for ketones (Carter,
2010b). These data suggest that the photolysis rate constants, and therefore overall quantum yield factors,
decrease with carbon number for C,, ketones. The structure of the ketone and the presence of non-alkyl
but non-photoreactive substituents, other than -O- groups next to the carbonyl (i.e., esters), are assumed
not to affect the absorption cross-sections or quantum yields.

Table 4. Assignments used to estimate photolysis rate constants for compounds with single ketone
groups based on the numbers of carbons in the ketone.

C's  Photolysis Set Ooverall ti [a] Based on Data for Compound
3 ACET-06 (o) and ¢, for acetone) 1 ~180 hours  Acetone
MEK-06 (o3's for MEK) 0.175 ~70 hours  methyl ethyl ketone (MEK)
5 Same as above 0.1 ~120 hours  2-pentanone
6 Same as above 0.1 ~120 hours  methyl isobutyl ketone
7+  Same as above 0.02 ~600 hours  2-heptanone

[a] Half life relative to the photolysis rate constant for ketone photolysis calculated for direct overhead
sunlight (z=0) using the actinic fluxes used in the reactivity scenarios of Carter (1994).

The photolysis of these ketones are assumed to proceed only by breaking one of the two C-CO
bonds, forming an acyl and an alkyl radical.

-G;-CO-G,- + hv = -G+ + -G,-CO- [o4]
— -G;-CO- + -G, [1-au]

Here G is any non-photoreactive group, and o is the branching ratio for the formation of radical G;-. The
relative branching ratios for breaking CO-alkyl bonds are assumed to depend on whether the radical
formed is a methyl, secondary, primary, or tertiary, with equal branching ratios if both radicals are of the
same type. Based on IUPAC (2023) data for methyl ethyl ketone, we assume methyl vs. ethyl branching
ratios of 15% and 85%, respectively, for that compound. Extrapolating this to other higher compounds,
we use the following branching ratios, where 0=0.5 is used if both are of the same type:

G G, & G, G, o G G o
-CH,- -CH; 0.85 -CHO)- -CH; 1 -CO(- -CHj 1
-CH()- -CH,- 0.85 -CO(O- -CH,- 1 -CO0O- -CH(- 0.85

Note that this is somewhat arbitrary and uncertain (except for methyl ethyl ketone), and is assumed not to
be affected by the presence of non-alkyl substituents, which is even more uncertain.
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If the ketone group is in a ring, the reaction would form excited biradicals that should re-form the
starting ketone if stabilized. In this case, it is assumed that the excited biradical primarily decomposes by
CO elimination, i.e.:

*G1-CO-(Go),y* + hv = *G1-(Gy),* + CO
where "*" indicates closure for any size ring.

Esters, carbonates, and acids, i.e., compounds with -CO-O- or -CO-OH group combinations, do
not appear to have significant absorption in the atmospheric wavelength region, and are assumed not to
photolyze.

Estimations of photolyses of ketones with an adjacent double bond group are based on data for
methyl vinyl ketone (MVK). These reactions are assigned the photolysis set "MVK-16", which contains
TUPAC (2023) recommendations for absorption cross-sections and quantum yields of methyl vinyl ketone
at 1 atm. This gives an estimated half life of ~36 hours for photodecompositions of these unsaturated
ketones with direct overhead sunlight, and gives reasonably good fits to NO oxidation rates in MVK -
NOx chamber experiments.

The photolysis reactions for ketones with only a single adjacent double bond are assumed to be as
follows:

-CH,=CH,-CO-G- + hv — -CH,=CH,-CO[-] + -G[-] [0.4]
— -CH=CH,-G- + CO [0.6]

Here, x=0-2, x'=0-1, and G is any non-photoreactive group with only saturated bonds. This is based on
TUPAC (2023) recommendations for MVK but is assumed to apply to all compounds of this type.

Ketones with double bond groups on both sides of the carbonyl group are estimated to photolyze
with the same absorption cross-sections and quantum yields as those bonded to only one double bond
group, but it is assumed that formation of vinylic radicals is not as favorable based on thermochemical
estimates. These reactions are assumed to occur only via CO formation, as shown in the 2nd reaction
above. This is also assumed for unsaturated ketones where the -CO- group is in a ring, where the first
reaction is not expected to occur for the reasons discussed above.

-CH,=CH,-CO-CH,=CHy- + hv — -CH,=CH,-CH,=CH,- + CO
*CH,=CH-CO-(Gy),* + hv = *CH,=CH,-(G),* + CO

Estimations of photolyses of ketones with an adjacent aromatic or triple bond group are not
supported by MechGen, so no photolysis reactions are generated for these compounds. The need to
represent photolyses of these compounds has not been investigated, but it is expected that
photodecompositions of aromatic ketones will be relatively slow, and ketones with triple bonds are not
expected to be important in atmospheric systems.

2.2.3. Organic Nitrates, Carbonyl Nitrates and Carbonyl Peroxynitrates
Compounds with a single organic nitrate group and no other photoreactive groups are assumed to

photolyze entirely by scission of the weak O-NO, bond, forming NO, and an alkoxy or acyloxy radical
whose reactions are discussed in Section 5.
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-G-ONO; + hv = -G[O:] + NO,

These reactions are assigned the "IC30ONO2" photolysis set with quantum yields of 1 at all wavelengths,
which gives a half life of ~50 hours for loss due to photolysis with direct overhead sunlight. This is based
on the IUPAC (2023) recommendation for isopropyl nitrate, but is assumed to apply to all organic nitrates
without other photoreactive groups, regardless of structure, the presence of non-alkyl substituents, and the
presence of unsaturated bonds. This is an approximation because isopropyl nitrate has stronger
absorptions than for n-propyl and smaller nitrates, but is taken as representative. Although the accuracy of
this approximation is uncertain in some cases, loss by photolysis is relatively unimportant compared to
other reactions.

In the case of acyl peroxynitrates (e.g., PANs), the photolyses are assigned "PAN-11" or
"PPN-11" photolysis sets, with the former used for PAN itself and the latter used for all other PAN
analogues based on peroxypropionyl nitrate (PPN). These contain only absorption cross-sections, since
unit quantum yields are assumed. They give approximate photodecomposition half lives of ~200 and
~100 hours, respectively, for direct overhead sunlight. The assumed mechanism is as follows:

G-CO-0-ONO; + hv = G-CO: + NO, [0.6]
— G-CO[O:] + NO; [0.4]

This is based on Sander et al. (2006) recommendations for PAN, but is applied to all PAN analogues
regardless of substituents or the presence of multiple bonds.

In the case of non-acyl (e.g., alkyl) peroxynitrates, photolysis is assumed to proceed primarily by
NO, formation,

G-O-ONO; + hv — G[OO:-] + NO,

with the same rate constant assignments as used for simple organic nitrates. However photolysis is not
important for these compounds because they are assumed to undergo rapid thermal unimolecular
decomposition, forming the same products, as discussed in Section 2.3.

2.2.4. Compounds with a Single set of Peroxide Groups

Compounds with peroxy or hydroperoxy groups and no other photoreactive group are assumed to
photolyze entirely by scission of the weak O-O bond, forming alkoxy radicals and (for hydroperoxides)
OH.

-G-O-OH + hv — -G[0O.] + OH
-G{-0-0-G;,- + hv = -G4[0.] + G,[0.]

The reactions are assumed to have unit quantum yields at all wavelengths, and are assigned the photolysis
set "COOH", which contains the absorption cross-section of methyl hydroperoxide (IUPAC, 2023), and
gives a half life of ~30 hours for loss by photolysis with direct overhead sun. Note that it is assumed that
organic peroxides (which tend to be relatively less important than hydroperoxides in atmospheric
systems) photolyze with approximately the same rate constant as hydroperoxides, and that the size,
structure, and presence of non-photoreactive substituents or unsaturated bonds do not have a significant
effect. The most questionable assumption in this case is the assumption that the presence of adjacent
unsaturated bonds has no effect on hydroperoxide or peroxide photolysis.
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2.2.5. Compounds with More than One Photoreactive Group

The photolysis sets, quantum yields, and photolysis reactions used for compounds with various
combinations of photoreactive groups are summarized in Table 5. If the ¢oyer column is blank, then no
overall quantum yield correction is applied and the photolysis rate constant is the same as that calculated
for the photolysis set. The half lives relative to photodecomposition for direct overhead sun, which
incorporate the overall quantum yield corrections if applicable, are also shown in the table. No corrections
are made for non-alkyl substituents or unsaturated bonds on the molecule except as indicated in the table.
The considerations used when making these assignments are discussed below.

The assignments for some (but not all) types of reactants with adjacent photoreactive groups are
made based on available data for the simplest or representative molecule of the types, i.e., methyl glyoxal,
biacetyl, peroxy acetic acid, PANs, carbonyl nitrates, dinitrates, and various unsaturated 1,4-dicarbonyls.
The applicability to higher molecular-weight compounds, compounds with non-alkyl substituents, or
compounds with multiple bonds is uncertain, but not as uncertain as the assignments for the reactants in
the table where data for representative compounds are either not available or were not considered.

It is assumed that -CO-O- groups are not photoreactive, so the presence of this group combination
is not considered when making photolysis assignments. The exception is compounds with -CO-O-ONO,
group combinations (PAN analogues), where assignments are made based on data for PAN and
peroxypropynyl nitrate (PPN) as discussed above.

The unsaturated 1,4-dicarbonyls with at least one aldehyde group are highly photoreactive
aromatic ring opening products (Calvert et al., 2011; see also Section 3.4, below) that account for the
relatively high reactivity of aromatic hydrocarbons observed in environmental chamber experiments. The
AFGS photolysis file is used to give absorption cross sections for all these compounds, with an overall
wavelength-independent quantum yield adjusted to give satisfactory fit to results of aromatic - NOy
chamber experiments, which are highly sensitive to this photolysis (e.g., Carter, 2010b; Carter and Heo,
2013). The SAPRC-22 mechanism (Carter, 2023a) that was derived using this version of MechGen best
fit the data using effective quantum yields close to 25%. However, the quantum yields in the AFGS file
do not take into account absorption cross sections reported for 4-oxo-2-pentenal reported by Xiang et al.
(2007), which are the basis of the current IUPAC (2023) recommendations for this compound. This is
because these quantum yields, which are much lower than the previous data for these compounds, could
not be used as a basis for a predictive mechanism for aromatics because fitting the chamber data required
using an effective quantum yield of greater than 3. Therefore, either there are additional sources of
radicals in aromatic photooxidation systems that are not taken into account in the current estimated
mechanisms for aromatics, the absorption cross sections of these 1,4-dicarbonyls are highly dependent on
structure, or the data of Xiang et al. (2007) have systemic issues. Until this situation is resolved and
MechGen can be updated to derive a more predictive mechanism, we will continue to use the present
cross sections in AFGS to derive aromatics mechanisms for airshed models.

It is assumed that unsaturated 1,4-diketones do not photolyze sufficiently rapidly in ambient
sunlight that it is necessary to include their photolysis in atmospheric models. This is consistent with the
discussion of photolyses studies of 3-hexene, 2,5-dione given by Calvert et al. (2011), which indicate that
radical formation is relatively minor compared to isomerization. This is also consistent with the fact that
para-substituted dialkyl benzenes, whose reactions can form these compounds, tend to be less reactive
than other isomers, all else being equal (Carter and Heo, 2013).
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487  Table5. Summary of photolysis sets, overall quantum yields, approximate photolysis half lives,

488 and products formed for compounds with more than one photoreactive group.
Reactant [a] Photolysis Set [b] Ooveran~ t12 [c]  Products Formed [d]
Adjacent photoreactive groups
HCO-CO-G- MGLY-13 (methyl glyoxal) 40 min. HCO[-] + G-COI-]
-G;-CO-CO-G;- BACL-11 (biacetyl) 25 min. G;-CO[-] + G,-CO[-]
-G-CO-ONO, IC30ONO2 (isopropyl nitrate c's) 50 hrs. G-CO[O.] + NO,
-G-CO-O-OH PAA (peroxy acetic acid c's) 200 hrs. G-CO[O.] + OH
-G,-CO-0-0-G,- COOH (methyl hydroperoxide c's) 30 hrs. G;-CO[O.] +-G,0O[-]
-G-CO-0O-ONO, PPN-11 (PPN o's) [e] 200 hrs. See Section 2.2.3
Separated photoreactive groups (x>0, no upper limit)
HCO-G,=G,-CHO AFGS (various 1,4-unsaturated 0.45 4 min. Gs;-CO[-]+H., &

dicarbonyl c's, see text) Gs,-CO[-] + H. (equal)

HCO-(G),-CHO [f] C2CHO (propionaldehyde) 8 hrs. Same as -Gs-CHO
HCO-(G),-CO- C2CHO (propionaldehyde) 8 hrs. Same as -Gs-CHO
HCO-G,=G,-CO-Gs. AFGS (see above) 0.45 4 min. Gs,-CO[-] + G3[-]
HCO-(G),-ONO, C2CHOabs (propionaldehyde c's) 3 hrs. Same as -Gs-ONO,
xCO-G=G,-(G),-O-OX  HPALDS (acroleins c's, see text) 0.1 3hrs Same at -Gs-O-OX
HCO-(G),-0-0X C2CHOa (propionaldehyde c's) 3 hrs. Same at -Gs-0-0OX
HCO-(G)4-O-ONO, C2CHOa (propionaldehyde c's) 3 hrs. Same as -Gs-O-ONO,

G-CO-G,=G3-CO-Gy4- Does not photolyze (see text)
-G1-CO-(G)-CO-G,- [f] MEK-06 (methyl ethyl 6C's 0.1 70 hrs. Same as G;-CO-Gs-, &

ketone [MEK] c's) 7+C's  0.02 120 hrs. G,-CO-Gs- (equal)
-G,-CO-(G),-ONO, CRBNIT (carbonyl nitrate c's) 4 hrs. Same as -Gs-ONO,
-G-CO-(G),-0-0X MEK-06 (MEK &'s) 12 hrs. Same at -Gs-O-OX
-G-CO-(G),-CO-ONO, CRBNIT (carbonyl nitrate c's) 4 hrs. Same as Gs-CO-ONO,
-G-CO-(G)s-CO-0O-ONO, CRBNIT (carbonyl nitrate 6's) 4 hrs. Same as Gs-CO-0O-ONO,
X,0-0-(G),-0-0X, COOH (methyl hydroperoxide 30 hrs. Same as Gs-O-OX; +
G's) Gs-0-0X,, each equal
489  [a] Group combinations that give unique compounds for which specific assignments are used (e.g.,
490 glyoxal and HNOj) are not shown. "-OX" is -O- or -OH. "xCO-" is HCO- or -CO-.
491  [b] The derivations of the photolysis sets are given in Table S-5 in the SI. "6's" means that the photolysis
492 set contains only absorption cross-sections. "(equal)" means that both possible reactions occur with
493 equal probability.

494  [c] Approximate half lives relative to loss of the compound by photolysis for direct overhead sunlight,
495 including the contribution by the assigned wavelength-independent quantum yield, if applicable.

496 [d] "Gs" refers to a combination of other groups on the molecule (other than G, G| or G,), including the
497 other photoreactive group, which is assumed not to be transformed by the reaction.

498  [e] The photolysis set "PAN-11", giving an approximate photolysis half live of 100 hours for direct
499 overhead sun, is used for PAN itself (G = CHj;).

500 [f] Not applicable if -(G),- is -CH,=CH,, as shown for previous reactant.
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If a reactant has more than one non-adjacent photoreactive group of the same type it is assumed
that the photolysis reaction at each group occurs with equal probability, with the mechanism the same as
if there were no other photoreactive group. However, the total photolysis rate constant for reactions at
both groups is estimated to be the same as if the compound had only one group since the same photolysis
set is used. This is uncertain.

If a reactant has more than one non-adjacent photoreactive group of different types it is assumed
that the absorption cross-sections can be approximated by those of compounds with the single group that
has the highest absorption cross-section at atmospheric wavelengths. On the other hand, the mechanisms
(e.g., photolysis products) are assumed to be those resulting from reaction at the group with the weakest
bond. This is based on the assumption that once the photon is absorbed the energy is rapidly distributed
around the molecule. This is consistent with the data of Wolfe et al. (2012), which suggest that o-
unsaturated carbonyls with hydroperoxide groups photolyze at rates consistent with those calculated using
absorption cross-sections of o-unsaturated carbonyls, but with unit quantum yields and with the reaction
breaking the peroxy bond forming OH. This gives a photolysis rate that is about 100 times faster than
simple hydroperoxides. However isoprene and 1,3-butadiene NO, experiments are not well simulated
with this high of a photolysis rate for o-unsaturated hydroperoxy carbonyls (Carter et al, unpublished
results), so we arbitrarily cut the rate by a factor of ~10 by using an effective quantum yield of 0.1 for
these compounds. The current system assigns unit quantum yields for saturated hydroperoxy or nitrate-
substituted carbonyls, though this is highly uncertain and the estimates are probably upper limits.

Despite the differences in assigned overall quantum yields, the photolysis rate constants
calculated for saturated carbonyls with other photoreactive groups are about the same as for those that are
unsaturated (see Table 5). This is due to the higher absorption cross-sections assigned to unsaturated
aldehydes.

2.3. Unimolecular Reactions
2.3.1. Peroxynitrates

Peroxynitrates are formed from the reactions of peroxy or acyl peroxy radicals with NO,, but the
0O-ONOy bond is weak enough that these can thermally decompose back to reactants at significant rates at
atmospheric temperatures.

G-0-ONO; — G[0O-] + NO, Kuni = 8.8x10" exp(-20.75/RT) (IUPAC, 2023)
G-CO-0-ONO, (PANs) — G-CO[0O-] + NO,  kun = 8.6x10" exp(-27.82/RT) (NASA, 2011)

Here, "G" is any saturated or unsaturated group and the rate constants are in s, T is the temperature in K,
and R = 1.99x10”° K mole kcal'. The presence of non-alkyl substituents, unsaturated bonds or other
structural factors are assumed not to affect these rate constant estimates or decomposition mechanisms.
The OO-NO, bonds are currently believed to be the only bonds in compounds formed in atmospheric
systems to be weak enough to undergo simple scission at non-negligible rates at atmospheric
temperatures. (The weak O-O bonds in peroxy compounds are at least 10 kcal/mole stronger.)

The decompositions of the non-acyl peroxynitrates are estimated to have a half life of ~5 sec” at
298K, which is sufficiently fast that the formation of these compounds is rapidly reversed. Therefore, the
default is for MechGen to ignore the formation and therefore the decomposition of these compounds
when multi-step mechanisms are generated for atmospheric conditions. However, they do show up when
single step mechanisms are generated (Carter, In Prep.). On the other hand, the acyl peroxynitrates
(PANs) decompose much slower and are observed as photooxidation products in atmospheric systems, so
their formation cannot be ignored. It cannot be ruled out that some o substituents other than -CO- may
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slow down the decomposition sufficiently that peroxynitrate formation for some non-acyl peroxynitrates
may be non-negligible. However, this is not currently considered in MechGen.

2.3.2. Aromatic formation from Cyclohexadienones

The other type of non-radical unimolecular reaction that is currently considered involves
formation of aromatic rings from 2,4-cycloheaxadienone compounds containing a -CHX-CO- group pair
in the ring, where an H-shift from the -CHX to the carbonyl group is expected to be highly favorable
energetically.

*CHX-CX'=CX'-CX'=CX"-CO* — X-*aC-aC(X")-aC(X")-aC(X")-aC(X")-aC*-OH

MechGen predicts that cyclohexadienones are formed in high yields in the reactions of phenolic
compounds if this reaction does not occur (see Section 3.4), but they are not observed as products. On the
other hand, catechols (the products of this type of isomerization reaction) are observed in high yields in
the reactions of OH with phenols (e.g., Olariu et al., 2002; Berndt and Bége, 2003), which would not be
expected if this reaction did not occur (Xu and Wang, 2013). The nature of the "X" group should not have
an obvious effect on how fast this reaction occurs, so if this is fast then it is reasonable to expect
compounds with other "X" substituents, including X=alkyl or H, are also fast. MechGen assumes that this
is the case. The rate constant is unknown but it is assumed to be high in order to account for the observed
formations of catechols from phenols. This assumption is implemented by treating such compounds like
rapidly reacting radicals when the reactions are generated.

It is possible that this reaction may require the presence of surfaces and/or water to occur at
sufficient rates. The H-shift involves a strained 4-member ring transition state, which may be catalyzed by
surfaces, while the involvement of water would result in the same H-shift but with a 6-member ring
transition state. Given surface- or water-free environments rarely occur in the ambient atmosphere it is
probably better that these reactions be included for modeling applications than being neglected. For
example, the predicted formation of catechols from phenols due to this reaction has implications in
predictions of SOA from aromatics.

2.3.3. Other Compounds

Decompositions of peroxynitrates and rearrangements of cyclohexadienones are currently the
only types of non-radical unimolecular reaction considered by MechGen. In particular, MechGen does not
consider other types of water- or surface-catalyzed conversion of non-radical products that could affect
the environmental fate of multi-functional products. For example, geminal diols, compounds with HO-
CX,-OH groups, are predicted to be formed in some cases and would be expected to be in equilibrium
with H,O and XC(=0)X in the environment. It is uncertain whether this or similar reactions would occur
at significant rates in the gas phase, and MechGen currently assumes that this is not the case. However,
ignoring these potentially heterogeneous or H,O-catalyzed reactions may also have implications in SOA
predictions.

3. Reactions of Carbon-Centered Radicals

Carbon-centered radicals are formed in the initial reactions of most VOCs with atmospheric
oxidants, from H-shift isomerization reactions of peroxy and alkoxy radicals, and from most alkoxy
radical decompositions. Under lower atmospheric conditions, their major fate is expected to be reaction
with O,, which is estimated to occur with a pseudo-unimolecular rate constant of ~3.8 x 107 sec™ (see
Table S-6 for measured radical + O, rate constants and associated text in the SI). However, rapid
unimolecular reactions are estimated to dominate for some types of carbon-centered radicals formed in
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generated mechanisms, as discussed below. Note that there are currently no cases where MechGen
assumes that both O, and unimolecular reactions of carbon-centered radicals occur at competitive rates --
one or the other is assumed to dominate. This means that estimates of carbon-centered radical + O, rate
constants are not currently needed or used in the generated mechanism, though estimates of these rate
constants are used when considering when unimolecular reactions may dominate.

3.1. Reaction with O,

Most carbon-centered radicals are assumed to primarily add O, and form the corresponding
peroxy radical, whose reactions are discussed in Section 4.

G +0,+M — G[OO-]+M

However, the peroxy radicals formed from a-OH substituted radicals are assumed to rapidly decompose
to form HO, and the corresponding carbonyl.

HO-CH,- + O, = HO-CH,[OO-] {excited} — HCHO + HO,
HO-CHJ]-G + O, = HO-CH[OO:-]-G {excited} — G-CHO + HO,
HO-C[-[(G))-G; + O, = HO-C[OO- ](Gy)-G; {excited} = G;-CO-G, + HO,

MechGen treats these as concerted processes when reactions of a-OH substituted carbon-centered
radicals are generated, since stabilization and other reactions are expected to be unimportant.

If the carbon-centered radical is adjacent to one or more double bond groups, it is assumed to be a
resonance structure where O, can add to any of the radical positions, e.g.:

[ -Gi[-1-G2=Gs3- <> -G1=G1-G3[- |-, or -aGy[-]-aG,-aGs[- | + O, — -G1[O00- ]-G,=G3 [a(G1,G3)]
— -G=G,-G3[00-]-  [a(G3,G))]

where 0(G,,Gy) is the fraction of adding to the G, position when G, is the other position on the radical.
Additions to radicals with more than one double bond are assumed to form only those adducts with the
most conjugated structures, e.g.:

-aGl[-]—aGZ—aG3[-]—aG4-aG5[-]— + 02 - —Gl[OO-]—G2=G3—G4:G5- [Q(GI,GS)]
— --G1=G,-G3[00: ]-G4=Gs5- [negligible]
— --G1=G,-G3=G4-Gs[O0O0- ]- [o(Gs,G))]

Because of lack of data indicating otherwise, we assume that the branching ratios, o, depend only on the
nature of the radical groups where the addition occurs, regardless of the number of double bond groups in
the radical. Although this has not been examined comprehensively, we believe that all allylic radical
structures that may arise in generated mechanisms have only two radical centers where O, addition forms
the most conjugated structures. This is supported by the fact that we have not found examples of where
this is not the case when generating many mechanisms.

Available information and estimates concerning branching for allylic additions is discussed in
Section S1.4.2. There are very limited data, but what is known does not support the assumption that
additions at each position are equally likely. Product data for the reactions of 1,3-butadiene and isoprene
with OH indicate that in radicals with both primary (-aCH,[-]) and secondary (-aCH[:]-) radical positions,
the addition occurs ~65% of the time at the secondary position. This is consistent with the fact that
thermochemical analysis indicates that addition to the secondary radical is ~2 kcal/mole more favorable
(see SI). In addition, theoretical calculations of Xu and Wang (2013) on phenol mechanisms and of Yuan
et al. (2017) on furan mechanisms both indicate that O, preferentially adds to radical centers with -OH or
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-OR substituents, instead of those with unsubstituted secondary radical centers. However, if this is
assumed then the mechanisms significantly underpredict reactivities observed in environmental chamber
experiments with phenolic compounds, and better fits to the data are obtained if it is assumed that
addition to non-OH-substituted secondary radical centers occur approximately 15% of the time (Carter et
al, unpublished results). This is highly uncertain, but it provides an additional data point for deriving
general estimation method incorporating -OH substituted radicals.

As discussed in Section S1.4.2, we assume that the branching ratios can be estimated based on the
differences in heats of addition of O, to the different radical positions, with a correction included if one of
the radical centers is -OH or -OR substituted. The estimate used is as follows:

o(G1,Gy) = WF(G)) / [ WtF(G)) + WtF(G,) ]

where WF(G) = Weighting factor for G = ~ P X [ AAHN(G) - Ocon(G) ]

and AAHr(G) is the difference of heats of reaction for O, addition to G compared to a primary radical
center in a radical that has both, B is a parameter assigned a value of 0.33 to be consistent with the
product data for isoprene and 1,3-butadiene, and O, is set at 5.78 kcal/mole if G is -OH or -OR

substituted to be consistent with modeling results for phenols, or zero if there are no such substituents.
The weighting factors so derived are as follows (see Section S1.4.2 for derivations):

G- WtF(G) G- WtF(G) G- WtF(G)
-aCH,[] 1 -aCHJ-]-CO-X 0.35 -aCHJ-]-OX 21.9 *
-aCH[-]-R 1.9 -aC[-1(R)-CO-X 0.28 -aC[-](R)-OX 13.6 *
-aC[.J(R)-R 1.13 (Ocorr nOt used) * Oeorr used

Note that use of this methodology to estimate branching ratios in general is highly uncertain because only
two data points are available to derive the two parameters used (B and O,,,;), with no data available to test
this estimation method. However, this is the best that can be done at the present time.

The above discussion is not applicable to radicals that are estimated to have rapid unimolecular
reactions as discussed in Section 3.2. If such a rapid reaction is possible for one of the radical centers in
an allylic radical, it is assumed that all the reaction goes by this route unless a rapid reaction is possible at
the other radical center, in which case it is assumed that they occur with equally probability. The above
discussion is also only applicable to stabilized radicals, and not necessarily to excited adducts formed
when OH or NO; adds to double bonds. In most cases excited adducts formed following additions to
double bonds are assumed to be primarily stabilized and then react as discussed above, but that is not
always the case, as discussed in Section 3.3.

A different mechanism is assumed for the addition of O, to vinylic radicals where the radical
center is on an unsaturated carbon. In this case, the reaction with O, is expected to involve the O, adding
to each side of the bond, with the bonds rearranging to form a carbonyl product and a carbonyl radical,
ie.,

CX=CX" = i — XC(=0)X +X'C(=0): — XCE=O)X +X'+CO
CX,..CX'
This is based on data of Slagle et al. (1984) for vinyl and Slagle et al. (1988) for methylvinyl and i-C,Hy-.
More recently, Matsugi and Miyoshi (2014) directly measured the yield of HCO radicals from vinyl, and
observed that the yields were only about 0.2, independent of pressure, with the remainder of the reaction
being prompt dissociation to H + CO. This is assumed to be applicable to additions to radicals of any size,
though it is possible that rapid energy distribution following reaction of larger vinyl species with O, could
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lead to stabilized vinylperoxy radicals. However, insufficient data are currently available to quantitatively
assess the degree to which this occurs, so MechGen assumes that the stabilization is not important. The
issue of whether the HCO promptly decomposes is not relevant to atmospheric modeling, since the same
products (HO, and CO) are formed under atmospheric conditions in either case. Therefore, MechGen
represents the reactions of CX,=CH-: as forming H- + CO alone, since this is the major overall process.

However, the issue of prompt dissociation is relevant in the case of RC(=0)-, since the stabilized
radical is expected to primarily add O, to form an acyl peroxy radical, which can give different products
than if RC(=0) decomposes to R- + CO. Decomposition is expected to be more favorable because the
lower estimated heat of reaction, though the rate of stabilization of the RC(=0)- should also be greater
than for HC(=0).. MechGen assumes that the energetics is the larger factor in the case of additions of O,
to vinylic radicals, assumes that the prompt dissociation dominates, and also represents the overall
reaction as forming the carbonyl, CO, and R- as a single process.

3.2. Unimolecular Reactions of Stabilized Radicals

Several types of carbon-centered radicals are expected to undergo unimolecular reactions
sufficiently rapidly that unimolecular reaction is assumed to dominate over reaction with O,, even for
thermalized radicals. Note that if these reactions are assumed to be fast for thermalized radicals, they are
necessarily assumed to be fast when the radicals are excited.

3.2.1. Rapid a-Scission Decompositions

Carbon-centered radicals with adjacent hydroperoxy, peroxide, nitrate, or dicarbonyl groups are
expected to rapidly undergo decompositions by simple scission of an adjacent bond, forming products
that are more energetically favorable.

-G[-]-O-OH — -G=0 + OH
-G4[-]-0-0-G;z- = G1=0 + G,[O-]
-G[-]-ONO, — G=0 + NO,
-G-CO-CO- — G-CO- + CO
We expect that there should not be large entropy or energy barriers to these reactions (e.g, Green et al.,
1990; Vereecken et al., 2004, Vereecken, 2008), so MechGen assumes they all dominate over O, addition

whenever radicals of these types are formed. Note that if the peroxy, nitrate, or carbonyl substituent is
next to an allylic radical center, the bond scission reaction is still expected to dominate over O, addition,

-aGl[-]—aGZ—aG3[-]—O-OH— —d -G1:G2-G3(:O)- + OH

so there is no O, addition to the other radical centers. Reactions of allylic radicals with peroxy, nitrate, or
dicarbonyl groups are treated similarly.

3.2.2. Cyclopropyl Ring Opening Decompositions

Carbon-centered radicals with the radical center in a cyclopropyl ring can decompose by breaking
the bond opposite the radical center, relieving the ring strain and forming an energetically favorable
allylic stabilized radical.

*G1-Go-Gs[- 1* = [ -Gi[-1-G2=G3- <> -G1=G1-Gs[ - |-, or -aG[- ]-aG,-aGs| - ]-

This reaction is not expected to have large or any barriers, so is assumed to dominate over O, addition.
On the other hand, the analogous reactions when the radical center is in a cyclobutane ring is estimated to
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be much less energetically favorable and is only expected to occur in chemically activated radicals, as
discussed in Section 3.3. The reactions for larger rings are estimated to be endothermic and are assumed
to be unimportant relative to stabilization and/or O, addition even for excited radicals.

3.2.3. Cyclizations forming 5-Member Ring Cyclic Esters

As discussed in Section S1.4.3, Curran et al. (1998) provided estimates for the Arrhenius
parameters for decompositions of various QOOH radicals of the type,

-CH,[- ]-(CHy),-O-OH — *CH,-(CH,),-O* + OH n=1-6

as a function of cyclic ether ring size. These can be used as a basis for estimating the approximate
importance of these and similar reactions in atmospheric systems. In general, both the estimated A factors
and activation energies decreased with ring size, with the net result of these opposing factors being that
formation of 5-member cyclic ethers is generally estimated to be most favorable for atmospheric
conditions. Nevertheless, these cyclization reactions are estimated to be too slow for such radicals with
only alkyl or hydroperoxide groups to compete with reaction with O, at atmospheric temperatures.

However, as discussed in Section S1.4.4 in the SI, extrapolating the relation between the rate
constant and heats of reaction derived from the results of Curran et al. (1998) results in estimates that
cyclizations of carbonyl-containing radicals forming 5-member ring esters are ~10 times faster than O,
addition for atmospheric conditions.

-G4[-]-G,-G5-CO-0-OH — *G1-G,-G3-CO-0* + OH
CO[-]-Gi-G,-G3-O-0OH — *G;-G,-G;-CO-O* + OH

In addition, analogous cyclizations forming cyclic esters can also occur with carbon-centered radicals
with peroxy, nitrate, or peroxynitrate substitution in the 8 position, are also estimated to be faster than O,
addition, i.e.,

-Gy[-]1-G2-G3-CO-0-0X- — #G,-G,-G3-CO-O* + XO-
-CO-G-G-G3-0-0X- — *G-G,-G3-CO-O* + XO-

-G[-]-G2-G3-CO-ONO; — *#G-G,-G3-CO-0* + NO,
-CO-G-G,-G3-ONO; — *#G;-G,-G5-CO-0* + NO,

where "X" = G or NO,, and "X0O." is G-O- or NOs.

However, as also discussed in A1.4.3, Miyoshi (2011) reports results of theoretical calculations of
hydroperoxyalkyl rate constants that extrapolate to much lower rate constants at atmospheric
temperatures, suggesting that the cyclizations forming 5-member ring esters may not as fast as estimated
using the results of Curran et al. (1998). On the other hand, Vereecken and Noziere (2020) indicated that
some rate coefficients given by Miyoshi (2011) may not be accurate, and other theoretical work may yield
higher rate constants when extrapolated to room temperature (e.g., Ali et al., 2023). These reactions may
still be important for excited radicals. This will need to be re-examined in a subsequent version of
MechGen, but presently this reaction is still assumed to be fast even for thermalized radicals.

These reactions are assumed to be fast for mechanism generation purposes if (1) there is a
carbonyl group either at the radical center or next to the peroxy oxygen that becomes bonded to the
radical center, (2) the cyclic ester, carbonate, or anhydride has a 5-member ring, and (3) the radical is not
stabilized by resonance. O, addition is assumed to dominate if not all of these conditions are met. For
simplicity and to avoid the necessity of making highly uncertain quantitative rate constant estimates, we
assume that either decomposition or O, addition dominates, with the other being negligible. This
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assumption can be revisited in the future if the ability to estimate these decomposition rate constants for
atmospheric conditions improves.

Although it is not likely in reactions of most VOCs and their oxidation products, in some cases
carbon-centered radicals may have more than one peroxy group in positions where decompositions are
estimated to be rapid. In these cases, it is assumed that the reactions occur at equal rates.

3.3. Unimolecular Reactions of Chemically Activated Radicals

Carbon-centered radicals formed by the addition of OH to double bonds are initially formed with
internal excitation, and in some cases might undergo unimolecular reactions that may not be important for
stabilized radicals. Reactions of the chemically activated radicals formed following additions to aromatic
rings are discussed separately in Section 3.4. Reactions that are assumed to be fast even for thermalized
radicals were discussed in the previous section, and they are also assumed to dominate for excited radicals
as well. Reactions that are assumed to dominate for radicals excited by additions of OH radicals to double
bonds, but not be important for stabilized radicals, are listed in Table 6 and are discussed in more detail in
Sections A1.4.3 and A1.4.4 in the SL

Note that additions of NO; to double bonds also result in the formation of excited radicals, but the
excitation energy is estimated to be ~10 kcal/mole less than OH addition. Although this is uncertain, we
currently assume that stabilization is correspondingly more important for NO; adducts, and the
unimolecular reactions shown in Table 6 are assumed not to occur when mechanisms for reactions of NO;
with alkenes are generated.

34. Reactions of Radicals Formed by Additions to Aromatic Rings

OH radicals can react by adding to various positions around the aromatic ring, with the branching
ratios derived using SARs for OH reactions with aromatics, as discussed in Section 2.1.2 and by Carter
(2021). These excited OH-aromatic adducts can either decompose back to the aromatic + OH or be
stabilized and then react with O,. The effect of the back decomposition is taken into account in the SARs
for OH addition, which are based on total rate constants, so only reaction with O, is considered. O,
reaction can occur either by abstracting the H-atom on the carbon where the OH added, forming HO, and
a phenol, or addition to the ring forming an OH-aromatic-O, adduct. As discussed below, one of the
possible reactions of this adduct is decomposition to form the same products as the abstraction reaction,
so for simplicity we assume that this is the major pathway for formation of phenolic products, so only the
addition reaction is considered.

The OH-aromatic adduct is an allylic carbon-centered radical with three possible radical centers
where O, can add. Although these adducts have some excitation, we assume that the branching ratios for
O, addition to the different positions are the same as estimated for stabilized allylic radicals, as discussed
in Section 3.1 and Section S1.4.2. This means that all the addition is assumed to occur at the ortho
positions since this forms the adducts with the most conjugation, that addition to an alkyl-substituted
ortho position is ~60% less likely than adding to the other ortho position, and addition to an -OH
substituted ortho position (as occurs in reactions with phenols) is ~7 times more likely, assuming that the
other ortho position is unsubstituted.

The aromatic-OH-O, adducts are expected to be formed with some excitation, and are assumed to
undergo various types of unimolecular reactions as discussed below. Although peroxy radical reactions
are discussed separately in Section 4, MechGen incorporates the rapid aromatic-OH-O, isomerization
reactions into the overall reactions generated for excited OH-aromatic adducts, so these reactions are
discussed in this section.
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Table 6. Summary of types of unimolecular reactions that are assumed to be non-negligible for
chemically activated carbon-centered radicals formed following additions of OH to

double bonds.
Type [a] Reactant [b] Reaction Ratio [c]
Exo ring -Gl ]-#G2-G3-Gy*- {excited } — -G1=Gr-G;5-Gy[-]-
opening . — -G,=G,-G3-G4-Gs[-]- 70%
G- 1-%Gr-Gr-G -G -
(A1.4.3) Ol FGrGrGeGslexcited} | | 17, G, [1-4G,G1-Gy-Gs + M 30%
Endo ring -*G1-Go[- ]-G3*- {excited } — -G1=G,-G3[-]-
opening . — -G1=G,-G3-Gy[-]- 70%
HG1-Gol - 1-GaeG ¥ -
-G4[-]-G,-O-0OX {OHadd} -*G1-G,-0* + [ ]OX
-G4[-]-G,-ONO, {OHadd} -*G1-G,-0* + NO,
i T OO — G;(O'H)-*G,-CO-O* + OH 14%
GI(O H) G2[ ] CO ?O?{I:dd} SN *O'-GI-GZ*-CO-OH + OH 5%
Peroxy + M — G;(O'H)-G,[-]-CO-O-OH + M 82%
Cyclizations
, — G1(O'H)-*G,-CO-0O* + NO; 60%
Al44 - -G-[-1-CO-O-
+ M — G;(O'H)-G,[-]-CO-O-ONO, + M 20%
, . — G1(O'H)-*G,-CO-0O* + -G3[0.] 45%
_G](O H)'GZ[ ]'CO'({)éclzl'Sf(i} SN *O'-GI-GZ*-CO-OH + -G3[O] 15%
+ M — G;(O'H)-G,[-]-CO-0-0-G;3- + M 40%

[a] The section in the SI where the reaction and the estimated branching ratios are discussed is shown in
parentheses.

[b] "*" indicates ring closure, "{excited}" indicates excitation, {OHadd} indicates excitation by OH
addition only, "+ M" indicates stabilization, and "X" is H or any group and -OX is OH, or G-O-.

[c] Branching ratio assumed for 1 atmosphere pressure (the default) if stabilization is assumed to be non-
negligible. Note that MechGen allows for changes in atmospheric pressure, in which case this ratio
would change assuming that the stabilization rate constant is proportional to pressure.

The subsequent reactions of the excited adducts are assumed to be as shown in Figure 1, which
uses benzene as an example. This is based on the scheme recommended by Jenkin et al. (2018b), and
incorporated in the MCM (Bloss et al., 2005; MCM 2023). It shows the initial formation of the OH-
aromatic adducts, their subsequent reactions with O,, and the fast unimolecular reactions assumed for the
excited OH-aromatic- O, adducts. The codes for the branching ratios, which depend on the substituents
about the aromatic ring are also shown. Three types of overall reactions are assumed. These include
formation of a phenol + HO, via a 6-member ring transition state where the H transfers from the -OH to
the peroxy group, followed by elimination of HO,, with branching ratio designated fPhen; cyclization to
form a bicyclic allylic-stabilized carbon-centered radical with branching ratio fBcyc; and the third
involving a different type of cyclization where a peroxy O transfers to the opposite double bond, forming
an epoxide and an alkoxy radical, with branching ratio fEpox. The alkoxy radical can form two different
products depending on where the O, added and the substituents about the aromatic ring, which are
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Figure 1. Initial reactions following the addition of OH to aromatic rings, using benzene as an

example, showing the formation of the OH-aromatic adduct, followed by unimolecular
reactions assumed for the OH-aromatic-O, adduct. Major products assumed to be formed
are indicated, and additional pathways that may occur but are not currently used are also
shown.

assumed to be equally likely. Therefore, up to four overall reactions can be generated following addition
of OH to aromatic rings.

The Phen and Bcyc pathways in aromatic mechanisms (routes [a] and [b] on Figure 1) are well
supported by existing product data (Calvert et al., 2002) and theoretical calculations (e.g., Calvert et al.,
2002; Vereecken, 2018, 2019). However, the existence of the Epox pathway (routes [c]) is speculative
and much more uncertain. It is included in the mechanism to account for carbon balance and is consistent
with reactivities of aromatics observed in environmental chamber experiments (Carter 2010b, Carter and
Heo, 2013). This pathway is also assumed in the aromatics mechanisms recommended by Jenkin et al.
(2018b) and is incorporated in the MCM (Bloss et al., 2005; MCM 2023). However, theoretical
calculations discussed by Vereecken (2018) indicate that the direct epoxide formation from aromatic-OH-
O, adducts (route [c]) is unlikely to be important. Vereecken (2018) suggests alternative pathways that are
shown on the top and bottom right side of Figure 1 as alternatives that appear to be more consistent with
theoretical calculations and recent experimental data (Xu et al., 2020). These alternatives will be
considered when MechGen is updated. The possible alkoxy cyclization reaction shown on the bottom
right of Figure 1 is discussed in Section 5.6.
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The mechanisms for the subsequent reactions of the carbon-centered and alkoxy radicals formed
are estimated using the same procedures discussed elsewhere in this paper. The major stable products
predicted to be formed are also indicated by the boxes in Figure 1. Note that as discussed in Section 2.2.5,
the unsaturated 1,4-dicarbonyl aldehydes or aldehyde-ketones are predicted to be highly photoreactive, so
the yields of these products significantly affect predictions of reactivity in aromatic hydrocarbon - NOy
environmental chamber experiments (e.g., Carter and Heo, 2013).

The branching ratios were derived based on reported yields of phenolic products and o-
dicarbonyls from the reactions of OH with benzene and various alkylbenzenes, as well as simulations of
environmental chamber experiments. Values of fPhen were derived based on phenolic yields, fBcyc
values are based on 1,2 dicarbonyl yields and modeling environmental chamber experiments, and fEpox
are obtained as 1 - fPhen - fBcyc. It was sufficient to assume that the branching ratios depend only on the
presence of substituents in the ipso and ortho positions, with substituents in the meta or para positions
assumed not to have an effect on these branching ratios. The branching ratios used for the various
substituent cases are summarized in Table 7. Note that fPhen is necessarily zero if there is an ipso
substituent, and the fBcyc / fEpox ratios for such compounds are estimated to be the same as those for
compounds without ipso substituents, but with the magnitudes increased so they sum up to 1. The ratios
in Table 7 are used regardless of substituents, though estimates for compounds with substituents other
than alkyl or -OH, and therefore generated mechanisms for such compounds, should be considered to be
unreliable and probably should not be used for mechanism development.

Table 7. Branching ratios derived for the reactions of aromatic + OH and aromatic + OH + O,
adducts, based on the presence or absence of substituents in the ipso and ortho positions.

Branching No ipso substituents 1 ipso substituent [a]
Ratio No ortho 1 ortho 2 ortho Noortho 1 ortho 2 ortho
fPhen 57% 16% 5% - - -
fBcyc 31% 57% 83% 73% 68% 88%
fEpox 12% 27% 12% 27% 32% 12%

[a] Derived from fBcyc and fEpox assigned for adducts with no ipso substituents.

The above discussion is applicable only to reactions following additions of OH radicals to
aromatic rings, not to additions by NOj radicals. As discussed by Carter (2021), the rate constants for
these additions are estimated to be slow, based on the relatively low total rate constants reactions for
aromatic + NOj reactions. MechGen currently assumes that all aromatic-NO; adducts rapidly decompose
back to reactants, resulting in no net reaction. However, this cannot strictly speaking be true, since the
experimental rate constants give SARs that predict nonzero, though low, rate constants for these reactions
(Carter, 2021; see also Section 2.1.2). However, the predicted rate constants are too low to be important in
atmospheric systems, so this oversimplification has no practical consequences for atmospheric
mechanisms.

The reactions of radicals formed by the additions of OH radicals to the aromatic rings in phenols
are expected to be analogous to those discussed above, but the presence of OH substitution affects
branching ratios for the addition to the allylic OH + phenol adduct as discussed in Section 3.1, and some
of the OH + phenolic + O, adducts form cyclohexadienones, which undergo are assumed to undergo rapid
unimolecular reactions to form catechols as discussed in Section 2.3.2. The mechanisms assumed for OH
+ phenolic adducts are discussed in Section S1.8 of the SI.
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4. Reactions of Peroxy Radicals

Peroxy radicals are formed primarily by the reactions of alkyl radicals with O, and are critical
intermediates in atmospheric oxidation mechanisms. Peroxy radicals can be classified alkyl peroxy,
-G[OO.] or RO,, or acyl peroxy, -G-CO[OO.] or RCO; (where "G" is any group that does not have an o
carbonyl substituent). In the following discussion, we will use the term "acyl" peroxy radical to refer to
any peroxy radical bonded to a carbonyl group and "alkyl" peroxy radicals otherwise, including peroxy
radicals with non-alkyl groups or substituents.

Peroxy radicals can react with NO, NO,, NO;, HO,, and other peroxy radicals, and some can also
undergo unimolecular reactions at significant rates under atmospheric conditions. The rate constants
assigned when generating bimolecular rate constants are summarized in Table 8, and their derivations are
summarized in the following subsections where the mechanisms for the different types of reactions are
discussed. More details concerning the derivations of the bimolecular rate are given in Section S1.5.1 of
the SI. The unimolecular reactions are discussed separately below.

Table 8. Summary of bimolecular rate constants used when generating reactions of peroxy
radicals under atmospheric conditions.

Rate constant around 300K (cm® molec™ s™) [a]

Reactant Non OH-Substituted RO, OH-Substituted RO,
Primary  Secondary  Tertiary Primary  Secondary Tertiary RCO;

NO 9.13x10™"* 2.10x10™"
NO, 8.8x10™"* 7.7x10"
NO; 2.3x10™"? 4.0x10"*
HO, 10"% x min [20.3, 2.48 + (248 xnC)] 10" x min [21.1, 9.37 + (1.68 x nC)] 2.1x10™"'
Generic RO, 2.9x10™  1.6x10™  3.7x10"° 9.1x10"*  1.7x10"  1.3x10™  1.6x10™"
Generic RCO; 1.6x10™" 1.4x10™"

[a] See Table S-45 in the SI for the sources of the rate constants used. Note that the same rate constant is
used for reactions of alkyl peroxy radicals with NOy species and with acyl peroxy radicals, while the
rate constants depend on the carbon number for reactions with HO,, and on the structure of the radical
for reactions with other alkyl peroxy radicals (See Sections 4.4 and 4.5, respectively).

4.1. Reaction with NO

The major atmospheric loss process of most peroxy radicals when formed in the presence of NOy
is reaction with NO. Available data on the rate constants for peroxy + NO reactions are given in Table S-
45 in the SI, and the rate constants measured for ethyl peroxy and propionyl peroxy are estimated to apply
to all peroxy radicals for mechanism generation. There is some variability in the measured rate constants
for the alkyl peroxy radicals, but the data are insufficient to derive estimates for dependences of the rate
constant on the structure or size of the radicals. As indicated in Table 8, although different rate constants
are used for reactions of acyl peroxy vs peroxy radicals with NO, because of insufficient information we
assume that other structural effects have no effects on the rate constant.

The reactions of peroxy radicals with NO can occur via two possible routes, either forming NO,
and the corresponding alkoxy radical, or forming a stable organic nitrate in the presence of a bath gas.
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RO,- + NO — RO- + NO, (D
RO,- + NO (+M) — RONO, (+M) (2)

Both reactions are known to be important in the case of alkyl peroxy radicals, and the nitrate yield,
yn=ko/(ki+k;), is an important parameter affecting model predictions in atmospheric systems since the
conversion of NO to NO, in Reaction (1) contributes to O; formation and the formation of alkoxy radicals
results in radical propagation, while nitrate formation in Reaction (2) causes radical termination and is
also a NOy sink, at least for the intermediate term.

Available data and estimates concerning nitrate yields from various peroxy radicals are discussed
in Section S1.5.2 of the SI. There are extensive measurements of nitrate yields from various unsubstituted
peroxy radicals formed from the reactions of alkanes, including data at various temperatures and
pressures, allowing a parameterization to be derived that fits these data as a function of temperature,
pressure, and carbon number. The parameterization used is similar to that employed previously (e.g.,
Atkinson et al., 1983), updated based on the mechanism considerations discussed by Zhang et al. (2004)
and re-optimized to fit available data as discussed in the SI. The predicted nitrate yields at around 298K
and 1 atmosphere pressure are given in Table 9 and are plotted against carbon number in Figure 2, where
they are compared to available data as discussed below.

Table 9. Estimated nitrate yields as a function of carbon number calculated for ~298K and 1
atmosphere pressure.

Carbon Number 2 3 4 5 6 7 8 9 10 11 12 13 14+

Default nitrate

yield 2% 4% T% 11% 15% 19% 22% 25% 27% 28% 28% 28% 29%

Nitrate yield if o-

. 3% 5% 8% 11% 14% 16% 18% 19% 20% 20% 21% 21%
or  -O substituted

Figure 2 shows that the parameterization derived to fit measured nitrate yields for unsubstituted
peroxy radicals from alkanes (black line) fit those data reasonably well, but its applicability for
substituted radicals from other VOCs is much more uncertain. The limited available measurements of
nitrate yields from p OH-substituted radicals are inconsistent. Data obtained from Shepson's (Muthuramu
et al., 1993; Shepson et al., 1985; O’Brien et al., 1998) and Ziemann's (Matsunaga and Ziemann, 2009,
2010) groups gave yields that are about a factor of two lower than from unsubstituted radicals, while more
recent data from Teng et al. (2015) gave yields that agree with those from the unsubstituted radicals, at
least at carbon numbers <10. The estimated nitrate yields from the OH-substituted radicals significantly
affect results of model simulations of alkene - NO, chamber experiments (Carter, 2000, 2010b), and we
found that some data are better fit using the higher yields estimated for radicals from alkanes, while some
are better fit using the yields that are a factor of ~2 lower (see Section S1.5.2 in the SI).

Figure 2 also shows scatter in the available data concerning nitrate yields from peroxy radicals
formed from ethers, esters, and ketones, though they tend to be lower than observations for unsubstituted
peroxy radicals (Jenkin et al., 2019 and references therein). As discussed in the SI, these yields are subject
to greater uncertainties because they are derived either from unspeciated total nitrate measurements in
complex chemical systems, or by fits to environmental chamber data, where uncertainties are even
greater.
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Figure 2. Measured and estimated nitrate yields from reactions of various types of peroxy radicals

with NO against numbers of carbon atoms in the radicals.

Until more information is available to resolve these discrepancies and provide a better basis for
making nitrate yield estimates for non-alkyl-substituted peroxy radicals, MechGen uses a
parameterization (red dotted line in Figure 2) that predicts yields halfway between those derived for
radicals from alkanes and the lower yields for the B OH-substituted radicals, when estimating nitrate
yields for peroxy radicals bonded to oxygen groups in the o or B positions, e.g., -OH, ether, ester,
peroxides, or nitrates. This is similar to the approach used in the nitrate yield estimation method
developed by Jenkin et al. (2019) for alcohols, ethers, and esters. Based on the limited data, Jenkin et al.
(2019) also assumed carbonyl groups in the o or B positions caused even lower nitrate yields, but the
current version of MechGen does not yet incorporate corrections for these cases.

The nitrate yields predicted using this parameterization, derived as discussed in Section S1.5.2 of
the SI, are included in Table 9. Note that we assume that substituents farther away than the [ position are
too far away from the reaction site to affect the nitrate yield. However, the estimates for nitrate yields
from substituted peroxy radicals are uncertain by at least a factor of two, and are more likely to be biased
high rather than low.

There is no evidence for nitrate formation in the case of acyl peroxy radicals, so the formation of
NO, and the corresponding acyl oxy radical is assumed to be the only pathway of significance (e.g., see
IUPAC, 2023).

RC(0)0O;. + NO — RC(0)0O. + NO, = R. + CO, + NO, 3)

As discussed above, the acyl oxy radicals are expected to rapidly decompose to form CO, and the
corresponding alkyl radical, making the overall process for acyl + NO reactions as indicated above.

4.2. Reaction with NO,

Alkyl and acyl peroxy radicals also react with NO, under atmospheric conditions, and the rate
constants assigned to them are included in Table 8. The assigned rate constants are based on measured
high pressure rate constants for ethyl peroxy and ethyl acyl peroxy radicals, since we could not find data
for larger peroxy radicals (see Table S-45 in the SI). Although the reactions of ethyl and ethyl acyl peroxy
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radicals are not in the high pressure limit under atmospheric conditions, most of the radicals are larger and
their rate constants should be closer or at the high pressure limit, so the high pressure rate constant is used
for general estimates.

The reactions for both alkyl and acyl peroxy radicals with NO, are assumed to result entirely in
the formation of the corresponding alkyl or acyl peroxynitrate.

ROO- + NO, (+M) — ROONO, (+M) €Y
RC(0)O0: + NO, (+M) — RC(O)OONO; (+M). 2)

Reactions forming NO; + alkoxy or acyloxy radicals are estimated to be endothermic, and are assumed
not to be important. The peroxynitrate compounds formed are thermally unstable at atmospheric
temperatures, decomposing back to NO, and the peroxy radical, as discussed in Section 2.3. It is assumed
that the presence of non-alkyl substituents on the "R" does not affect either the formation or
decomposition rate constants, but this is uncertain.

4.3. Reaction with NO;

Reactions with NO; can be a potentially important sink for peroxy radicals at nighttime and
potentially other conditions when NO concentrations are low. The rate constants used for mechanism
generation (Table 8) are those measured for ethyl peroxy and acyl peroxy radicals because we could not
find data for larger radicals (see Table S-45).

Peroxy radicals react with NOs to form the corresponding alkoxy radical, NO, and O,, with no
evidence of other reaction routes or products being reported (e.g., [IUPAC, 2023).

ROO. + NO3 — RO + Oz + N02
RC(0)00. + NO; — RC(0)O. + O, + NO,

Note that the same organic products are formed in this reaction as in the reaction of peroxy radicals with
NO, other than the lack of the nitrate formation route in the NO; reaction. Although nitrate formation in
this reaction is energetically possible, there is no evidence that it occurs under atmospheric conditions.
The presence of non-alkyl substituents on "R" is assumed not to affect the rate constants or mechanisms.

4.4. Reaction with HO,

Reactions with HO, can be the major sink for peroxy radicals under conditions when NO is low,
being generally much more important than reactions with other peroxy radicals. Information concerning
measurements and estimates for mechanisms and rate constants for the reactions of peroxy radicals with
HO, are discussed in Section S1.5.3 of the SI. In the case of alkyl peroxy radicals, the data suggest that
the rate constants depend on the size of the radical and the presence of OH substitution on the radical,
with the following equations being derived for estimation purposes:

k(RO, + HO,) = 107" x min [20.3, 2.48 + (2.48 x nC)] cm’ molec™ s
k(HO-RO, + HO,) = 107" x min [21.1, 9.37 + (1.68 x nC)]] cm’ molec™ s

where "HO-RO," refers to alkyl peroxy with OH substituents anywhere on the radical, and "RO," refers
to those without. Note that there is some inconsistency in the measured rate constants for OH substituted
radicals (see SI), so there is some uncertainty in these estimates.

The only data we found for reactions of acyl peroxy radicals with HO, concerned acetyl peroxy
radicals, so the rate constant measured for that reaction (on Table S-45) is used for estimation purposes.
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This is uncertain, especially in view of the variability of the measured rate constants for the alkyl peroxy
radicals.

Available information concerning the products of the reactions of various types of peroxy radicals
with HO, have been evaluated by IUPAC (2023), and their recommendations of branching ratios for
methyl and acetyl peroxy radicals, and for methyl peroxy substituted with -CH;, -OH, -OCHj3;, and
-C(O)CHjs; are given in S-12 of the SI. Their recommendations include the following four routes:

ROO. + HO, — ROOH + O, (hydroperoxide route)
RC(0)OO0. + HO, — RC(O)OOH + O,
RCH',00. + HO, — RC(O)H' + H'OH + O, (carbonyl route)
R,;CHTOO.]R, + HO, -R,;C(O)R; + HOH + O,
ROO. + HO, — RO. + OH + O, (hydroxyl route)
RC(0)OO0. + HO, — RC(0)0O. + OH + O,
RC(0)OO0. + HO, — RC(0O)OH + O; (ozone route)

with the "ozone" route only considered for acyl peroxy radicals. The "carbonyl" route occurs via an H
shift from an o hydrogen to the HO, via a 6-member ring transition state, and is not possible for tertiary
alkyl or acyl peroxy radicals. Although there are data only for the C,; or C, peroxy radicals, they are
assumed to be applicable to all alkyl peroxy radicals with the same types of a substituents for mechanism
generation purposes, and are the basis for the branching ratios that are summarized in Table 10. However,
the applications of these recommendations to the many types of larger peroxy radicals predicted in
generated mechanisms is highly uncertain.

Table 10. Branching ratios assigned for the four possible routes for the reactions of HO, with
various types of peroxy radicals.

HO-RO; [b, RO-RO,; [b, RCO-RO
Route CH:0, ROs[a] ¢ 2 ;] P S 2 ;] [b] > RCO;
Hydroperoxide 0.9 1.0 0.5 0.8 0.6 1.0 0.85 0.37
Carbonyl 0.1 - 0.3 - 0.4 - - -
Hydroxyl - - 0.2 0.2 - - 0.15 0.5
Ozone - - - - - - 0.13

[a] "RO," refers to peroxy radicals with no -OH, -OR, or carbonyl substituents in the o position. Note
that they can have these and other non-alkane substituents or groups elsewhere on the molecule.

[b] "The "HO-", "RO-" or "RCO-' refer to the substituent in the o position only. "RCO-" refers to either
-CHO or -CO-, though data are only available for -CO- substitution.

[c] "P","S", and "T" refer to primary, secondary, and tertiary radicals, respectively. Since the carbonyl
route is not possible for tertiary radicals, the branching ratio estimate for this route for primary or
secondary radicals is added to the estimate for the hydroperoxy route for such radicals.

4.5. Reactions with Other Peroxy Radicals
Organic peroxy radicals can also be consumed under atmospheric conditions by reactions with

other organic peroxy radicals. Although this is generally a less important loss process under atmospheric
conditions than reactions with NO4 or HO,, such reactions can be non-negligible under relatively high
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VOC and low NO, atmospheric conditions, and also in some laboratory experiments. Available
information concerning measured rate constants for these reactions is given in Table S-45 of the SI. The
rate constants vary by orders of magnitude, with the most important factor being whether the alkyl peroxy
radicals are primary, secondary, or tertiary. However, the presence of o-OH substitution also appears to
affect the rate constant, and this is also taken into account. Table S-45 in the SI includes a summary of the
averages or estimated rate constants for various types of radicals that can be derived from the
experimental data, and the rate constants used by MechGen when generating mechanisms for peroxy
radicals are included in Table 8.

Because it is not practical to represent all of the peroxy + peroxy combinations in large
mechanisms, MechGen does not assign rate constants or generate mechanisms for all combinations of the
different types of radicals, but instead represents the radicals as reacting with a generic alkyl (RO,) and a
generic acyl (RCO;) peroxy radical. The rate constants and also mechanism assignments for the generic
RO, are based on those estimated for secondary peroxy radicals because they are intermediate in
reactivity and are also expected to be most frequently formed. The generic acyl peroxy radical is based on
acetyl or propionyl peroxy radicals, the only type for which data are available. Although this
representation can be inaccurate because it lumps reactions whose rate constants vary by orders of
magnitude, it is considered to be relatively unbiased, and is better than the alternative of ignoring these
reactions altogether. Fortunately this is a relatively unimportant loss process for peroxy radicals under
most conditions, so this is not considered to be a significant problem compared to other uncertainties.

Available information concerning the mechanisms of peroxy + peroxy reactions is discussed in
Section S1.5.4 of the SI, and recommended and assigned branching are given in Table S-14. Three types
of generic reactions are considered.

ROO. [+ Generic RO, or RCO3] — RO. + % O, (alkoxy route)
RC(0)OO0. [+ Generic RO, or RCO3] — RC(0)0. + %2 0,

RCH,00. [+ Generic RO, or RCO;] — RCHO + % O, (carbonyl route)
RCH[OO.]R' [+ Generic RO, or RCO;] — RC(O)R' + ¥2 O,
ROO. [+ Generic RO,] - ROH + %2 O, (alcohol route)

RC(O)OO0. [+ Generic RO,] - RC(O)OH + Y2 O,

The products formed from the generic radicals are not shown because they are not generated because they
are represented separately by the reactions of the individual radicals. (This is an approximation because it
undercounts the contributions of self-reactions in the kinetic differential equations.) Note that the
"carbonyl" and "alcohol" routes are two instances of the disproportionation reaction, where an oo H
migrates from the carbon next to the peroxide group on one of the radicals to a peroxy oxygen on the
other radical. Formation of carbonyl products is not possible for acyl radicals and tertiary alkyl radicals,
and the alcohol route is not possible for generic acyl radicals because they lack the necessary o hydrogen.

The branching ratios used when generating reactions of the various types of peroxy radicals are
summarized in Table 11. These are based roughly on the branching ratios for individual reactions given in
Table S-14 in the SI, and extrapolating them to other types of radicals where necessary as discussed in
Section S1.5.4. These assignments are uncertain when applied to larger radicals and radicals with non-
alkyl substituents or groups, but the effects of this uncertainty are probably less than the uncertainty and
necessary inaccuracies when estimating the rate constants.
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Table 11. Branching ratios used when generating mechanisms of peroxy + peroxy reactions.
Peroxy radical type Reaction with Generic RO, Reaction with Generic RCO;
Alkoxy Carbonyl Alcohol Alkoxy Alcohol
Primary or secondary RO, 0.5 0.25 0.25 0.8 0.2
Tertiary RO, 0.5 - 0.5 1.0 -
Any RCO; 0.8 - 0.2 1.0 -
4.6. H-shift Isomerizations

Organic peroxy radicals can undergo H-shift isomerizations where the radical center abstracts a
hydrogen from elsewhere in the molecule, via a cyclic transition state, forming a hydroperoxide and a
carbon-centered radical.

-G,H-(G,),-0O0: — [n+4 member ring transition state] — -G[-]-(G,),~-OOH

This reaction has been known to occur at higher temperatures in combustion systems, where the o-
hydroperoxy carbon-centered radicals formed are designated "QOOH", though they had not been
expected to be important at atmospheric temperatures until recently. Recent experimental data indicate
that these reactions occur at measurable rates and may be non-negligible under atmospheric conditions for
certain radicals (e.g., Crounse et al., 2012; Teng et al., 2015; Praske et al., 2018, 2019; Noziere and
Vereecken, 2019). This has been supported by quantum theoretical calculations of rate constants for a
wide variety of such reactions (e.g., Davis and Francisco, 2010; Mgller et al., 2019; Vereecken and
Noziere, 2020 and references therein), whose results are reasonably consistent with the available
experimental data and indicate that in some cases these isomerizations would be the dominant fate of such
radicals.

Vereecken and Noziere (2020) reviewed the available theoretical and experimental rate constant
data for peroxy H-shift isomerizations for a wide variety of peroxy radicals, and provided recommended
SARs for predicting their rate constants for automated mechanism generation applications. These consist
of lookup tables giving the rate constant for various pairs of of peroxy radical types and H-groups (the
groups with the H that is transferred) involved in the H-shift, giving the rate constants as a function of
transition state ring size, with correction factors for a few types of substituents around the H-group. The
effects of -OH, -OOH, -OR, carbonyl groups, and double bonds at or near the H-group were incorporated
into the lookup tables; separate rate constant recommendations were given for reactions of -CH,0O0-., -
>CH(OO:)- and -C(OO:)< radicals, and rate constants were given for ring sizes up to 8 or 9. The
recommended correction factors covered the effects of a-ONO,, B-OH, B-endo oxo and B-exo oxo
substituents on the H-group. These recommendations were adopted as the starting point for use in this
work. However, the recommended lookup tables did not cover all the types of peroxy radicals that might
be formed in atmospheric photooxidation systems, including reactions of acyl peroxy radicals, of radicals
with both B double bonds and a-OH groups, abstractions from an HCO group with a 3 double bond, H-
shifts with transition state rings larger than 8 or 9, and several other cases. Therefore, it was necessary in
this work to extrapolate or extend the work of Vereecken and Noziere (2020) to allow predictions for
these other types of radicals.

The adaptation of the peroxy H-shift SARs for use in this work is described in detail in Section
S1.5.5 of the SI. In order to provide a basis for estimating rate constants, the various factors affecting the
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rate constants are split up into components that are somewhat more straightforward to estimate when
expanding the lookup tables to cover the other cases. The expression used for estimation purposes was:
K(T) = nH x A(n.ts) x e—{EaO(H,R) + Ea"™"(H,R,n) + Ea®"(subs,n)} /RT @
where nH is the number of equivalent abstractable hydrogens; A(n,ts) is an Arrhenius A factor assumed to
be dependent only on the size of the transition state ring, n, and the type of transition state, ts; EaO(H,R) is
the activation energy in cases where there is no strain or substituent corrections, and is assumed to be
dependent only on the type of H-group, H, and the type of radical, R; Ea*™"(H,R,n) is the ring strain that
depends on the ring size as well as the types of groups involved; and Ea™"(subs,n) are corrections for
substituents on the H-group, some of which depend on ring size. The temperature-dependence
recommendations given by Vereecken and Noziere (2020) were used to derive approximate A factors
which were then used, in conjunction with the recommended rate constants in the lookup tables, to create
lookup tables for Ea’ and for Ea*™" for the various ring sizes. These were then used to estimate Ea” and
Ea™™" for cases not covered by the original SARs. The recommended substituent correction factors were
used to derive Ea™" to use in Equation (I), where applicable. No new types of substituent correction
factors were added in this work.

The range of magnitudes of estimated rate constants for the peroxy H-shift isomerization for the
various types of radicals is presented in Figure 3, which shows the rate constants for the transition state
ring size (generally 6-8) that gives the highest rate constant. These maximum rate constants for the
different types of reaction range in magnitude from ~3 x 10 to ~7 x 10° sec™, and the lookup tables cover
25 types of H-groups and transition states, as indicated on the x-axis of the figure. The figure also has
lines giving the upper and lower limits of these rate constants used by MechGen when generating peroxy
radical reactions -- reactions faster than the upper limit are assumed to be the only fate of the peroxy
radical, while those that are below the lower limit are treated as negligible and not generated. For those
with rate constants between these limits there is a competition between unimolecular and bimolecular
reactions of these radicals, so the estimated rate constant would have an impact in predicted mechanisms.

The H-shift reaction from unsubstituted -CH; and -CH,- groups in alkyl peroxy radicals was
generally negligible, while abstractions from hydroperoxy groups and aldehyde groups and abstractions
of allylic hydrogens by acyl peroxy groups were generally fast. Most of the other types were in the
intermediate range where there is a competition between unimolecular and bimolecular reactions of these
peroxy radicals. This indicates that this is an important process for many radicals that must be considered
when implementing mechanisms into models.

The rate constant estimates that were derived directly from the SARs of Vereecken and Noziere
(2020) are based on results of quantum theory calculations and may be good to within a factor of ~10, and
can predict the experimental 298 K rate constants to within a factor of 3, as shown in Figure S-12 in the
SI. Those that are based on our extrapolations or estimates are much more uncertain, though many of
these are estimated to be high enough that the actual fate of the peroxy radical may not be sensitive to this
estimate. However, experimental and theoretical data are needed to verify or improve our estimated
extensions of the Vereecken and Noziere (2020) SARs as discussed in Section 1.5.5 of the SI, as well as
more experimental data to validate the extensive set of theoretical calculations that form the primary basis
for the SARs that are currently employed.

No attempt was made to make separate estimates of rate constants for H-shift isomerizations of
cyclic peroxy radicals by either Vereecken and Noziere (2020) or in this work. However, Vereecken et al.
(2021) does include calculations for cyclic peroxy radicals that could be used when MechGen is updated,
but gives insufficient data to derive SARs at this time. For the purpose of making general estimates, we
assume that the isomerization reaction does not occur if three or more of the atoms in the transition state
ring are in another ring, since they would usually (but not necessarily always) result in a highly strained
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Nomenclature: H-group with substituents (if applicable), where -Ox = a-OH or -OR
substituents; -CH,=/En: 3 double bond by the H-group, with at least one double bond group in
the transition state ring; -CH,/Ex: B double bond not in the transition state; -OxDB = both a-
Ox and a double bond substituent; /EnEx = two 3 double bonds by the H-group.
Figure 3. Estimated peroxy H-shift isomerization rate constants for the most favorable ring size for

various H- and R-group pairs without -substitution corrections. Also shown are upper
and lower rate constant limits used during mechanism generation.

structure. Although these are not unreasonable assumptions, some isomerizations will be overestimated
and others overlooked. The practical effects of these uncertainties have not been assessed, but such an
assessment may give an indication for priorities for future theoretical or experimental studies of
unimolecular reactions of peroxy radicals formed from terpenes and other cycloalkenes.

4.7. Ring Closure Reactions of Unsaturated Peroxy Radicals.

The current estimated mechanisms for aromatics, discussed above in Section 3.4, assume two
additional types of unimolecular reactions of OH-aromatic-O, adducts to account for observed aromatic
product formation and reactivities, both involving ring formation. These are shown as reactions labeled
"[b]" and "[c]" in Figure 1. These reactions are accounted for in the process of generating reactions of
OH-aromatic adducts as discussed in Section 3.4, and thus their rate constants do not need to be estimated
to generate mechanisms for aromatics. However, these reactions may also be non-negligible in non-
aromatic systems, since neither the reactants, products, nor the transition states have aromatic rings. The
reactions shown in Figure 1 can be generalized as follows:

-CX=CX-CX=CX-CX’-CX,-00- — -CX=CX-CX]-]-*CX-CX",-CX,-0-O* [b5]
-CX-CX=CX-CX=CX-CX,-00- = -CX",-*CX-CX][-]-CX=CX-CX,-0O0* [b7]
-CX=CX-CX=CX-CX,-CX,-00- = -CX=CX-*CX-0-CX*-CX",-CX,-0O- [c5]
-CXH-CX=CX-CX=CX-CX,-00- = -CX,-*CX-0-CX*-CX=CX-CX,-O- [c7]
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where X is H or any group, and * indicates ring closure. The reactions labeled [b] involve the peroxy
group adding to a double bond forming a cyclic ether and an allylic carbon-centered radical, while those
labeled "[c]" have a similar cyclic transition state but the O-O bond breaks, with one O adding to the
double bond forming an epoxide and the other becoming an alkoxy radical center. Note that the reactions
labeled [b5] and [c5] involve 5-member ring products or transition states, while those labeled [b7] and
[c7] involve a 7-member ring. Since these reactions apparently dominate over bimolecular reactions when
formation or intermediacy of both 5 and 7 member rings are involved, one would reasonably expect them
to be even faster in acyclic systems where only one new ring is involved.

Since 6- or 7-member rings tend to have less ring strain than 5 member rings, (see discussion of
peroxy H-shift reactions in Section 1.5.5 of the SI) one would expect the analogue involving formation or
intermediacy of 6 member rings also to be fast, e.g.,

-CX=CX-CX=CX-CX,-CX,-CX,-00- — -CX=CX-CX[-]-*CX-CX"-CX,- CX,-0-O* [b6]
— -CX=CX-*CX-0-CX*-CX',-CX,- CX,-0O- [c6]

Therefore, to be consistent with the aromatics mechanisms, the above six types of reactions are generated
for peroxy radicals with conjugated double bonds in the o-, B-, or y- positions, relative to the carbon
bonded to the peroxy group, and are assumed to dominate over bimolecular reactions and H-shift
isomerizations. Because of this, it is not necessary to estimate their total rate constants, only the branching
ratios for the [b] and [c] reaction routes, or the "fEpox/fBcyc"” ratio using the terminology of Section 3.4
in the context of the aromatic system. The fractions reacting via the [b] or Bcyc route used when
generating aromatics mechanisms ranged from 68% to 88%, depending on the number of ortho
substituents in the OH-aromatic adduct. It is highly uncertain whether this branching ratio is an
appropriate basis for estimations for acyclic peroxy radicals with conjugated double bonds, but no
information is available to justify other assumptions. Therefore, when generating mechanisms for peroxy
radicals with conjugated double bonds in the a-, B-, or y- positions, we assume that:

CYCIiC peroxide Fraction = ka/( kb5+ kci) = kbg/( kb6+ kc6) = kb7/( kb7+ kc7) =(0.75
Epoxy alkoxy Fraction = 1 - Cyclic peroxide Fraction = 0.25

where the fractions are approximately the averages of those given in Table 7. This is highly uncertain, but
at least it is reasonably consistent with our treatment of aromatic ring addition reactions. However,
formation of these types of peroxy radicals is probably relatively rare in atmospheric systems, so the
practical effect of this uncertainty on atmospheric mechanisms may be relatively small.

Note that, as discussed in Section 3.4, the epoxide forming cyclization reaction may not be as
important in aromatic systems as currently estimated, and if this is the case then their analogues (reactions
labeled [c] above), may also not occur in acyclic systems. This will need to be examined when MechGen
is updated.

It is also possible that ring closure involving only single double bonds may be non-negligible.
However, if such reactions were to be significant, they should be important in the isoprene + OH reaction
system, resulting in formation of different products than what are observed (Calvert et al., 2011, and
references therein). Therefore, we currently assume that these cyclizations are only important in radicals
with conjugated double bonds.

5. Reactions of Alkoxy Radicals

Alkoxy radicals are formed in atmospheric oxidation mechanisms primarily from the reactions of
peroxy radicals with NO and NOs, and to a lesser extent by their reactions with other peroxy radicals, as
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discussed above. These can undergo a variety of reactions in atmospheric systems, and this leads to much
of the complexity in atmospheric reactions of organic compounds. The types of alkoxy radical reactions
that MechGen considers, and how their rate constants are estimated, are summarized in Table 12. These
reactions are discussed further below.

Note that alkoxy radicals formed in the reactions of peroxy radicals with NO could be formed
with up to ~12 kcal/mole of excitation energy, which would affect estimates for unimolecular reactions
that are not highly thermochemically favorable (Orlando et al., 2003). This is not taken into account in
current estimates of unimolecular reactions of these radicals, but will need to be considered for future
updates of the system.

5.1. Bimolecular Reactions

Primary and secondary alkoxy radicals can react with O, via abstraction of an o hydrogen to form
HO, and the corresponding carbonyl compound, as shown for the first three reactions in Table 12.
Available data concerning rate constants for this reaction are discussed in Section S1.7.1 of the SI. These
data suggest that the rate constant may only depend on whether the radical is primary or secondary, and
the following rate constants are assigned for estimation purposes:

k(-CH,0-+0,) = 2.38 x 10 exp(-0.38/RT) = 1.25 x 10" cm’® molec™ s' (k" = 6.4x10" sec™)
K(-CH[O-]-+0,) = 1.95 x 10" exp(-0.59/RT) = 7.27 x 10""* cm® molec™ s (k" = 3.8x10" sec™)

where the rate constant is given for 298 K and k"™ is the pseudo-first order rate constant for 1 atmosphere
of air. Note that separate assignments are given for rate constants for reactions of O, with methoxy or
ethoxy radicals (see Table S-56 in the SI), but there is no indication of effects of radical size for larger
radicals, though this cannot be ruled out for Cg, radicals. There are also no data on effects of non-alkyl
substituents or groups on this rate constant, so these estimates are highly uncertain for non-alkyl radicals.

Although alkoxy radicals can also react with NO; and radical species with relatively high rate
constants, the atmospheric levels of NOy are many orders of magnitude less than those of O,, and the rate
constants are not sufficiently high that these reactions are competitive. Therefore, reaction with O, is the
only type of bimolecular reaction generated for alkoxy radicals. The only exceptions for the types of
radicals handled by MechGen are tertiary alkoxy radicals, where B-scission decompositions are estimated
to be favorable, or phenoxy radicals, which are discussed separately in Section 6.1.

5.2 B-Scission Decompositions
Most alkoxy radicals can undergo B-scission reactions, where a bond on the carbon bonded to the

oxy radical center breaks, forming a carbonyl group and a fragment radical. These types of reactions can
be represented as:

R,CH,0- — R,- + HCHO (1)
R,CH[O-]R; — R} + R,C(=0)H 2)
RiC[O-](R2)R; = Ry + Ry,C(=0)R; €)]
R,C(=0)0- = R;- + CO, (fast) (4)
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Table 12. Summary and examples of reactions of alkoxy radicals as derived using MechGen.

Types Reactions [a] Rate Constant Estimation

-CHzo‘ + 02 —d H02 + -CHO

_CH(O") + 0, = HO, + -C(O)- See Sections 5.1 and A1.7.1

Reaction with O,

HC(O)O: + O, - HO, + CO, Assumed to be fast [b]
X,C=CXO- + O, = X,C(00-)C(O)X Assumed to be fast [b, c]
XCH,0:- —» X- + HCHO
B-Scission XCHX'O- —» X- + X'CHO See Sections 5.2 and A1.7.2.
decompositions XCX50- —» X + X'C(O)X'
XC(0)O- - X + CO, Assumed to be fast [b]
H-Elimination XCH,0- — XCHO + H- .
decompositions XCH(0)X' — XC(O)X' + H- See Sections 5.3 and A1.7.3.
H-Shift .
: Lo HCX5-(Y),-CX,0- — - CXo-(Y),-CX,0H See Sections 5.4 and A1.6.
isomerizations

o, Ester and o Nitrate | XCH(O-)OC(O)X' — XC(O)- + X'C(O)OH

Rearrangement XCH(O-)ONO, — XC(0)- + HONO, See Sections 3.5 and AL7.4.

[a] The following codes used for unspecified groups: X = Any non-radical group except -H; X = -H or
any non-radical group; Y = Any stable compound group that is bonded to at least two other groups,
except =C=, =C-, and -aC,; Y = As above, but also excluding =CH- and =C<

[b] This is assumed to dominate over competing reactions of this radical, so the rate constant does not
need to be estimated.

[c] Vinoxy radicals are expected to exist in resonance with a carbon-centered radical form, e.g.,
X,C=CXO0O- < X,C[-]C(O)X, which rapidly adds O, under atmospheric conditions.

where the R's are any groups next to the alkoxy radical group except -H. Decompositions of acyl oxy
radicals (Reaction 4) are expected to be fast and thus are the only fate of these radicals considered in
MechGen. However, this is not the case for alkoxy radicals in general (Reactions 1-3) where, depending
on the structure of the radical, these reactions can be very fast and dominate over other reactions, or they
can be negligible compared to reaction with O, or other types of unimolecular reactions such as H-shifts.
Note that the relative importance of the decomposition reactions affects the extent to which the reactions
of a VOC leads to fragmentation to lower molecular-weight products, as opposed to becoming more
oxidized and forming lower volatility products that may contribute to SOA formation.

Available information concerning rate constants for [3-scission reactions, and methods for their
estimation, are discussed in Section S1.7.2 of the SI. These include experimentally measured rate
constants given by Orlando et al. (2003), theoretically calculated rate constant parameters from
Vereecken and Peeters (2009), and rate constants derived from results of experimental product studies.
Based on the data and estimates in these resources, MechGen uses the following equations to estimate
rate constants for B-scission reactions of alkoxy radicals:
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K(T) (sec’) =n x 1.0 x 10" x exp(-Ea/RT)
Ea(kcal/mole) = EaR(Rad) + EaP(ProdType) + EaRc(R.Subst) + EaPc(P.Subst) + R.Corr(Ring)

Here k is the unimolecular rate constant at temperature T in sec; n is the number of equivalent R; groups
on the radical; 1.0 x 10" sec is the estimated A factor for all [B-scission reactions; Ea is the calculated
activation energy that depends on the reaction; and EaR, EaP, EaRc, EaPc, and R.Corr are estimated or
adjustable parameters that depend on the reaction. In addition, "Rad" refers to the radical R;- formed in
the reaction; "ProdType" refers to whether the carbonyl product formed is formaldehyde, a higher
aldehyde, or a ketone (reactions 1-3, respectively); "R.Subst" refers to substituents on R;; "P.Subst" refers
to substituents R, or Rj if applicable; and "Ring" refers to the presence of rings on the alkoxy radical at or
adjacent to the radical center. The derived or estimated values of these parameters are given in various
tables in Section S1.7.2 of the SI. Values of representative parameters are given in Table 13.

Table 13. Representative values of parameters used to estimate activation energy of [-scission
reactions.

Radical Formed [a] Product Formed Substituent Corrections Ring Corrections

Type EaR  Type EaP  Substituent EaRc EaRp Type Size R.Corr

Methyl 18.5 HCHO 0 -Alkyl 0 0 Ringis 3 -7.1

Primary 15.5  C, Aldehyde 22 -Allyl -5.0 -2.0 broken 6 0.0

Secondary  12.8 Ketone -3.9 -C(=0)X -1.3 0.8

Tertiary 10.7 -0X -3[b] -4[b] Ringon 3 2.0

HC(O). 11.4 -ONO2 0[p] -1.1 radical 6 1.8

RC(O). 9.3 -CH,-O- 0 1.1

Alkoxy 18 [b] -CH,-OH 0 -0[b] Ringon 3 7.2

product 6 -0.3

[a] Parameters are all in units of kcal/mole. "X" refers to -H or any other substituent.

[b] The value of this parameter varies somewhat depending on the specific groups involved, and the
average value is given. See the tables in Section S1.7.2 of the SI for the specific values.

From Table 13 it can be seen that the estimated activation energies range from near zero to ~20
kcal/mole or higher. Note that an activation energy of ~12 kcal/mole would give a rate constant that is
comparable to the pseudo-unimolecular rate constant for the reactions of primary or secondary alkoxy
radicals with O,, so reactions with higher activation energies would generally be negligible, while those
with lower Ea values could potentially be the dominant process unless another type of unimolecular
reaction (e.g., a P-scission involving a different group or an H-shift) is also estimated to be fast.
Decompositions are usually important for tertiary alkoxy radicals not only because reactions with O, are
not possible, but because their B-scission decompositions are generally estimated to be relatively fast.
Decompositions can also be important for primary or secondary radicals.

As discussed in the SI, there are sufficient data on rate constants for decompositions of alkoxy
radicals formed from alkane systems that estimates in these cases are not considered to be highly
uncertain. However, if non-alkyl groups are present, data to derive estimates are highly limited or lacking
and thus needed. One uncertainty is the lack of measured or theoretically calculated rate constants for
decompositions forming alkoxy radicals, which might occur in atmospheric photooxidation mechanisms
of ethers and esters and compete with other reactions discussed below.
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5.3. H-Elimination Decompositions

Primary and secondary alkoxy radicals can also undergo [-scission reactions by H-elimination,
forming a carbonyl product and a hydrogen atom. Available information and estimates for the rate
constants for these reactions are discussed in Section S1.7.3 of the SI. The rate constants for these
reactions appear to be enhanced by the presence of o-oxygen substituents, so three types of these
reactions are considered.

RCH[O:-]X — RC(=0)X + H- 1
ROCH[O-]X — ROC(=0)X + H: 2)
ROCHI[O-]OX — ROC(=0)0OX 3)

Here X is -H or any group, and R is any group except -OX. The data are limited, but sufficient to derive
the following expression to estimate the rate constant:

K(T) (sec™) =n x 3.3 x 10" x exp(-Ea/RT)
Ea, = Ea, (kcal/mole) = 13.5 + 0.52 AH,
Ea; (kcal/mole) = 11.5 + 0.52 AH,

where Ea,, Ea,, Ea; refer to the activation energies for reactions of types 1, 2, and 3, respectively. The
estimate for Ea; is uncertain and is strictly speaking an upper limit -- i.e., rate constants for H-elimination
reactions of alkoxy radicals with two -OX may be higher than estimated.

Note that under atmospheric conditions, the H-elimination reactions yield exactly the same
products as the reactions the alkoxy radicals with O,, because the eliminated H- rapidly forms HO,. These
estimates indicate that the H-elimination reaction is negligible compared to O, reaction if there are no o-
O substituents, non-negligible but slower than O, reaction if there is only one, and faster than the O,
reaction if there are two such substituents. Therefore, this reaction is only important in the third case, so
only estimates for Ea; have a practical effect on generated mechanisms.

54. H-Shift isomerizations

Alkoxy radicals with sufficiently long chains (=C4 or larger) can also undergo H-shift
isomerization reactions, where the alkoxy group abstracts an H from elsewhere in the molecule via a
cyclic transition state, forming a carbon-centered radical with an -OH substituent. These are similar to the
H-shift isomerizations that were previously discussed for peroxy radicals (Section 4.6), but in this case
the reactions are much more exothermic, and their importance in atmospheric systems has been
recognized for some time. Methods to estimate their rate constant have been developed for previous
versions of the SAPRC mechanism, with the version used for developing SAPRC-99 being the most
completely documented (Carter, 2000). The method used for SAPRC-99 has been subsequently updated
for SAPRC-18 to incorporate evaluated experimental data (Atkinson, 2007; IUPAC, 2023), results of
theoretical quantum chemistry calculations of Vereecken and Peeters (2010), and upper limit rate
constants derived from various product studies, as given in Table S-50 of the SI. This updated method is
documented in the SIin Section S1.6.3.

The rate constants for alkoxy H-shift reactions are estimated in the same way as for peroxy
radicals, using Equation (I) in Section 4.6, which is based on the types of groups from which the H is
abstracted, their substituents, and also substituents elsewhere in the transition state ring. Because of more
limited amount of theoretically calculated data available at the time this method was last updated in the
mid-2010's, only a single set of ring-size-dependent A factors and Ea"™" values were derived, and Ea’
values were derived using only four types of H-groups (-CH;, -CH,-, -CH<, and -OOH), with no
distinction being made between primary, secondary, or tertiary alkoxy radicals. To compensate for this, a
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larger number of substituent correction factors were employed. The A factors and strain energies used are
given in Table S-25, the Ea’ values are given in Table S-26, and the Ea*" values are given in Table S-16
and Tables S-27 and S-28 in the SI. Footnotes to these tables indicate how these were derived or
estimated.

Estimated 298 K rate constants for H-shift isomerizations of various unsubstituted alkoxy radicals
are listed in Table 14, which also shows the ratios of these rate constants to the pseudo-unimolecular rate
constant for the reaction of secondary alkoxy radicals with O, in the atmosphere. It can be seen that 1,4-H
shift isomerizations, with 6-member ring transition states, are ~10-350 times faster than O, reaction, while
those involving 1,5-H shifts are ~4-130 times faster, while 1,2, 1,3, and 1,8+ H shifts are negligible to
minor.

Note that the current estimation methods do not consider effects of functional groups that are
between the radical center and the H atom being transferred. This may be considered in the future as more
experimental or theoretical data become available.

Although there are uncertainties in these estimates, particularly if non-alkyl groups or substituents
are present, their effects on generated mechanisms would be minor if these reactions are estimated to be
either very slow or very fast compared to competing processes. Uncertainties will affect generated
mechanisms primarily when there are competing -scission decompositions with comparable estimated
rate constants.

Table 14. Representative 298 K rate constants for H-shift isomerizations of unsubstituted alkoxy
radicals.
Ring Shift from -CH; Shift from -CH,- Shift from —CH< Shift from -CHO
size  k(sec-1) k/k[O,] k(sec-1)  k/k[O,] k(sec-1)  k/k[O,] k(sec-1)  k/k[O,]
5 8.9e-3 2e-7 8.5e-2 2e-6 2.8e-1 8e-6 3.3e-1 9e-6
6 3.5e+5 9.30 3.3e+6 89 1.1e+7 295 1.3e+7 346
7 1.3e+5 3.48 1.2e+6 33 4.1e+6 110 4.9e+6 130
8 4.3e+2 0.01 4.1e+3 0.1 1.4e+4 0.4 1.6e+4 0.4
9 7.2e+1 2e-3 6.8e+2 0.02 2.3e+43 0.06 2.7e+3 0.07
5.5. Ester and Nitrate Rearrangements

Alkoxy radicals with an o hydrogen and either an ester or nitrate group in the o position can
undergo a second type of H-shift isomerization, where the o hydrogen transfers to the carbonyl or nitrate
oxygen and the bonds rearrange to form a carbonyl radical and a carboxylic or nitric acid, via a 5S-member
ring transition state, e.g,.:

Ester rearrangement Nitrate rearrangement
H
HQ "o H Q 0
"0-c_.c-x —= 93¢ c—x "0-C__N=0 —» Os¢c* N-0
X O X oo XI o X/ Or

Evidence for these reactions and their measured or estimated rate constants are discussed in Section
S1.7.4 of the SI. Based on limited data, the following rate constants are estimated:
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RC(0)OCH,0O- — RC(O)OH + HC(O)- Kaos = 6 x 10* sec™ (1)
R,C(O)OCH(O-)R, — R,C(0O)OH + R,C(O)- Kaos =4 x 10" sec™ (2)
RCH(O-)ONO, — HNO; +RC(O)- Kaos = 1.3 x 10° sec”! (3)

This predicts that the ester rearrangement of primary alkoxy radicals with ester substituents occurs at a
similar rate as reaction with O, under atmospheric conditions, while it is the dominant fate for most
secondary alkoxy radicals with ester substituents, being predicted to be faster than possible competing H-
shift or B-scission decompositions, as well as the reaction with O,. On the other hand, the nitrate
rearrangement is predicted to be slower than the O, reaction, so it is not expected to be important in
atmospheric systems.

Formation of o-nitrato alkoxy radicals that might undergo the nitrate rearrangement is not
expected to be as important in atmospheric oxidation systems, because o-nitrato carbon-centered radicals
formed in reactions of organic nitrates that could be precursors to these radicals rapidly decompose by
eliminating NO,, as discussed above in Section 3.2.1, rather than reacting to form the alkoxy radical.
Therefore, any uncertainties in estimating rate constants for this reaction are not expected to be important.

Radicals that can undergo the ester rearrangement are predicted to be formed in the atmospheric
oxidation of esters, so this reaction is a factor in predicting their atmospheric mechanisms. The
uncertainties in the estimated rate constant have a significant effect on predictions for esters forming
primary alkoxy radicals because it is competitive with the O, reaction, but is not as important for those
forming secondary radicals because the ester rearrangement is predicted to dominate.

5.6. Cyclization Reactions

Unsaturated alkoxy radicals could possibly undergo cyclization reactions where the alkoxy
radical adds to the double bond, e.g.

-CX=CX-CX;,-O- = -CX][-]-*CX-CX,-O0* (a)
CX=CX-CX,-O0- = -*CX-CX]-]-CX,-O* (b)
-CX=CX-(CX3)y-CX;,-0- = -CX[- ]-*CX-(CX;),-CX,-O%* ©)
CX=CX-(CX,)-CX;,-0: — -*CX-CX[-]-(CX,),-CX,-O0* (d)

These reactions are not considered in the current version of MechGen because they are not consistent with
available product data on the reactions of OH with isoprene (Calvert et al., 2000), where the observation
of methacrolein and methyl vinyl ketone as major products indicates that these reactions do not compete
with the B-scission reaction forming o-hydroxy alkyl radicals. However, theoretical calculations and
experimental data suggest that the epoxide formation reaction of B-unsaturated alkoxy radicals [process
(a), above] is important following the addition of NO; radicals with isoprene; Carlsson et al. (2023) and
Vereecken (2018) suggested that this reaction may also account for the missing mass balance in aromatic
systems (see Section 3.4). This epoxide forming reaction being non-negligible in aromatic systems but
not in the case of isoprene oxidation could be attributed to beta-scission decompositions forming a-nitrato
or a-peroxy-substituted alkyl radicals in the aromatic systems being much faster than decompositions
forming o-hydroxy radicals formed in the isoprene systems. However, our current estimates discussed in
Section 5.2 and the SI are based on the isoprene system. Note, however, that the competing cyclization
reaction (b) is estimated to be somewhat more thermochemically favored, and cyclizations forming larger
rings [e.g. (c) and (d), above] are even more thermochemically favored, though they have not been
suggested in published mechanisms to our knowledge.
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None of these alkoxy cyclization reactions are currently considered by MechGen. However,
based on recent results discussed above, they will need to be considered when MechGen is updated.

6. Reactions of Other Types of Radicals

The previous sections focused on the reactions of unsubstituted and substituted alkyl radicals, and
the peroxy and alkoxy radicals formed from them in the presence of O, and NOy, which are the major
types of radicals formed in atmospheric oxidation systems. Other types of radicals are also formed in
some circumstances and the treatments of these are discussed in the subsections below. Note that Cls are
discussed separately in Section 7.

6.1. Phenoxy Radicals

Phenoxy radicals are formed in the reactions of phenols, aromatic aldehydes, and potentially
other aromatic compounds. They cannot react with O, or undergo any of the unimolecular alkoxy radical
reactions discussed in Section 5. Therefore, their only atmospheric fate is expected to be reactions with
NOj species or other radicals. MechGen assumes that their major sinks in atmospheric systems are either
reaction with O3, NO, or HO,. Reactions with NO are ignored because they are expected to form nitroso
species or nitrites that would rapidly photolyze to re-form the reactants, and because the concentrations of
NO are usually lower than NO, in the atmosphere.

MechGen assumes that the mechanisms for the reactions of phenoxy with O; and HO, are as
expected for general alkoxy systems and involve simple O or H-transfers, as follows:

BzO- + O; — BzOO- + O, k(298) =2.86 x 10"
BzO- + HO, - BzOH + O, k(298) =2.08 x 10"

The rate constants are in cm® molec” s and that for O; is from Tao et al. (1999) and that for HO, is
estimated to be the same as for methoxy + HO, (Assif et al., 2018). The O; reaction is not a net sink for
phenoxy radicals because they can be regenerated by reactions of phenyl peroxy radicals with NO. This
reaction will also convert NO to NO,, which can also regenerate O; under atmospheric conditions. On the
other hand, the reaction with HO, is a net sink for both HO, and phenoxy, though it will regenerate the
phenol whose reactions are the source of the phenoxy radicals.

The reactions of phenoxy radicals with NO, are expected to be the main sink for these radicals in
the presence of NOy. Alkoxy radicals are expected to react with NO, forming the corresponding nitrate,
but for most alkoxy radicals this is minor compared to reaction with O, or unimolecular reactions, so
these reactions can be ignored. In the case of phenoxy, the analogous formation of benzyl nitrate is not
expected to be an overall sink for the phenoxy radical because the BzO-NO, bond is so weak (Batiha et
al., 2012) that the phenyl nitrate would be expected to rapidly decompose to reactants resulting in no net
reaction, analogous to the formation of alkyl peroxynitrates discussed in Section 2.3. Instead, the reaction
is assumed to occur as follows:

o 2 4 2 4 oH 0
H. ..C. H H..C.__. H._C . _o (fasty H. L .C. NJ
o (o} - C_N? [ ) -12
U= T aNg,— e — TR k(298) = 2.08 x 10
H ™ C*™H H ""C*™H H "¢ H o H " C*"H
H H H H

where the rate constant is from Platz et al. (1998). If the initially formed product has an H atom on the
same carbon where the NO, added it will undergo a fast unimolecular rearrangement to a nitrophenol as
shown above and discussed in Section 2.3.2. This is consistent with theoretical studies (e.g., Batiha et al.,
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2012) and products formed in reactions of phenols with NOj; (e.g., Calvert et al., 2002, 2011). However,
this fast reaction is not possible if NO, adds to a carbon with another substituent, in which case a 2-nitro-
3,5-cyclohexadienone with a substituent in the 2-position is predicted to be the final product.

The presence of substituents on the aromatic rings are assumed not to affect the rate constants or
mechanisms of the bimolecular reactions of phenoxy radicals. Note that the ortho NO, addition can occur
in two different positions for unsymmetrical molecules, and currently MechGen assumes that the reaction
at each position is equally likely, regardless of substituents.

6.2. Nitrogen-Centered Radicals

Nitrogen centered radicals can be formed in the atmospheric reactions of some amines, as
discussed in Section 2.1.3 above. Those with o hydrogens are assumed to react primarily with O,,
forming HO, and the corresponding amide,

XzCHN[]X + 02 —d XzC:NX + H02

while those lacking o hydrogens are assumed to undergo only bimolecular reactions, as follows:

X,N- + NO + M — X,NNO + M k.=44x 10"
X,N- + NO, + M — X,NNO, + M k.=28x 10"
X,N- + HO, — X,NH + O, k=28x10"

where the rate constants are in units of cm’ molec” s and are at the high pressure limit where applicable.
The high pressure rate constants for the reactions with NO and NO, are estimated to be the same as the
IUPAC (2023) recommendation for their reactions with ethoxy radicals, while the rate constant for the
reaction with HO, is estimated to be approximately the same as given in the NIST kinetics database for
methoxy + HO, (Sander et al., 2009). MechGen does not generate reactions of amino radicals without o
hydrogens, but they would only be formed from reactions of amines with more than one tertiary
substituent, which do not appear to be important in current atmospheric emissions.

Note that this mechanism predicts that formation of N-centered radicals in the reactions of
amines without o hydrogens is a radical terminating process, which means that such amines tend to be
radical inhibitors when they react in the atmosphere. This is consistent with results of environmental
chamber experiments with t-butyl amine and 2-amino-2-methyl-1-propanol (Carter, 2008). This is not
expected to be the case with other amines, where results of chamber experiments do not indicate
significant radical inhibition in their reactions.

6.3. Carbenes

Carbenes are predicted to form in some photolysis reactions, so their reactions also need to be
considered. It is assumed that their major fate is the addition of O, to form highly excited Criegee
intermediates, e.g.,

X,C: + 0, +M — X,C[OO] {excited} + M

where “{excited}” indicates excitation. Reactions of excited and stabilized CIs are discussed in the
following section. Note that ClIs formed from reactions of O, with carbenes are expected to have much
higher levels of excitation than those formed from the reactions of O; with alkenes, which affects
estimates of stabilization in some cases.
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7. Reactions of Criegee Intermediates

Criegee Intermediates (Cls) are highly reactive intermediates with general structure X,COO that
are formed primarily in the reactions of O; with alkenes. These can have either zero, one, or two
substituents and those with one or two different substituents can exist in either the syn or anti form
depending on the configuration of the substituent(s) relative to the two oxygens:

0 Substituents 1 Substituent 2 Substituents

W O R, 9 Ho o 2 Ra g Riyn-CIOOIR
2c=0 H,ClOO]  >c=0 RCHIOO Syn]  _>c=0 RCHI[OO Anii] Ry C=0 1-syn-C[OO]R,

They are also formed to a lesser extent from the reactions of Oz with alkynes, and in the reactions of O,
with carbenes formed in some photolysis reactions. In all cases they are expected to be formed in a
vibrationally excited state, with the amount of excitation depending on the formation reaction, though the
amount of excitation is expected to be variable because, except for reactions of O; with cyclic
compounds, the available energy is distributed among two fragments. In some cases the excitation may be
sufficient to allow interconversions between syn and anti, though Vereecken et al. (2017, 2022, and
references therein) calculated that the isomerization barriers are high, and interconversions of excited Cls
may be slow in many cases. In any case, the interconversion between syn and anti is assumed to be slow
once the intermediate is stabilized. The excited intermediates can undergo unimolecular decompositions
or be collisionally stabilized, and the stabilized intermediates can also undergo unimolecular reactions or
react with water, though reactions of stabilized intermediates involving interactions between the
substituent and the Criegee oxygens requires that the substituent be in the syn configuration.

For estimation purposes, we make the assumptions that Cls are initially formed in excited states
and that the unimolecular reactions of the excited CIs do not depend on syn or anti configurations. Their
configurations are determined only after they are stabilized. This is an oversimplification because the
excited CIs may actually have different configurations and may not always interconvert rapidly compared
to decompositions. However, available experimental and theoretical data are insufficient to derive the
additional parameters required to make separate configuration-dependent estimates for excited as well as
stabilized Cls. In many cases the estimates are constrained by experimental or theoretical results, and this
informs the parameters used in the estimates. Thus while the parameters may have been different if
configuration were taken into account for excited CI reactions, the predictions would be similar.
However, when applied to systems for which no data are available, the parameters and the predictions
may be different, and are therefore more uncertain.

Information and estimates about the reactions of excited and stabilized Cls are discussed in
Section S1.9 of the SI. Briefly, the mechanisms adopted for MechGen are based largely on the [UPAC
(2023) reviews of the reactions of O; with ethene and alkenes with methyl substituents, and on the
theoretical calculations of Vereecken et al. (2017) on the possible unimolecular reactions of the
intermediates. Note that Vereecken et al. (2022) provided a more recent update on the reactions of
oxygenated and unsaturated ClIs, but these have not yet been taken into account in the current estimates.
Table 15 lists the types of intermediates and the reactions and branching ratios considered for them. The
types of reactions considered are summarized below.

Excited intermediates with an alkyl group with o hydrogens, and also stabilized intermediates
with such a group in the syn position, are assumed to undergo the vinyl hydroperoxide (VHP)
rearrangement, where the o hydrogen transfers to the OO group forming an excited VHP, which then
decomposes to OH and an a-carbonyl radical (e.g., reactions 8, 24, 25-27, 36, and 38 in Table 15).
Vereecken et al. (2017) calculated these were relatively fast even for stabilized intermediates.
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Table 15.

Summary of types of Criegee intermediates and the reactions generated for them

Criegee Type [a]

Reactions [b]

Branching Ratios, notes [c]

Excited CH,[OO]

Excited RCH[OOQO], where
R = X,CH-

R=0H
R = CHX,-CX'=CX"-
R = CX,=CX-

R = none of the above

—_—
D200 AW

—_
o

13

14
15
16

17
18
19
20
21

Stabilization

— HCO- + OH

— CO, + H,

— CO + H,0

—CO,+2H

Stab. to X,CHCH[OO syn]
Stab. to X,CHCHJ[OO anti]
— -CX,CHO + OH

— R- +-C(=0)OH

— RH + CO,

— ROH + CO

— HC(=0)O- + OH

— -CX,CX'=CX"CHO + OH
Stab. to CX,=CXCH[OO syn]
Stab. to CX,=CXCH[OO anti]
— -CX,C(=0)X + -C(=O)H
Stab. to RCH[OO syn]

Stab. to RCH[OO anti]

— R- +-C(=0)OH

— RH + CO,

— ROH + CO

0.42
0.17
0.18
0.18
0.05

0.33 x SF,
0.67 x SF,

0.49 x (1 - SF)
0.10 x (1 - SF)
0.26 x (1 - SF))
0.14 x (1 - SF))

Reaction fast
Reaction fast

0.33 x SF,
0.67 x SF,
1-SF,
0.33 x SF,
0.67 x SF,
0.10 x (1 - SF))
0.26 x (1 - SF))
0.14 x (1 - SF))

SFi(nC) =min (1.0, 0.21 + 0.065 x nC ); SF;(2) = 0.35; SF,(12) = 1.0

Excited R;C[OO]R,, where
Rl = XzCH- and R2 = X'2CH-

R, =O0H, any R,
R, = CHX,-CX'=CX"-, R, not OH

R, = CX,=CX-; R, = not OH or
CHX,-CX=CX-

R, = X,CH- and R, none of above

R;, R, = none of the above

22
23
24
25

26
27

28
29
30

31
32
33

34
35

Stab. to R;-syn-C[OO]R,
Stab. to R;C[OO]-syn-R,
— -CX,C(=0O)R, + OH
— R;C(=0)CX'y + OH

— R,C(=0)0. + OH

— -CX,CX'=CX"C(=0)R, + OH
Stab. to CX,=CX-syn-C[OO]-R,
Stab. to CX,=CX-C[OO]-syn-R,
— -CX,C(=0)X + -C(=0)R,
Stab. to R;-syn-C[OO]R,

Stab. to R;C[OO]-syn-R,

— -CX,C(=0)R, + OH

Stab. to R;-syn-C[OO]R,

Stab. to R;C[OO]-syn-R,

0.5 x SF2
0.5 x SF2
0.5 x(1-SFy)
0.5 x(1-SFy)

Reaction fast
Reaction fast

0.5 x SF,
0.5 x SF2
1-SF,

0.5x SF2
0.5x SF2
1 - SF,

0.5
0.5

SF,(nC) =min (1.0, 0.13 + 0.072 x nC ); SF,(3) = 0.35; SF,(12) = 1.0

Stabilized X,CHCH[OO syn]
Stabilized X,C=CXCH[OO syn]
Stabilized X,CH-syn-C[OO]R,

36
37
38

— -CX,CHO + OH
— -CX,C(=0)X + HC(=0)-
— -CX,C(=0)R, + OH

Reaction fast
Reaction fast

Reaction fast

1

2,3,4

3,4

3,4

O O
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Table 15 (continued)

Criegee Type [a] Reactions [b] Branching Ratios, notes [c]

Stabilized X,C=CX-syn-C[OO]R 39 — .CX,C(=0)X + -C(=O)R Reaction fast 6

Other stabilized XC[OO]X' 40 + H20 — X,C(OH)OOH If H,O option 10
41 — *X,COO* (dioxirane) If not H,O option 10

[a] X =H or any group; R = any group other than -H or as indicated below; "syn" and "anti" refer to the
orientation of the group with respect to the C-OO bond; "*" refers to ring closure; SF is stabilization
fraction; and nC is the number of carbons in the intermediate.

[b] The first column gives the reaction numbers, which are referenced in the discussion in the text.
[c] Notes for the derivations of the branching ratios are as follows.

1 The reactions and branching ratios of excited CH,[OO] are based on the recommendations of
IUPAC (2023) in their review of ethene + O; reactions.

2 The reactions and branching ratios of excited CH;CH[OO] are based primarily on the
recommendations of [IUPAC (2023) in their review of the reactions of O; with propene and the 2-
butenes, with some adjustments as discussed in the SI.

3 The assumption that the anti isomer is favored is necessary to improve simulations of OH yields
from some alkenes. The assumption that the syn isomer is formed ~1/3 of the time gives
predictions that are reasonably consistent with the data.

4 The stabilization fractions are assumed to increase linearly with the size of the intermediate from
35% for methyl-substituted intermediates to 100% for intermediates with 16 carbons. This
improves model predictions but is somewhat arbitrary and other methods for estimating size
dependence may perform as well or better. It is also assumed that the stabilization fraction is not
affected by how the CI are formed, except that SF is assumed to be zero for the highly excited
intermediates formed from O, + carbene reactions.

5 These reactions are assumed to be fast based on the calculations of Vereecken et al. (2017) and
are assumed to dominate over stabilization or competing reactions of the excited intermediates
when they are possible.

6 These reactions are assumed to be fast for stabilized as well as excited intermediates based on the
calculations of Vereecken et al. (2017), though not so fast that they dominate over stabilization of
excited radicals where these are possible. Vereecken et al. (2017) also calculated that they are
more rapid than the VHP rearrangement, so they dominate in excited disubstituted radicals where
both are possible.

7 The branching ratios for the "hot acid" decompositions are derived from those used for methyl-
substituted intermediates, with the yield of the vinyl hydroperoxide (VHP) reaction set to zero
and the yields of the others adjusted upward to take this into account.

8 The VHP reaction is assumed to be the only fate of this excited intermediate other than
stabilization. If two different reactions are possible they are assumed to have equal probability;
otherwise the only possible VHP reaction dominates.

9 Stabilization is assumed to dominate if the VHP, "hot acid" or the fast decomposition reactions
are not possible.

10 Rate constants for these reactions are not estimated for this version, so the "H,O" option
determines the major fate assumed for unreactive stabilized intermediates. Note that this ignores
loss by photolysis, which may be non-negligible.

48



1573
1574
1575
1576
1577

1578
1579
1580
1581
1582
1583
1584
1585
1586
1587
1588
1589
1590
1591

1592
1593
1594
1595
1596
1597
1598

1599
1600
1601

1602

1603
1604
1605
1606
1607
1608

1609
1610
1611
1612
1613

Vereecken et al. (2017) calculated that intermediates with -OH substituents, rare in the
atmosphere, will very rapidly rearrange by the O from the -OH group transferring to the [OO] group and
then decomposing to OH and an acyl oxy radical (which then decomposes to form CO, and a radical)
(reactions 12 and 26 in Table 15). These reactions are assumed to be so rapid that they dominate over
stabilization.

Excited intermediates with a double bond group in the o position, and also stabilized
intermediates with such a group in the syn position, can react in one of two ways depending on whether
there is an abstractable hydrogen in the y position. If there is such a hydrogen, it is assumed that the
Criegee group abstracts the 7 hydrogen to form a highly excited allylic hydroperoxide, which then rapidly
decomposes to form OH and an allylic carbonyl; shown as a single process in Table 15, reactions 13 and
27. Vereecken et al. (2017) calculated this to be extremely fast, and we assume that this is sufficiently fast
that stabilization does not have a chance to occur. If there are no y hydrogens, it is assumed that the
Criegee group adds to the double bond forming a highly excited unsaturated peroxy ether, which then
rearranges and decomposes to ultimately form the ring opening products shown as reactions 16, 30, 37
and 39 in Table 15. Vereecken et al. (2017) calculates that internal cyclization reactions are more rapid
than the VHP rearrangement, so it is assumed that cyclization is the major process in excited disubstituted
radicals where both are possible. Note, however, that Vereecken et al. (2017) only calculated rate
constants for the formation of the excited unsaturated peroxy ether, but we assume that the subsequent
rearrangement and decomposition is also fast (see Section S1.9.2 in the SI).

Excited intermediates with zero or one substituent can undergo "hot acid" rearrangements where
an H bonded to the Criegee group is involved in a rearrangement forming a highly excited acid, which
then decomposes in several ways, forming either radicals or stable compounds (e.g., reactions 1-5, 9-11,
and 19-21 on Table 15). These reactions are assumed only to occur when the intermediate is excited.
These estimates are based on data for simple alkenes and may not correctly predict products formed from
more complex Cls with a single substituent. Other "hot acids" may not decompose in this way or may be
mostly stabilized. These pathways will need to be re-examined when MechGen is updated.

MechGen assumes that excited CIs with o-carbonyl groups are in rapid equilibrium with the
primary ozonide and the isomer where the O is transferred to the other group, forming a different
carbonyl-substituted intermediate if the groups bonded to them are different, i.e.:

O IO\ O\ .
Q9 = O\c C/O — Q 9@ {revised}
R1/C_C\R2 R1/ - ‘R, R1/C_C\H2

It further assumes the most reactive isomer determines the subsequent reactions, or that reaction of either
form is equally likely if they undergo the same types of reactions. Although Vereecken et al. (2017)
discussed a possible reaction forming primary ozonides, they did not include discussion of this particular
O-atom rearrangement reaction. However, calculations by Cremer et al. (2011) on the O; + acetylene
system suggests a relatively high barrier to this rearrangement, so this ring closure reaction may be much
slower than MechGen assumes. This will need to be re-examined when MechGen is updated.

How MechGen processes stabilized intermediates that cannot undergo the above reactions
depends on whether the "H,O" option is specified in MechGen. If it is, they are assumed to react with
H,O, forming an o-hydroxy hydroperoxide (reaction 40 in Table 15). If not, they are assumed to
isomerize to the corresponding dioxirane (reaction 41). MechGen treats both of these as non-radical
products when generating mechanisms. MechGen does not consider effects of substituents in these cases.
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MechGen currently does not consider photolysis of stabilized Cls, but loss by photolysis may
well be non-negligible for the less reactive intermediates. IUPAC (2023) evaluated data concerning
photolyses of the simpler Criegee intermediates and gave recommended cross sections for unsubstituted
and methyl substituted intermediates. They also recommended assuming unit quantum yields for the
photolysis forming O’P and the corresponding carbonyl. The recommended absorption cross sections
correspond to rate constants for loss by photolysis of ~0.15 sec™ with direct overhead sun, which is faster
than the estimated rate constants calculated by Vereecken et al. (2017) for the dioxirane-forming reaction,
but may not be faster than loss by reaction with H,O, depending on the intermediate and the environment.
Therefore, photolysis of the less reactive stabilized CIs may need to be considered in future versions of
MechGen.

The stabilization factors and branching ratios are given in Table 15 for the various types of Cls,
and footnotes indicate how they were derived. More details are given in Section S3.7 of the SI. The
branching ratios used for unsubstituted and methyl-substituted intermediates are based primarily on
IUPAC (2023) recommendations and include VHP and "hot acid" reactions of the excited intermediate,
with the stabilization fraction being 42% for H,C[OO] and 35% for the two methyl-substituted
intermediates. It is assumed that the VHP reactions also occur with stabilized intermediates if the

substituent with the group with the o hydrogen is in the syn orientation.

Estimates for larger alkyl-substituted intermediates are more uncertain, but the reactions are
assumed to be analogous to those of the methyl-substituted intermediates as long as the VHP reaction is
possible. If the VHP reaction is not possible, then only the "hot acid" reactions are assumed for
monosubstituted intermediates, and only stabilization is assumed to occur for disubstituted intermediates,
where the hot acid reactions are not possible.

The largest uncertainties concern stabilization fractions for the larger Cls, or intermediates
formed in reactions where there is not a separate carbonyl co-product, such as reactions of Oz with double
bonds in a ring or with triple bonds. As discussed in the SI, best fits to the observed OH yields in O; +
alkene reactions (Calvert et al., 2000) and in simulations of NO oxidation and O formation rates in some
chamber experiments with alkenes (e.g., see Carter, 2000, 2010b) are obtained if it is assumed that (1)
stabilization increases with the size of the molecule, (2) stabilization is the same even if all of the energy
is in the intermediate formed, and (3) formation of the anti isomer is favored when monosubstituted
Criegees are stabilized, with the enhancement (somewhat arbitrarily) being assumed to be a factor of two.
The assumption that stabilization energies do not affect stabilization of intermediates formed with higher
excitation energies is questionable but is necessary to avoid significantly overpredicting OH yields from
cycloalkenes.

On the other hand, we assume that CIs formed from reactions of carbenes with O, are so highly
excited that they react before they are stabilized. In the case of unsubstituted carbenes (reactions 1-5 in
Table 15), we use a branching ratio of O for reaction 1 and increase the others accordingly. In the case of
substituted intermediates, the branching ratios are as shown in S-33, calculated using SF, or SF,=0. This
is uncertain, but carbene formation is generally not predicted except in some photolysis reactions (see
Section 2.2.1).

MechGen does not consider all the many possible reactions of CIs or complications considered by
Vereecken et al. (2017) or other more recent theoretical or experimental results (e.g., Vereecken et al.,
2022), somewhat arbitrary assumptions had to be made in some cases, and treatments of excited or
unreactive stabilized intermediates are likely to be overly simplistic. MechGen also does not consider
bimolecular reactions with species other than H2O, though such reactions may be non-negligible in some
circumstances, such as some laboratory experiments. Therefore, treatments of reactions of Cls must be
considered to be uncertain and are an appropriate area to update in future versions of MechGen.
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8. Examples of Results

Although application and analysis of mechanisms for individual compounds are beyond the scope
of the present paper, examples of generated mechanisms, including numbers of reactions and numbers
and types of products, are given for illustrative purposes. We generated mechanisms and product yields at
representative atmospheric NOy and radical levels (see Section S3 of the SI) for 38 representative
compounds. These include propane, the C,4, Cg, Ci, and C;¢ n-alkanes, 2-methyl alkanes, 1-alkenes, 2-
alkanes, other representative Cg branched alkanes, alkenes, aromatics, and oxygenates, and representative
terpenes. Note that the generated mechanisms considered only the reactions of the starting compounds
and the radicals they form, not the subsequent reaction of the non-radical products formed. Therefore,
these are only single generation mechanisms; multi-generation mechanisms, such as those derived using
GECKO-A (Aumont et al., 2005) will predict many more products. The specific compounds and selected
results for these compounds are given in Table S-36.

Selected results of the example mechanism generations by MechGen are given in Table S-36 in
the SI and in Figure 4. As discussed in the corresponding MechGen system manuscript (in preparation),
the exact numbers of reactions generated and products predicted depend on the mechanism generation
parameters designed to minimize the numbers of very minor reactions and species predicted, with the
values given in Table S-36 being representative of results when default options are used. The distribution
of products also depends on the environments where the compounds are reacted because they are affected
by competitions involving bimolecular reactions with atmospheric species such as OH, Os;, NOy species
and peroxy radicals. The yield data shown here were calculated based on reactions under urban conditions
where O; formation is equally sensitive to changes in VOC and NO,, which roughly represent conditions
of the single-day box model scenarios used to derive EBIR (equal benefit incremental reactivity) ozone
reactivity scales (Carter, 1994). More information about how the yields were derived is given in Section
S3.1 in the SI.

Figure 4 shows total yields of compounds containing the types of structural groups formed in the
highest yields. Many or most of the products contain more than one such group on the molecule, and
some compounds can contribute to total yields of more than one group, or (if they have more than one of
the same type of group), may contribute more than one mole to their group total. The category labeled
"multiple groups" gives the total yields of compounds with more than one non-alkyl group bonded to a
carbon, which are types of compounds whose mechanisms and estimated rate constants are particularly
uncertain. The yields of such multifunctional compounds are the highest for some of the terpenes, but are
non-negligible for most types of compounds except alkanes.

MechGen has the capability to estimate vapor pressures of generated compounds, using either the
SIMPOL (Pankow and Asher, 2008) or EVAPORATION (Compernolle et al., 2011) group contribution
methods. The SIMPOL method was used here for illustrative purposes because it provides estimates for a
wider range of compounds. Estimated vapor pressures were used to estimate the equilibrium fractions of
the first-generation products in the condensed phase at an assumed total organic aerosol level of 50
ng/m’. The estimated total fractions of the products in the condensed phase (sum of product yields x the
fraction of each in the condensed phase) are given in Table S-36 in the SI and included in Figure 4. More
information about the method used is given in Section S2.2 of the SI. Figure 5 shows the fraction of
products in the condensed phase as a function of carbon number for all 38 compounds. As expected, the
yields of condensed-phase products increase with carbon number, with the yields becoming significant for
most C,, compounds, though highly variable with type of compound. These volatility estimates are based
on uncertain vapor pressure estimates in many cases (Bilde et al., 2015), and, most importantly, ignore the
contributions from products formed in subsequent generation reactions, which tend to form lower
volatility products than first generation reactions (e.g., see Aumont et al., 2012, 2013). A comprehensive
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investigation of the use of MechGen to predict low volatility products is beyond the scope of this paper,
but this is a potentially useful area of future study and comparison with GECKO-A predictions.
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product in equilibrium with the condensed phase for atmospheric organic aerosol levels of 50 ug/ms_

Figure 4. Comparisons of total mole carbon yields of various types of products for generated
mechanisms for reactions of representative Cg compounds and terpenes.
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Figure 5. Estimated fraction of products in the condensed phase at 298 K and with 50 ug/m’ of
background organic aerosol as a function of carbon number for representative

compounds.

9. Discussion and Conclusions

The MechGen system provides a means to derive nearly fully explicit mechanisms for the
reactions of most organic compounds under lower atmospheric conditions. These can be used as a basis
for deriving more condensed mechanisms for use in urban, regional, and global models, and serve as
standards for developing and evaluating mechanism reduction approaches. The level of chemical detail
that generated mechanisms potentially provide may not be necessary for modeling urban O; formation,
but may well be necessary for developing or evaluating chemically-based models for formation of SOA in
the atmosphere. MechGen, like GECKO-A (Aumont et al., 2005) also provides a potentially useful
alternative to the widely-used MCM (MCM, 2023) for evaluating chemical systems for laboratory and
other studies. Like MCM, it is available to the general user online; but unlike MCM, it can be used to
derive mechanisms for compounds whose reactions have not been previously estimated.

Explicit chemical detail in itself does not guarantee chemical accuracy or predictive capability.
Detailed mechanisms that incorporate incorrect rate constants and branching ratios, incorporate reactions
that do not occur, omit important reactions, or incorporate inappropriate assumptions, cannot be expected
to give reliable predictions and may provide an illusion of accuracy and understanding that does not exist.
On the other hand, if the mechanism generation process appropriately incorporates our current knowledge
and estimates based on best available expert judgment, then the generated mechanism provides our best
estimate for the reactions of the compound(s) of interest, and, if our knowledge is sufficient, has a
reasonable chance of predictive capability. However, our current knowledge of atmospheric reactions of
organics is not complete, so our best judgment as to the most likely detailed mechanism will evolve over
time, and any mechanism generation system will need to evolve as well so its predictions continue to
represent the state of the science.
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9.1. Summary of Areas of Mechanism Uncertainty

Most of the types of chemical reactions discussed in this paper have at least some areas of significant
uncertainty or areas where simplifying assumptions have to be made to avoid excessive complexity that is
either impractical to currently implement, or that is not justified by available knowledge. The impacts of
these uncertainties are expected to vary widely depending on the compounds whose mechanisms are
being generated, the environment where the mechanism will be applied, and the objectives of the model
application. Table 16 lists what are considered to be the major areas of uncertainty in the current
mechanism generation system and gives very brief indications of the associated problems and impacts.
Sections of this paper and SI where the issues are discussed in more detail are also given. This can serve
both as a guideline for areas of research that could be most beneficial for improving detailed mechanisms
and also areas of MechGen that need to be the focus of future updates. These are certainly not the only
areas of uncertainty in developing comprehensive mechanisms but appear based on this work to be
priority areas of research. However, the greatest uncertainty may be reactions or reaction mechanisms that
are not currently considered and are therefore omitted entirely in atmospheric mechanisms or models.

9.2. Recommendations

Mechanism generation systems such as MechGen provide an important link between basic kinetic
and mechanistic data and theories, and applications such as air quality modeling for research and
regulatory applications and analysis of laboratory and field data. With regard to regulatory modeling,
Kaduwela et al. (2015) proposed an approach for developing atmospheric chemical mechanisms for the
future, in which the development and applications of detailed chemical mechanism generation systems
played an essential role. Although generated mechanisms are much too large for full three-dimensional
atmospheric modeling, they can serve as a basis for deriving more condensed mechanisms for modeling
application that still have a direct link to the underlying basic data and theories, and where the effects of
the simplifications and condensations can be systematically characterized. Without these links, research
and regulatory modeling may not benefit from the emerging science in atmospheric chemistry.

Collection and evaluation of relevant laboratory and theoretical data are essential to detailed
mechanism development, both for direct incorporation into the mechanisms and to support the
development of the many types of SARs needed for comprehensive mechanism development. The
ongoing ITUPAC (2023) and NASA (Sander et al., 2006, 2009) evaluations provide an essential role in
this effort, as have the books by Calvert et al. (2000, 2002, 2008, 2011, 2015) on atmospheric chemistry,
and efforts like these need to continue. Recently McGillen et al. (2020) made available a comprehensive
collection of rate constants for reactions of organics with OH, O;, NOs, and Cl atoms, and this data
collection effort is continuing, with the latest update being available at https://data.eurochamp.org/data-
access/kin/. Similar collections are needed for other types of reactions, particularly data to support SAR
development for the many types of radical reactions. The NIST kinetics database (NIST Chemical
Kinetics Database, 2023) is a useful resource, but recommendations are not provided and it is limited to
reactions of simpler molecules and radicals. Quantum theory has become an increasingly important tool
in developing SARs for radical reactions, since experimental data are insufficient for this purpose.
Compilations and evaluations of available theoretical data are needed to take full advantage of this
ongoing work.
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Table 16. Summary of major areas of uncertainty in the current mechanism generation system
Uncertainty Discussion (Section discussed)

Organic + oxidant rate
constants

Affects VOC lifetimes and product formation. Not a large uncertainty for the
major VOCs or mechanisms for mixtures, but potentially significant for
multifunctional products. (Secs. 2.1, A1.2)

Organic photolysis Affects radical initiation rates as well as VOC lifetimes and fates. Major

reactions oversimplifications for larger and multifunctional compounds. Priority area for
system update. Photolytic radical from aromatic ring fragmentation products are
uncertain. (Secs. 2.2, Al1.3)

Unimolecular Affects product formation. MechGen includes one type of reaction that may

reactions of non-
radical compounds

actually be heterogeneous or H,O catalyzed but ignores others that may be
equally important in real environments. (Sec. 2.3)

O, additions to carbon-
centered allylic
radicals

Affects product formation and predictions of effects of phenolic compounds on
radical levels. Insufficient data are available to reliably estimate branching
ratios for additions to the different allylic radical centers. (Sec. 3.1)

Cyclization of carbon-
centered radicals
forming cyclic esters

Affects product formation. Experimental data needed. Existing theoretical
studies are inconsistent. Reaction may not be as fast as assumed. (Secs. 3.2.3,
Al1.4.3)

Other unimolecular
reactions of carbon-
centered radicals

Affects product formation. Current assumptions are considered reasonable but
some need experimental or theoretical verification. (Secs. 3.2, 3.3, A1.4)

Aromatic ring opening
reactions

Affects product formation and radical initiation. Current estimates are likely
oversimplifications and not all are consistent with all theoretical and product
studies. Arbitrary assumptions had to be used in some cases. (Sec. 3.4)

Nitrate yields from NO
+ substituted peroxy
radicals

Affects radical and NO sink and recycling for almost all compounds.
Experimental data for OH-substituted radicals are inconsistent and there are no
direct data for effects of other substituents. (Secs. 4.1, A1.5.2)

H-shift isomerization
reactions of peroxy
radicals

Affects product formation, particularly hydroperoxides and low volatility
compounds. Estimates are uncertain for multifunctional radicals and are
especially uncertain for radicals formed from reactions of cyclic compounds
such as terpenes. (Secs. 4.6, A1.5.5)

Ring closure reactions
of unsaturated peroxy
radicals

Affects product formation. Current estimates are based on analysis of uncertain
aromatic ring-opening reactions. Estimates need experimental or theoretical
verification. (Sec. 0)

[B-scission
decompositions of
alkoxy radicals

Affects amounts of fragmentation to lower molecular weight products. Data
insufficient to derive reliable estimates for decompositions forming alkoxy
radicals or effects of some substituents. Current estimates do not take into
account chemical activation effects. (Secs. 5.2, A1.7.2)

Cyclization reactions
of unsaturated alkoxy
radicals

These reactions are not currently considered by MechGen, but recent theoretical
and experimental data suggest that they may be non-negligible and need to be
considered when MechGen is updated (Sec. 5.6). They may also affect aromatic
ring opening mechanisms (Sect. 3.4).
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Table 16 (continued)

Uncertainty Discussion (Section discussed)
Other alkoxy radical Affects product formation. Uncertainty is variable, but even small estimation
reactions errors can affect product predictions. Chemical activation effects uncertain.

(Secs. 5, A1.7.3, A1.7.4)

Reactions of Criegee

Affects radical initiation and product formation from alkenes. Stabilization and

intermediates reactions of larger and substituted intermediates are particularly uncertain.
Simplifications and arbitrary assumptions had to be used, and some of the
current estimates are not consistent with recent data. (Secs. 7, A1.9)
Thermochemical Affects assessments of what reactions need to be considered and some estimates
estimates of radical reactions. Certain thermochemical group values used are extremely
uncertain and possibly inappropriate. A complete review and update of the
thermochemical estimates for mechanism development is required. (Sec. A2).
Appropriate cutoff Affects the size of the mechanisms that are generated and the number of

rules for mechanism
generation efficiency

products that have to be reacted in multi-generation mechanisms. Too high a
cutoff will affect mechanism accuracy, and too low will affect mechanism

efficiency and simulation times. (Secs 8; Carter, 2023b)

Vereecken et al. (2018) reviewed the current status and research needs for development of SARs
for detailed chemical mechanisms. In addition to discussing data needs and the importance of data
collection, they also discussed the need to evaluate and improve existing SARs, particularly with regard
to multifunctional compounds. Many of the SARs used in this work may not incorporate all the relevant
data and need to be updated or possibly replaced by newer versions. Work on SAR development and
improvement needs to be ongoing for chemical mechanisms to continue to represent the state of the
science and retain their link to laboratory data and theories.

The predictive capabilities of atmospheric chemical mechanisms, whether detailed or condensed,
need to be evaluated for comparing their predictions against laboratory data. In some cases, MechGen had
to be modified so that developed mechanisms gave predictions of NO oxidation and O; formation
consistent with results of environmental chamber experiments. Consistency with O; formation in well-
characterized environmental chamber data needs to be a priority for mechanisms used for regulatory
modeling, though this is not a sufficient evaluation for detailed mechanisms. Comparison of experimental
vs. predicted product yields is necessary for a comprehensive evaluation, but this is a major effort with
many components and experimental difficulties. This would include comparisons with ambient data as
well as results of laboratory and environmental chamber studies. Doing this comprehensively is a multi-
year effort but it needs to be carried out.

Many if not most of the areas of uncertainty in generated mechanisms may not be reduced
significantly in the near term. These uncertainties have variable effects on model predictions of interest,
with some highly uncertain or questionable estimates having almost no effects on predictions, and in
some cases only moderate uncertainties in rate constants having large effects. A systematic study of the
effects of the various types of uncertainties on predictions of interest is needed not only to prioritize areas
where basic research is needed, but also to prioritize which SARs and estimates used in systems like
MechGen should be given the highest priorities for future work.

The research needs do not end once a detailed mechanism is developed and its predictive

capabilities have been evaluated. Mechanisms output by systems such as MechGen or GECKO-A are far
too large and complex for most modeling applications and need to be reduced to be useful. The reduction
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method will depend on the intended application, with, for example, detailed product predictions being a
relatively low priority in O; models but a high priority in models for SOA and toxics. Further discussion
of reduction issues is beyond the scope of this work, though it should be noted that MechGen as
documented in this paper has been used to develop updated versions of the SAPRC mechanisms for use in
airshed models for predicting O; and toxics, designated SAPRC-22 (Carter, 2023a). It can also be used as
a basis for developing future versions of the mechanism for predicting SOA.
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