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Abstract. This paper describes the methods that are used in the SAPRC mechanism generation system, Mech-
Gen, 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 (NOs) radicals, O3, and 0’p; photolysis or unimolecular reactions; and the reactions of the radicals
they form in the presence of O, and oxides of nitrogen (NO, ) 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 estima-
tion methods. Types of reactions include initial reactions of organics with atmospheric oxidants or by photolysis;
unimolecular and bimolecular reactions of carbon-centered, alkoxy, and peroxy radicals; and those of Criegee
and other intermediates that are formed. This paper documents the methods, assignments, and estimates cur-
rently 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 de-
veloping comprehensive mechanisms. Our knowledge 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 uncer-
tainty where further experimental, theoretical, or mechanism development research is 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 intro-
duced 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 ox-
ides of nitrogen (NOy) from combustion sources, these radi-
cals also promote the formation of ozone (O3) and oxidized
nitrogen compounds that further affect air quality. Many hun-
dreds of types of organic compounds are emitted, from both
anthropogenic and biogenic sources. The atmospheric reac-
tion mechanisms for these compounds are complex, and for
larger molecules they can involve an extremely large num-
ber 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 in-
termediates 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. Be-
cause of the complexity, it is necessary either to greatly sim-
plify the mechanisms for most VOC:s, to use extensive lump-
ing or condensations in representations of VOCs, or to 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 for Explicit Chemistry and Kinetics of
Organics in the Atmosphere (GECKO-A) developed by Au-
mont and co-workers (Aumont et al., 2005) and the SAPRC
mechanism generation system, MechGen (Carter, 2024a),
which 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 se-
lected compounds and all of their oxidation products. The
SAPRC MechGen system was developed primarily to sup-
port 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 re-
actions of individual compounds, with mechanisms for rep-
resentative organic oxidation products being derived sepa-
rately. 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 reac-
tions of peroxy radicals that are believed to occur (and are
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predicted by MechGen), while GECKO-A employs more de-
tailed and updated estimates for bimolecular reactions of per-
oxy 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 de-
scription 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 Mech-
Gen, incorporating our changing and evolving understand-
ing 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 de-
velopment of SAPRC mechanisms, despite its potential util-
ity 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 pur-
pose of this paper is to document the chemical basis of the
estimates and assignments as it currently exists, so it 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,
2023). This paper can also be used to as a starting point for
future updates and to illustrate areas of uncertainty where ex-
perimental 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 com-
pounds emitted into the atmosphere and the intermediate rad-
icals they form. It is designed to generate mechanisms for
lower-tropospheric modeling only, so its mechanisms are ap-
plicable primarily for temperatures at or near 300 K and pres-
sures at or near 1 atm. Although temperature-dependent rate
constants are assigned or estimated for many reactions, for
others the rate constants or branching ratios are only appli-
cable for 300K and 1 atm. In particular, MechGen is not cur-
rently 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 cat-
egories of initial atmospheric reactions that can be gener-
ated for those compounds. Table 2 lists the types of reactions
within each category that can be generated, including reac-
tions of intermediate radicals and reactions of stable com-
pounds. These include H-atom abstractions from stable com-
pounds by OH, NO3, and Cl radicals; additions to double
bonds by these radicals and by Oz and O3P; and photolyses
at various groups. The types of radicals that can be generated
include carbon-centered radicals that in most cases react pri-
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marily with O,; peroxy radicals that in most cases react with
NO, NO,, NO3, HO3, or other peroxy radicals and in some
cases also have unimolecular reactions; alkoxy radicals that
can react with Oy or by various types of unimolecular reac-
tions; and excited and stabilized Criegee intermediates (CIs).
More information about their reactions and how they are gen-
erated is given below, with additional detail given in the Sup-
plement 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 paper and user’s manual
(Carter et al., 2024), 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 user’s
manual (Carter et al., 2024). Briefly, the structure of an or-
ganic 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 reac-
tions 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 Sect. S1.1 of the Supplement.

The generated reactions and estimated rate constants de-
pend not only on the group(s) where the reaction occurs but
also on the immediate neighbor group and in some cases
groups some distance away in the molecule. In many cases,
different groups or a combination of groups is estimated to
react similarly or have similar effects on reactions at neigh-
boring groups, so this documentation uses designations that
refer to such combinations. Examples include -CX,H- to
refer to carbon-centered groups with at least one hydro-
gen (where X designates either H or any neighboring group
bonded to the carbon with a single bond) and -CH,—OH to
refer to any carbon-centered group bonded to an OH group.
G refers to any group, —G—G- refers to chains of groups, etc.
Some group designations used in the text will be somewhat
different than those used by MechGen in order to be more
familiar to chemists. Generally the group designations are
noted in cases where they may not be obvious.
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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 re-
actions of organic compounds with OH, NO3, O3, O3P, and
CI have been documented by Carter (2021), with updates as
discussed below and in the Supplement. In most cases the
rate constant estimates are made separately for each reaction
route, with the total rate constant being the sum of the esti-
mated 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 second neighbor as well), and the
structure of the molecule around the group(s) where the re-
action occurs (e.g., groups in a ring). The equations and pa-
rameters used for estimating the rate constants are summa-
rized in Table 3, and the parameter values are given in various
tables in Sect. S1.2. Most adjustable parameters needed for
mechanism generation were derived by optimizations to fit
the measured OH, NO3, O3, and ClI rate constants tabulated
by McGillen et al. (2020), with the rate constants for most
O3P 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 rela-
tionships 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 NO3 were recently updated to improve the ability to
model environmental-chamber experiments with generated
mechanisms, as discussed in the Supplement. 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 NO3 and
O3 reactions compared to OH, Cl, and O3P. This reflects
the current state of the science in estimating these rate con-
stants 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 and
Kerdouci et al. (2014) for O3z, which were developed inde-
pendently 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 branch-
ing ratios are estimated using ratios of estimated rate con-
stants, unless the branching ratios have been assigned explic-
itly for the compound and oxidant, as indicated in the ta-
bles in Sect. S1.2. 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
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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, NO3, O°P

See above; not all reactions of Cl addition radicals

double bonds) can be generated

Alkynes OH, NO;3 See above

Aromatic hydrocarbons OH Polycyclic aromatic hydrocarbons (PAHs) other than naphthalenes
Aldehydes, ketones, hydroperoxides, ~OH, NO3, hv Photolysis reactions of larger compounds

organic nitrates are oversimplified

Alcohols, ethers, esters, OH, NO3

other oxygenates

Unsaturated aldehydes, ketones,
hydroperoxides, nitrates

OH, O3, NO3, O°P, hv

Ketenes

Phenols

OH, NO;

Furans

OH, 03, NO3, O°P

Other unsaturated oxygenates

OH, O3, NO3, O°P

Amines

OH, NO3

Amines with no « or 8 hydrogens; imines

Peroxynitrates Unimolecular, OH, NO3, hv

Formation of alkyl peroxynitrates from RO, + NO;
is not generated because of assumed rapid
decomposition back to reactants

OH, O3, NO3, O°P, hv,
as applicable

Bi- and polyfunctional
compounds

Estimates are generally much more uncertain
and less reliable

branching-ratio estimates are needed for additions of O3 or
O’P to double- or triple-bond systems, as discussed below.

2.1.1 H-atom abstractions by OH or NO3

OH and NOj radicals can react with groups containing
H atoms as follows, with rate constants estimated as indi-
cated in Table 3a and the parameters as indicated in Table S3
in the Supplement.

-GH+X — HX+G-
—-G1H-G>=G3-+X — HX+-aG[*]-aGr—-aG3[*]-
-HG|-G>=G3-+ X — HX+-G[*]-G,=-G3— (no resonance)

Here, G is any group where H is removed, X is OH or NO3,
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 Sect. 3.

Atmos. Chem. Phys., 25, 199-242, 2025

2.1.2 Additions of OH or NOg3 to groups with
unsaturated bonds

The OH and NOj radicals can also add to groups with dou-
ble, 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
Supplement as indicated in Table S3.

-G1=Gr—+ X = -G (X)-Gy[*]- {excited}
-G1=G—+ X = -G (X)=G,[*]- {excited}
-G1=G>-G3=G4-+ X
— -G (X)-aGy[*]-aG3—aGy[*]- {excited}
*aG1-aGy-aG3-aG4aGs—aGg + X
—*aG1(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 ex-
cited carbon-centered radicals are stabilized and react with
O, as discussed in Sect. 3.1, but some have fast unimolecu-
lar reactions, as discussed in Sect. 3.3 for radical + alkene
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Table 2. Summary of types of reactions supported by MechGen. VOC indicates any stable compound supported by the system (see Table 1).

Reactant(s) Type of reactions
H-atom abstraction
VOC + OH Addition to double and triple bonds
Addition to aromatic rings (OH only)
VOC + 05 Addition to double bonds followed by Criegee intermediate formation
Excited adduct addition to amines, followed by decomposition forming OH
VOC + NO; H-atom abstraction
Addition to double bonds
VOC + 03P Addition to double bonds
Breaking the weakest bond in aldehydes, ketones, hydroperoxides, «-dicarbonyls,
VOC + hv PAN compounds, and organic nitrates

More rapid photolysis of dinitrates and carbonyl nitrates and carbonyl hydroperoxides

VOC unimolecular

Unimolecular decompositions of peroxynitrates

Unimolecular decompositions of radicals with a-nitro, «-nitrato, or ¢-peroxy groups

Reaction with O, with H abstraction from «-OH groups

Carbon-centered radicals

Addition of O to radicals with allylic resonance

Reactions of Oy 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

Peroxy or acyl peroxy radicals

Reactions with NO; forming the corresponding peroxynitrate or PAN

Reaction with HO, forming the corresponding hydroperoxide or other products

Reaction with NO3 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 S-scission decompositions

Alkoxy radicals H-shift isomerizations

Ester rearrangement

Decompositions, stabilization, or rearrangements of saturated intermediates

Excited Criegee intermediates
and epoxide formation

Internal addition to the double bond of unsaturated intermediates, followed by O-O scission

and alkyne adducts and Sect. 3.4 for radical and aromatic
adducts.

2.1.3 Additions of OH or NO3 to amines

Both OH and NOj3 radicals are known to react rapidly with
amines (McGillen et al., 2020; Carter, 2021), but the fact that

https://doi.org/10.5194/acp-25-199-2025

the reaction with tertiary amines is about as rapid as reac-
tion with secondary or primary amines indicates that the re-
action is due to initial addition of the radical to the amino
group, rather than direct H abstraction from the amino group
(see discussion in Sect. 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 com-
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Table 3. Structure—reactivity equations and parameters used to estimate rate constants for reactions of VOCs with OH, NO3, CI, or O3p.
Parameter values are given in the Supplement. Rate constants are per group unless otherwise indicated. The table numbers in the Supplement

giving the assigned parameter values are also indicated.

(a) H-atom abstractions from a group by OH or NO3

KkH(group, site, nbrs) = kHP25¢(group) x FH!ME (site) x FHMP™S (nbrs, group)

FH"P™S (nbrs, group) =
if no more than one non-alkyl substituent
if [ Tnbrs FH"" (nbr, group) < 1
if Tabrs FH"" (nbr, group) > 1

FH"" (nbr, group)

[ THCnbrs FHnbr(nbr, group) X [ InHcnbrs FH"Pr (nbr, group)
[ Tacnbrs FH“br(nbr, group) X AVEnHCnbrs [FH"Y" (nbr, group)]

where HCnbrs and nHCnbrs refer to sets of alkyl and non-alkyl substituents, respectively
KHY25€ (group): base rate constant for abstraction from group (Table S37)
FH'"(site): ring strain correction based on the smallest ring containing the group (Table S42)
FH"P"S (nbrs, group): correction factors for all substituent groups (defined above)
FH"P" (nbr, group): correction factors for single substitution on groups (Tables S38, S39, S40)

(b) Addition to a group on isolated or conjugated double or triple bonds by OH or NO3
(Addition to group G on a bond defined by G; = G; or G{=Gy; nC is number of carbons)
KA(Gy., Gy, site, nbrs) = KAP®¢(Gy, Gy) x FASICU(site) x [ 51 FAT (nbr) x [ prs2 FAS (nbr)

FAS(nC) = [ 1 - exp (—min(nC, 12) x Fsradical) | /1

1 —exp (—4 X FSradicalﬂ ,

where FSNO3 =0.101 and FSOH = FSC! = 0 (FAS"U®t correction for NO3 only)
kAbase(Gl , Gp): base rate constant for addition to this group on the double or triple bond (Table S37)
FASUUCl(site): structural correction factor for addition to this site (NO3 only; see above) (Table S39)
FArllbr(nbr): correction factor for each substituent on G (other than Gy) (Tables S38, S39, S40)
FAgbr(nbr): correction factor for each substituent on G, (other than Gy) (Tables S39, S39, S40)

(c) Additions to groups on aromatic rings by OH or NO3

kAro(aGrp, aSubs) = kArobase(aGrp) x FAIPSO(aSub;) x FA?0(aSub,) x FA™(aSubs) x FAPA3(aSuby)

x FAMe2(aSubs) x FAtho(aSubg)

kArobase(aGrp): base rate constant for addition to this aromatic group (Table S37)
FA'PS9(aSub) ): correction for substituents on the same group where the addition occurs (Table S41)
FAorthO(aSubg), etc.: correction factors for ortho, meta, or para substituents on aromatics (Table S41)

(d) Additions to non-aromatic double or triple bonds by O3 or o3P (rate constant per bond)

kA (bond, site, nbrs) = kA®¢(bond) x FA"M(site) x FAS"C(site) x [],ps FA"(nbr)

FA/SUUCt(ng) = | — (Fﬁo3 x {min[4, max(1,nf)] — 1}), where F03 =0.268, FFO3F =0 and ng is the number of
substituents on non-H groups bonded to groups around the unsaturated bond

kA’P25¢(hond): base rate constant for addition to this type of bond (O3 only) (Table S43)
FA/MINE (site): ring strain correction factor for addition to this site (O3 only) (Table S44)
FA/SUUC(site): correction factors for branched structures (see above) or furans (O3 only) (Table S44)
FA/nbr (nbr): correction factor for each substituent on groups at ends of the bond (Table S44)

(e) Additions to the center group with cumulated double bonds by OH or NO3

Additions to the N in amino groups by OH, NO3, O3, or o’p

KA (group, nbrs) = kA"P85¢(group, nbrs) (substituent effects incorporated in kA”P25€) (Table S37)

plex that rapidly decomposes. An example is shown below.

CH3NH; + OH — [complex |

— CH3NH-+ H,O (R1)

— «CH,;NH; + H,0 (R2)
In the case of tertiary amines, where reactions analogous to
Reaction (R1) are not possible, the adduct is assumed to de-

compose by abstraction of an «-hydrogen if one is present,
forming the same products that would be formed if the radi-

Atmos. Chem. Phys., 25, 199-242, 2025

cal abstracted from the «-hydrogen directly. Both decompo-
sition modes are possible for primary or secondary amines
with a-hydrogens, but the formation of the ¢-amino carbon-
centered radical (analogous to Reaction R2) is estimated to
be more exothermic and is assumed to dominate. If there is
no a-hydrogen, then only the reaction forming the amino rad-
ical (analogous to Reaction R1) is generated.

Neither of these decomposition modes are possible for ter-
tiary amines with no «¢-hydrogens (e.g., tri-z-butyl amine), so
MechGen assumes that the adduct decomposes back to reac-

https://doi.org/10.5194/acp-25-199-2025
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tants 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.

2.1.4 Additions of O3 to unsaturated bonds

O3 is assumed to react only by additions to double- or triple-
bond systems as follows, with rate constants estimated as in-
dicated in Table 3d and with parameters as indicated in Ta-
ble S3. Reactions of O3 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 ad-
ditions to conjugated bond systems, for the initial reaction.
The branching ratios used are shown in brackets where ap-
plicable.

~G1=Gy—+ 03 — —G1(00*)-G,(0*)— {excited}
~G1(00*)-G»(0*)~ — G(00) {excited} +-G(=0)— (]

— —G1(=0) +-G»(00)- {excited} [1-o]
-G1=G-G3=G4—+ 03 — -G, (OO*) —G(0*)-G3

=Gy— {excited} [0.5]
— -G1=Gr-G3 (OO*) —G4(0*)— {excited} [0.5]
-G (00*) ~G»(0*)-G3=Gi fexcited} — -G, (=0)
+-G,(00)-G3=G4— {excited} [0.5]
— —G1(00) {excited} + —-G2(=0)-G3=G4— [0.5]
-G 1=Gy—+ 03 — -G (=0)-G>(00)- {excited} [0.5]
— —G1(00)-G7(=0)- {excited} [0.5]

Here, « and 1 — « are branching ratios assigned for the addi-
tions to separated double bonds, G(=0) refers to a carbonyl
(—=CO- or —CHO) group, G[OO]{excited} refers to an ex-
cited Criegee intermediate (CI) whose subsequent reactions
are discussed in Sect. 7, and * indicates rings. The additions
to double bonds are assumed to proceed via initial forma-
tion of excited primary ozonides, which decompose to the
products as shown above, while additions to alkynes are as-
sumed to form the excited CIs directly. The assumption that
the Criegee intermediates are formed entirely in the excited
state is an approximation that is made to simplify the estima-
tions of their subsequent reactions, as discussed in Sect. 7.
In most cases it is assumed that formation of all the possible
Criegee and carbonyl combinations are equally likely, as in-
dicated above. However, following the recommendations of
Jenkin et al. (2020), we estimate that « = 0.1 if G3 is —-HCO,
—CO-, —O-, or —OH and no such group is bonded to G| or
0.5 otherwise (or if G3 is absent). In other words, formation
of the carbonyl bonded to the oxygenated group is favored.

https://doi.org/10.5194/acp-25-199-2025
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In the case of alkynes, the primary ozone adduct is as-
sumed to directly form excited CIs with «-carbonyl sub-
stituents, with the two possible ClIs 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 Sect. 7.

2.1.5 Additions of O3P to unsaturated bonds

O3P is assumed to react only by additions to double bonds,
with rate constants estimated as indicated in Table 3d for iso-
lated or conjugated double bonds and in Table 3e for addi-
tions to cumulated double bonds. Addition reactions involv-
ing O3P are expected to initially form a highly excited oxi-
rane 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 C3, organics are negligible,
so only stabilization or rearrangements forming stable com-
pounds are assumed to occur (as shown below). This is as-
sumed for conjugated alkenes and alkynes as well, though
this assumption is more uncertain. Although it is assumed
that additions occur for both sides of the double bond at the
same time, it is necessary to assign branching ratios in cases
where there are different possible rearrangements of the ex-
ited adducts. The general mechanisms are assumed as fol-
lows, with branching ratios assumed shown to the right in
brackets.

-G = Gy—+ O’P = -G (0")-Go (")~ {excited}
—G1 = G»-G3-G4 4+ O°P — -G (0*)-G(*)-G3=Gy4 {excited} [0.5]
— —G1—-G2—G3(0*)-G4(*) {excited} [0.5]

-G1(0")-Ga(")- {excited} + M — -G1(0O*)-G2(*)-+ M [oq]

~G1(0*)-Ga(*)- {excited) — —G| (=0)-HG,— [a2]
— —HG/(=0)-G,- [a3]
~G1=G2=G3— + O°P — —G;(0%)-G»(*)=G3—{excited} [0.5]
— —G1=G(0*)-G3(*) {excited} [0.5]

G1(0")-G,(*)=G3— {excited} + M — G{(0*)-Go(")=G3—+ M [a4]
G1(0%)-G2(*)=Gs3— {excited} = G (=0)-HG,=G3— [as]

—G1=G)—+ O’P — -G (O[*])=Ga[*]- {excited} [0.5]
— —G1[*]=G2(O[*])- {excited} [0.5]

—G1(O[*])=Ga[*]-G3H- {excited} — G (=0)-HGr=G3—
(if possible) (6]
~G{(O[*1=Gy[*]- {excited} — -G;=Gy—+ O°P
(no net reaction otherwise) [1-c6]
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The only type of rearrangement considered for the initially
formed adducts is H shifts from one carbon to another, form-
ing 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., o = a4 = 0.5,
o)+ o3 =as5 =0.5) and all of the time if it is not (i.e.,
o1 =04 =1 and oy = a3 = a5 = 0). If more than one rear-
rangement is possible, they are assumed to be equally likely
(0 = a3 =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 (e =0) and no back decomposition of the adduct
otherwise (ag = 1).

These assumptions are uncertain, but they have relatively
little effect on model simulations of most atmospheric sys-
tems because reactions of O3P are generally not important
unless NOj is very high, such as in high-NO, environmental-
chamber simulations or in combustion/biomass burning
plumes.

2.1.6 Reactions of O3 and O3P with amines

The reactions of amines with Oz 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 indi-
cated in Table S3.

—N-+ 03 — -N(O) — {excited} + O,

—N-+ 03P — -N(O) {excited)}

—HN(O)- {excited} — —-N(OH)- (if possible) [o7]
-N(O)- {excited} + M — —N(O)- (otherwise) [1-a7]

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 («7 = 1). In the case of tertiary
amines, it is assumed that the N oxide is stabilized (o7 =0).
The current system does not handle reactions of stabilized
N oxides, so it treats them as unreactive. Their reactions and
mechanisms are unknown.

2.2 Photolysis reactions

Compounds with the groups -CHO, —CO-, and -ONO; or
the group pairs —O—OH and —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 wave-
lengths less than the atmospheric cutoff of ~290nm, but
photolyses at this low-wavelength regime are not currently
considered in MechGen. Photolysis of radicals and ClIs is
also ignored because it is assumed that loss of these interme-
diates by other reactions will dominate over photolysis under
atmospheric conditions.

Rate constants for photolysis reactions depend on the com-
pound, reaction, and lighting environment and can be calcu-
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lated by

J (reaction, environment) = J (photolysis set, environment) X @oyerall (reaction)

J (photolysis set, environment) = Zm (photolysis set) x ¢, (photolysis set) x Fj (environment),
*

where J is the first-order rate constant for a photolysis re-
action 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, and
@overall 18 an overall wavelength-dependent quantum yield
used for the reaction of interest. If needed, A is the wave-
length; o, and ¢, are the wavelength-dependent absorption
cross-sections and quantum yields at wavelength XA 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 be-
low ~ 290 nm) and therefore does not output estimated or as-
signed photolysis rate constants when generating photolysis
reactions. Instead, it outputs the name of the photolysis set
and the value of overall quantum yield (@overanl), if applica-
ble, assigned to the reaction. The photolysis sets assigned by
MechGen are a subset of those incorporated in the SAPRC-
16, SAPRC-18, and SAPRC-22 mechanisms (Carter, 2016,
2020, 2023) and are summarized in the Supplement in Ta-
ble S5. That table also indicates how they were derived and
gives half-lives (with ¢gyerann = 1) with direct overhead sun
using the actinic fluxes in the reactivity scenarios of Carter
(1994) and orders them by increasing half-life. The files con-
taining the data for these photolysis sets are available online
at the SAPRC website (Carter, 2024b). Photolysis rate con-
stants 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 appli-
cable) overall quantum yields for the various types of pho-
tolysis 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 quan-
tum 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 photoreac-
tive groups are based on those derived for the smallest Cs
or C44 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, as well as the presence of non-alkyl sub-
stituents, can affect the absorption cross-sections or quantum
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yields for at least some of the different types of photoreac-
tive compounds (Calvert et al., 2011). Although MechGen
currently does not take these differences into account, this
needs to be considered in future versions.

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 Supplement), are as-
sumed 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 recom-
mended by IUPAC (2023) for propionaldehyde and are given
in photolysis set C2CHOabs. [UPAC makes no specific rec-
ommendations concerning quantum yields or branching ra-
tios, but it appears likely that the quantum yield «CHO forma-
tion for A 2295 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 mecha-
nism based on that derived for acrolein, which is taken as rep-
resentative of 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 reac-
tions that occur. This gives half-lives of ~ 50 and ~ 60 h, re-
spectively, for loss by photolysis via direct overhead sunlight,
which means that photolysis is relatively slow but not neces-
sarily negligible. The assumed mechanism is as follows.

—CH,=CH,.—CHO + hv

~» _CH,=CH,/*+ -CHO [0.15]
— —CH,=CH,/4 -+ CO [0.25]
— —CH,=CH,~C(=0)- + H. [0.15]
— —CH,11-CHy[..] +CO [0.45]

Here, x =0-2; x’ =0-1; and [..] indicates a carbene radical
group, whose subsequent reactions are discussed in Sect. 6.3.
These branching ratios are based on the data of Gardner et
al. (1987) for acrolein, as shown in Fig. 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
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absorption cross-sections are those recommended for ben-
zaldehyde by Calvert et al. (2002). In addition, @gyeranl = 0.06
is used to approximately fit consumption rates of benzalde-
hyde 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 aro-
matic 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 —aC,— refers to either —aC— or —aCH- and * indicates
ring closure. The actual photolysis reaction is highly uncer-
tain, 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.

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 photol-
yses 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

C4+ ketones with a single —CO- group that is not directly
bonded to any unsaturated or photoreactive group are as-
signed 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 rec-
ommended by TUPAC (2023) for atmospheric temperature
and pressure are used. In the case of the higher ketones, the
photolysis set only has absorption cross-sections, and over-
all quantum yield factors are derived so that the SAPRC
mechanism simulates environmental-chamber data for ke-
tones (Carter, 2010b). These data suggest that the photoly-
sis rate constants and therefore overall quantum yield fac-
tors decrease with the carbon number for C44 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 absorp-
tion cross-sections or quantum yields.

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

-G1-CO-Gp—+hv — -Gi++-G,—CO- [o1]
— —G1—-CO++ -Gy [1-01]
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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 Poverall 1172 Based on data for compound
3 ACET-06 (o, and ¢, for acetone) 1 ~180h acetone (ACET)

4 MEK-06 (o} ’s for MEK) 0.175 ~70h methyl ethyl ketone (MEK)
5 Same as above 0.1 ~120h 2-pentanone

6 Same as above 0.1 ~120h methyl isobutyl ketone

7+  Same as above 0.02 ~600h 2-heptanone

* 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).

Here, G is any non-photoreactive group and « is the branch-
ing ratio for the formation of radical Gjp-. 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 rad-
icals are of the same type. Based on IUPAC (2023) data for
methyl ethyl ketone, we assume branching ratios of methyl
vs. ethyl of 15 % and 85 %, respectively, for that compound.
Extrapolating this to other higher compounds, we use the fol-
lowing branching ratios, where o« = 0.5 is used if both are of
the same type.

G G o G G o G Ga o
-CH,- -CH; 085 -CH)- -CH3 I -COO- —CH3 1
—CH()- -CHp- 085 -COO- -CHy- 1 -COO- -CHO- 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.

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—~(Gy)} + hv—*G~(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 ke-
tone (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 1atm. This gives an estimated half-life of
~ 36 h for photodecompositions of these unsaturated ketones
with direct overhead sunlight and gives reasonably good fits
to NO oxidation rates in MVK-NO, chamber experiments.

Atmos. Chem. Phys., 25, 199-242, 2025

The photolysis reactions for ketones with only a single ad-
jacent 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 IUPAC
(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 car-
bonyl group are estimated to photolyze with the same absorp-
tion 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 thermochem-
ical estimates. These reactions are assumed to occur only via
CO formation, as shown in the second 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,=CH,— + hv
— —CH,=CH,,—CH,,.=CH,— + CO
*CH,=CH, ~CO~(Gy)* + hv
—*CH,=CH,—(Gy) + CO

Estimations of photolyses of ketones with an adjacent aro-
matic or triple-bond group are not supported by MechGen,
so no photolysis reactions are generated for these com-
pounds. The need to represent photolyses of these com-
pounds has not been investigated, but it is expected that pho-
todecompositions of aromatic ketones will be relatively slow,
and ketones with triple bonds are not expected to be impor-
tant 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
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alkoxy or acyloxy radical whose reactions are discussed in
Sect. 5.

—G-ONO; 4 hv — —-G[0O.] + NO,

These reactions are assigned the IC30NO2 photolysis set
with quantum yields of 1 at all wavelengths, which gives a
half-life of ~ 50 h for loss due to photolysis with direct over-
head sunlight. This is based on the TUPAC (2023) recommen-
dation for isopropyl nitrate, but it is assumed to apply to all
organic nitrates without other photoreactive groups, regard-
less 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 com-
pared to other reactions.

In the case of acyl peroxynitrates (e.g., PANs), the pho-
tolyses are assigned the 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 h, respec-
tively, for direct overhead sunlight. The assumed mechanism
is as follows.

G-CO-O-ONOy+hv — G-CO++NO, [0.6]

— G-CO[O+]+NO;3 [0.4]

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

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

G-0O-ONO; + hv — G[OO+] +NO,,

with the same rate constant assignments as used for sim-
ple 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 Sect. 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-0-OH + hv — -G[0.] + OH
-G1-0-0-Go—+ hv — —-G1[0.] + G,[O.]

The reactions are assumed to have unit quantum yields at
all wavelengths and are assigned the photolysis set COOH,

https://doi.org/10.5194/acp-25-199-2025

209

which contains the absorption cross-section of methyl hy-
droperoxide (IUPAC, 2023) and gives a half-life of ~30h
for loss by photolysis with direct overhead sun. Note that
it is assumed that organic peroxides (which tend to be rela-
tively less important than hydroperoxides in atmospheric sys-
tems) 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 perox-
ide photolysis.

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 photoreac-
tive groups are summarized in Table 5. If the @gyeran 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 photodecom-
position for direct overhead sun, which incorporate the over-
all 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 assign-
ments are discussed below.

The assignments for some (but not all) types of reac-
tants 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, PANSs, carbonyl nitrates, dinitrates, and various unsatu-
rated 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 un-
certain as the assignments for the reactants in the table where
data for representative compounds either are 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 com-
pounds with -CO-O-ONO; group combinations (PAN ana-
logues), where assignments are made based on data for PAN
and peroxypropionyl nitrate (PPN) as discussed above.

The unsaturated 1,4-dicarbonyls with at least one alde-
hyde group are highly photoreactive aromatic-ring-opening
products (Calvert et al., 2011; see also Sect. 3.4, below)
that account for the relatively high reactivity of aromatic
hydrocarbons observed in environmental-chamber experi-
ments. The AFGS photolysis file is used to give absorp-
tion cross-sections for all these compounds, with an over-
all wavelength-independent quantum yield adjusted to give
satisfactory fit to results of aromatic-NO, chamber exper-
iments, which are highly sensitive to this photolysis (e.g.,
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Table 5. Summary of photolysis sets, overall quantum yields, approximate photolysis half-lives, and products formed for compounds with

more than one photoreactive group.

Reactant® Photolysis set? Poverall 1] 1 Products formedd
Adjacent photoreactive groups
HCO-CO-G- MGLY-13 (methyl glyoxal) 40min  HCO[*]+ G-CO[ ]
-G1-CO-CO-G,- BACL-11 (biacetyl) 25min  G1-CO[*]+ G,—-CO[*]
-G-CO-ONO, IC30NO, (isopropyl nitrate o’s) 50h G-CO[O.] + NO,
-G-CO-0O-OH PAA (peroxy acetic acid o’s) 200h G-CO[O.] + OH
-G-CO-0-0-Gp— COOH (methyl hydroperoxide o’s) 30h G1—CO[O.] + -G, O[]
-G-CO-0-0ONO, PPN-11 (PPN o’s)® 200h See Sect. 2.2.3
Separated photoreactive groups (x > 0, no upper limit)
HCO-G;=G,—CHO AFGS (various 1,4-unsaturated 0.45 4min Gs1—CO[*]+ H. and
dicarbonyl ¢’s; see text) Gsp—CO[ ]+ H. (equal)
HCO-(G),—CHO [f] C,CHO (propionaldehyde) 8h Same as —-Gs—CHO
HCO—(G),—CO- C,CHO (propionaldehyde) 8h Same as —-Gs—CHO
HCO-G1=G,-CO-G3_ AFGS (see above) 0.45 4min Gsp—CO[ ]+ G3[]
C2CHOabs (propionaldehyde o’s) 3h Same as —Gs—ONO,
xCO-G1=Gr—(G),—0-0X HPALDS (acroleins o°’s; see text) 0.1 3h Same at —Gs—0-0X
C2CHOa (propionaldehyde o’s) 3h Same at —Gs—0-0X
HCO—(G)x—0O-ONO, C,CHOa (propionaldehyde o’s) 3h Same as —Gs—O-ONO,
G1-CO-G2=G3-CO-G4— Does not photolyze (see text)
-G1-CO~(G),—CO-G,-f MEK-06 (methyl ethyl 6 C’s 0.1 70h Same as G1—CO-Gs- and
ketone (MEK) o’s) 7+ C’s 0.02 120h G—CO-Gs- (equal)
-G 1—CO—-(G)x—ONO, CRBNIT (carbonyl nitrate o’s) 4h Same as —Gs—ONO,
-G-CO—(G),—0-0X MEK-06 (MEK ¢’s) 12h Same at -Gs—0-0X
-G-CO—(G)x—CO-ONO, CRBNIT (carbonyl nitrate o’s) 4h Same as Gs—CO-ONO,
-G-CO—-(G),—CO-0-ONO, CRBNIT (carbonyl nitrate o’s) 4h Same as Gs—CO-0O-ONO,
X10-0-(G)x—0-0X; COOH (methyl hydroperoxide o’s) 30h Same as Gs—0-0X |+ Gs-0-0X;

(each equal)

@ Group combinations that give unique compounds for which specific assignments are used (e.g., glyoxal and HNO3) are not shown. —OX is —~O- or —OH. xCO- is HCO- or

-CO-.

b The derivations of the photolysis sets are given in Table S5. o’s means that the photolysis set contains only absorption cross-sections, and (equal) means that both possible

reactions occur with equal probability.

© Approximate half-lives relative to loss of the compound by photolysis for direct overhead sunlight, including the contribution by the assigned wavelength-independent

quantum yield, if applicable.

d Gs refers to a combination of other groups on the molecule (other than G, Gy, or G,), including the other photoreactive group, which is assumed not to be transformed by

the reaction.

€ Photolysis set PAN-11, giving an approximate photolysis half-life of 100 h for direct overhead sun, is used for PAN itself (G = CH3).
f Not applicable if ~(G)x—is -CH,, = CH /, as shown for the previous reactant.

Carter, 2010b; Carter and Heo, 2013). The SAPRC-22 mech-
anism (Carter, 2023) 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
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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 com-
pounds, could not be used as a basis for a predictive mecha-
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nism for aromatics because fitting the chamber data required
using an effective quantum yield of greater than 3. There-
fore, either there are additional sources of radicals in aro-
matic photooxidation systems that are not taken into account
in the current estimated mechanisms for aromatics, the ab-
sorption 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 pho-
tolyze sufficiently rapidly in ambient sunlight in a manner
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 in-
dicate 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).

If a reactant has more than one non-adjacent photoreac-
tive 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 photore-
active 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 photore-
active group of different types, it is assumed that the ab-
sorption cross-sections can be approximated by those of
compounds with the single group that has the highest ab-
sorption 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 dis-
tributed around the molecule. This is consistent with the data
of Wolfe et al. (2012), which suggest that «-unsaturated car-
bonyls with hydroperoxide groups photolyze at rates consis-
tent with those calculated using absorption cross-sections of
a-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.
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Despite the differences in assigned overall quantum yields,
the photolysis rate constants calculated for saturated car-
bonyls 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 O-ONO, bond is
weak enough that these can thermally decompose back to
reactants at significant rates at atmospheric temperatures.

G-0-ONO, — G[0O-] 4+ NO,
kuni = 8.8 x 1017 exp(—20.75/RT) (IUPAC, 2023)
G-CO-0O-ONO,(PANs) — G-CO[0O-] 4+ NO,
kuni = 8.6 x 10'®exp(—27.82/RT) (NASA,2011)

Here, G is any saturated or unsaturated group and the rate
constants are per second, 7T is the temperature in kelvin, and
R is 1.99 x 1073 K molkcal~!. The presence of non-alkyl
substituents, unsaturated bonds, or other structural factors
is assumed not to affect these rate constant estimates or de-
composition mechanisms. The OO-NO; bonds are currently
believed to be the only bonds in compounds formed in at-
mospheric 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 mol~! stronger.)

The decompositions of the non-acyl peroxynitrates are es-
timated to have a half-life of ~5s~! at 298 K, which is suf-
ficiently fast for the formation of these compounds to be
rapidly reversed. Therefore, the default is for MechGen to ig-
nore the formation and therefore the decomposition of these
compounds when multi-step mechanisms are generated for
atmospheric conditions. However, they do show up when sin-
gle step mechanisms are generated (Carter, In Prep.). On the
other hand, the acyl peroxynitrates (PANs) decompose much
more slowly and are observed as photooxidation products in
atmospheric systems, so their formation cannot be ignored. It
cannot be ruled out that some « substituents other than -CO—
may slow down the decomposition sufficiently so that perox-
ynitrate 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-cyclohexadienone compounds containing a -CHX-
CO- group pair in the ring, where an H shift from the -CHX
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to the carbonyl group is expected to be highly favorable en-
ergetically.

*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 Sect. 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 Boge, 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 four-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 six-member ring
transition state. Given surface- or water-free environments
rarely occur in the ambient atmosphere, it is probably better
for these reactions to be included for modeling applications
than to be neglected. For example, the predicted formation of
catechols from phenols due to this reaction has implications
for predictions of SOA from aromatics.

2.3.3 Other compounds

Decompositions of peroxynitrates and rearrangements of cy-
clohexadienones are currently the only types of non-radical
unimolecular reaction considered by MechGen. In particu-
lar, MechGen does not consider other types of water- or
surface-catalyzed conversion of non-radical products that
could affect the environmental fate of multifunctional prod-
ucts. 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 HO 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 HyO-catalyzed reactions may also have implications for
SOA predictions.
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3 Reactions of carbon-centered radicals

Carbon-centered radicals are formed in the initial reac-
tions 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 a
reaction with O,, which is estimated to occur with a pseudo-
unimolecular rate constant of ~ 3.8 x 107 s~ (see Table S6
for measured radical 4+ O, rate constants and associated text
in the Supplement). However, rapid unimolecular reactions
are estimated to dominate for some types of carbon-centered
radicals formed in generated mechanisms, as discussed be-
low. Note that there are currently no cases where Mech-
Gen 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 cur-
rently 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 reac-
tions are discussed in Sect. 4.

G+0,+ M — G[OO]+ M

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

HO-CHj+ + Oy — HO-CH3[0OO0¢*] {excited} — HCHO + HO,
-HO-CH[*]-G + O, — HO-CH[OO*]-G {excited} - G-CHO + HO,

HO-C[*](G)-G + 0, — HO-C[00*](G|)-G; {excited} — G;-CO-G, + HO,

MechGen treats these as concerted processes when reactions
of «-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., the
following.

{-=G1[:]-G2=G3- <> -G1=G,-G3[*]-} or
-aGi[+]-aGy-aG3[*] + O2

— —-G1[00°]-G=G3

— -G 1=G,-G3[00-]-

[(G1, G3)]
[a(G3,Gp)]
Here, «(G,, Gp) is the fraction of adding to the G, posi-

tion when Gy, is the other position on the radical. Additions
to radicals with more than one double bond are assumed to

https://doi.org/10.5194/acp-25-199-2025



W. P. L. Carter et al.: MechGen chemistry

form only those adducts with the most conjugated structures,
e.g., the following.

-aG1[]-aGy—-aG3[]-aG4—aGs[+]-+ Oz

— =G1[00°]-G2=G3-G4=Gs- [a(G1, G5)]
— —G1=G-G3[00-]-G4=Gs5- [negligible]
— —G1=G1-G3=G4—Gs[00-]- [a(Gs, G1)]

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 mecha-
nisms 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 branch-
ing for allylic additions is discussed in Sect. 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 (—aCHJ[+]-) radical positions, the
addition occurs ~ 65 % of the time at the secondary posi-
tion. This is consistent with the fact that thermochemical
analysis indicates that addition to the secondary radical is
~2kcal mol~! more favorable (see the Supplement). In ad-
dition, theoretical calculations of Xu and Wang (2013) on
phenol mechanisms and of Yuan et al. (2017) on furan mech-
anisms both indicate that O, preferentially adds to radical
centers with —OH or —OR substituents, instead of those with
unsubstituted secondary radical centers. However, if this is
assumed, then the mechanisms significantly underpredict re-
activities observed in environmental-chamber experiments
with phenolic compounds, and better fits to the data are ob-
tained 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 uncer-
tain, but it provides an additional data point for deriving gen-
eral estimation method incorporating -OH-substituted radi-
cals.

As discussed in Sect. S1.4.2, we assume that the branch-
ing 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:

a(G1,Gy) = WtF(Gy) /[WIF(G)) + WtF(Gy)]
where
WtF (G) = weighting factor for G = ¢~ #*[AAH(G)~0con(G)]

and AAHr(G) is the difference in heats of reaction for O,
addition to G compared to a primary radical center in a rad-
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ical that has both, 8 is a parameter assigned a value of 0.33
to be consistent with the product data for isoprene and 1,3-
butadiene, and Oy is set at 5.78 kcal mol~! if G is ~OH- or
—OR-substituted to be consistent with modeling results for
phenols or 0 if there are no such substituents. The weighting
factors so derived are as follows (see Sect. S1.4.2 for deriva-
tions):
G WIF(G, G WG G WIEF(G)
-aCH,[] 1 -aCH[]-CO-X 035 -aCH[]-0X 219
13

-aCH[']-R 1.9 -aC[JR)-CO-X 028 -aC[-J(R)-0X
-aC[.J(R)-R 1.13 (Ocorr not used) * Ocorr used

Note that use of this methodology to estimate branching ra-
tios in general is highly uncertain because only two data
points are available to derive the two parameters used (8 and
Ocorr), 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 Sect. 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 equal probability. The above discussion is
also only applicable to stabilized radicals and not necessarily
for excited adducts formed when OH or NOj3 adds to double
bonds. In most cases excited adducts formed following addi-
tions 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 Sect. 3.3.

A different mechanism is assumed for the addition of O,
to vinylic radicals where the radical center is on an unsatu-
rated 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, i.e.,

CX=CX"- - - XCEO)X +X'C(=0) — XC(E=0)X + X' +CO

This is based on data of Slagle et al. (1984) for vinyl and Sla-
gle and Gutman (1988) for methylvinyl and i-C4Hg+. 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 rad-
icals of any size, though it is possible that rapid energy dis-
tribution following a reaction of larger vinyl species with O,
could lead to stabilized vinylperoxy radicals. However, insuf-
ficient 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 model-
ing, since the same products (HO, and CO) are formed under
atmospheric conditions in either case. Therefore, MechGen

Atmos. Chem. Phys., 25, 199-242, 2025



214

represents the reactions of CX, = CH- as forming H- 4+ 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+ 4 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 rad-
icals; 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 re-
actions are assumed to be fast for thermalized radicals, they
are necessarily assumed to be fast when the radicals are ex-
cited.

3.2.1 Rapid a-scission decompositions

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

—G[]-O-OH — -G=0+ OH
—G1[]-O-0-G— — 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 sub-
stituent is next to an allylic radical center, the bond scission
reaction is still expected to dominate over O, addition,

—aG [*]-aG—aGs[+]-O-OH- — —G=G,~G3(=0)- + OH,

so there is no O, addition to the other radical centers. Re-
actions 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 cyclo-
propyl ring can decompose by breaking the bond opposite
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the radical center, relieving the ring strain and forming an
energetically favorable allylic stabilized radical.

*G1-G2-G3[*]" = {-G1[*]-G2=G3— < -G1=G2-G3[*]-}
or —-aGi[*]-aGr—aGs3[]-

This reaction is not expected to have large or any barriers,
so it 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 be much less energetically
favorable and is only expected to occur in chemically acti-
vated radicals, as discussed in Sect. 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 five-member ring cyclic
esters

As discussed in Sect. S1.4.3, Curran et al. (1998) provided
estimates for the Arrhenius parameters for decompositions
of various QOOH radicals of the type
—CH,[*]~(CH,),~O-OH—*CH,~(CH,),-0*+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 Arrhenius A factors and activation energies de-
creased with ring size, with the net result of these oppos-
ing factors being that formation of five-member cyclic ethers
is generally estimated to be most favorable for atmospheric
conditions. Nevertheless, these cyclization reactions are es-
timated 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 Sect. S1.4.4, extrapolating the
relation between the rate constant and heats of reaction de-
rived from the results of Curran et al. (1998), in which esti-
mates that cyclizations of carbonyl-containing radicals form-
ing five-member ring esters are ~ 10 times faster than O,
addition for atmospheric conditions.

-G1[*]-G2-G3—-CO-0-OH—*G-G,-G3—-CO-0O* + OH
CO[+]-G1-G2-G3-0-OH— *G1-G,-G3-CO-0O* + OH

In addition, analogous cyclizations forming cyclic esters can
also occur with carbon-centered radicals with peroxy, nitrate,

or peroxynitrate substitution in the § position and are also
estimated to be faster than O, addition, i.e.,

-G1[*]-G7-G3-CO-0-0X-—*G1-G,-G3—-CO-0* + XO-
*CO-G1-G»-G3-0-0X——~G1-G,-G3—-CO-0* + XO-
—G1[*]-G2—-G3—CO-ONO;,— *G|-G—-G3-CO-0* +NO,

*CO-G1-G,-G3-ONO,— *G1-Gr—-G3—CO-0O* +NO»,
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where X is G or NO; and XO is G-O- or NOs3.

However, as also discussed in Sect. S1.4.3, Miyoshi (2011)
reports results of theoretical calculations of hydroperox-
yalkyl rate constants that extrapolate to much lower rate con-
stants at atmospheric temperatures, suggesting that the cy-
clizations forming five-member ring esters may not be 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
and Saswathy, 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 gen-
eration 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 five-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 Oy addition dominates, with the other being negligible.
This 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 rad-
icals 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 Sect. 3.4. Reac-
tions that are assumed to be fast even for thermalized radi-
cals 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 addi-
tions of OH radicals to double bonds but which not be im-
portant for stabilized radicals are listed in Table 6 and are
discussed in more detail in Sect. S1.4.3 and S1.4.4 in the
Supplement.

Note that additions of NO3 to double bonds also result in
the formation of excited radicals, but the excitation energy is
estimated to be ~ 10kcal mol~! less than OH addition. Al-
though this is uncertain, we currently assume that stabiliza-
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tion is correspondingly more important for NO3 adducts, and
the unimolecular reactions shown in Table 6 are assumed not
to occur when mechanisms for reactions of NO3 with alkenes
are generated.

3.4 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 us-
ing SARs for OH reactions with aromatics, as discussed in
Sect. 2.1.2 and by Carter (2021). These excited OH—aromatic
adducts can either decompose back to aromatic—-OH or be
stabilized and then react with O,. The effect of the back de-
composition is taken into account in the SARs for OH addi-
tion, which are based on total rate constants, so only reac-
tion 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 adding 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; for simplicity we
assume that this is the major pathway for formation of phe-
nolic products, so only the addition reaction is considered.

The OH-aromatic adduct is an allylic carbon-centered rad-
ical with three possible radical centers where O, can add. Al-
though 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 Sects. 3.1 and 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 that 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. Al-
though peroxy radical reactions are discussed separately in
Sect. 4, MechGen incorporates the rapid aromatic-OH-O;
isomerization reactions into the overall reactions generated
for excited OH—aromatic adducts, so these reactions are dis-
cussed in this section.

The subsequent reactions of the excited adducts are as-
sumed to be as shown in Fig. 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 ra-
tios, which depend on the substituents about the aromatic
ring, are also shown. Three types of overall reactions are
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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? Reactant? Reaction Ratio®
—G[*]-¥Gy-G3-Gy*~ {excited) — ~G1=Gp—G3-Gy[*]-
Exo ring opening (S1.4.3) -G [*]-*Gr—G3-G4—G5*— {excited} — —G1=Gr-G3-G4—Gs[*]- 70 %
+M — —G[*|*Gy-G3-G4~Gi~ +M 30%
—*GI—GQ[']—G§- {excited} — —-G1=Gr-G3[*]-
Endo ring opening (S1.4.3)  —*G1-G[*]-G3-Gj}— {excited} — -G1=G2-G3-Gy[*]- 70 %
+M — —*G1-Gy[*]-G3-G}j— +M 30%
—G1[*]-Gy—O—OX {OHadd} —*G1-Gp—O* +[]OX
—G{[*]-G,—ONO, {OHadd} —*G1-Gp-O0* + NO,
~G1(O’H)-Gy[*]-CO-O—-OH {OHadd} — G{(O’H)-*G,—CO-O*+ OH 14%
— >"O’—Gl—Gg—CO—OH + OH 5%
+M — G (O’H)-G,[*]-CO-O-OH +M 82 %
Peroxy cyclizations (S1.4.4) -G;(O’H)-G;[*]-CO-O-ONO; {OHadd} = — G;(O’H)-*G,—-CO-O*+ NOj3 60 %
— *0’'-G{-G}-CO-OH + NO; 20%
+M — G (O’H)-G,[]-CO-O-ONO, + M  20%
~G1(O’H)-Gy[*]-CO-0-0-G3— {OHadd} - G{(0’H)—*G,—-CO-O*+ —G3[0.] 45%
— >"O’—G]—Gg—CO—OH + -G3[0.] 15%

+M — G (O’H)-G,[*]-CO-0-0-G3— +M 40%

 The section in the Supplement 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, X is H or any group, and *OX is OH or

G-Oe.

¢ Branching ratio assumed for 1 atm 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.

assumed. These include formation of a phenol + HO; via a
six-member ring transition state where the H transfers from
the -OH to the peroxy group, followed by elimination of
HO,, with the 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 oppo-
site 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 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] in Fig. 1) are well supported by exist-
ing product data (Calvert et al., 2002) and theoretical cal-
culations (e.g., Calvert et al., 2002; Vereecken, 2018, 2019).
However, the existence of the Epox pathway (route [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-
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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) indi-
cate 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 Fig. 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 Fig. 1 is
discussed in Sect. 5.6.

The mechanisms for the subsequent reactions of the
carbon-centered and alkoxy radicals formed are estimated
using the same procedures discussed elsewhere in this pa-
per. The major stable products predicted to be formed are
also indicated by the boxes in Fig. 1. Note that as discussed
in Sect. 2.2.5, the unsaturated 1,4-dicarbonyl aldehydes or
aldehyde—ketones are predicted to be highly photoreactive,
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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—Oy adduct. Major products assumed to be formed are
indicated, and additional pathways that may occur but are not currently used are also shown.

so the yields of these products significantly affect predictions
of reactivity in aromatic hydrocarbon-NO, environmental-
chamber experiments (e.g., Carter and Heo, 2013).

The branching ratios were derived based on reported
yields of phenolic products and a-dicarbonyls from the re-
actions of OH with benzene and various alkylbenzenes, as
well as simulations of environmental-chamber experiments.
Values of fPhen were derived based on phenolic yields, fB-
cyc values are based on 1,2-dicarbonyl yields and modeling
environmental-chamber experiments, and fEpox values are
obtained as 1 — fPhen — fBcyc. It was sufficient to assume
that the branching ratios depend only on the presence of sub-
stituents 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 var-
ious substituent cases are summarized in Table 7. Note that
fPhen is necessarily O 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
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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 com-
pounds should be considered to be unreliable and probably
should not be used for mechanism development.

The above discussion is applicable only to reactions fol-
lowing additions of OH radicals to aromatic rings, not to ad-
ditions by NO3 radicals. As discussed by Carter (2021), the
rate constants for these additions are estimated to be slow,
based on the relatively low total rate constant reactions for
aromatic 4+ NOj reactions. MechGen currently assumes that
all aromatic-NO3 adducts rapidly decompose back to re-
actants, resulting in no net reaction. However, this cannot
strictly speaking be true, since the experimental rate con-
stants give SARs that predict nonzero, though low, rate con-
stants for these reactions (Carter, 2021; see also Sect. 2.1.2).
However, the predicted rate constants are too low to be im-
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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 ratio

No ipso substituents

‘ 1 ipso substituent™®

Noortho 1 ortho 2 ortho ‘ Noortho 1 ortho 2 ortho
fPhen 57 % 16 % 5% - - -
fBeyc 31 % 57 % 83 % 73 % 68 % 88 %
fEpox 12 % 27 % 12 % 27 % 32 % 12 %

* Derived from fBcyc and fEpox assigned for adducts with no ipso substituents.

portant 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 al-
lylic OH + phenol adduct as discussed in Sect. 3.1, and some
of the OH + phenolic 4+ O3 adducts form cyclohexadienones,
which are assumed to undergo rapid unimolecular reactions
to form catechols as discussed in Sect. 2.3.2. The mecha-
nisms assumed for OH + phenolic adducts are discussed in
Sect. S1.8.

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 ROy, or acyl peroxy, —
G—CO[00.] or RCO3 (where G is any group that does not
have an a-carbonyl substituent). In the following discussion,
we will use the term “acyl” peroxy radical to refer to any per-
oxy 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,, NO3, HO;, and
other peroxy radicals, and some can also undergo unimolecu-
lar reactions at significant rates under atmospheric condi-
tions. The rate constants assigned when generating bimolec-
ular 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 bi-
molecular rate are given in Sect. S1.5.1. The unimolecular
reactions are discussed separately below.

4.1 Reaction with NO

The major atmospheric loss process of most peroxy radicals
when formed in the presence of NOj is a reaction with NO.
Available data on the rate constants for peroxy + NO reac-
tions are given in Table S45, and the rate constants measured
for ethyl peroxy and propionyl peroxy are estimated to ap-
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ply 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 esti-
mates for dependences of the rate constant on the structure
or size of the radicals. As indicated in Table 8, although dif-
ferent 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 correspond-
ing alkoxy radical or forming a stable organic nitrate in the
presence of a bath gas.

RO, +NO — RO+ + NO,
RO, + NO(+M) — RONO>(+M)

(R3)
(R4)

Both reactions are known to be important in the case of alkyl
peroxy radicals, and the nitrate yield, yn = k2 /(k1 + k»2), is
an important parameter affecting model predictions in atmo-
spheric systems since the conversion of NO to NO; in Re-
action (R3) contributes to O3 formation and the formation of
alkoxy radicals results in radical propagation, while nitrate
formation in Reaction (R4) causes radical termination and is
also a NO, sink, at least for the intermediate term.

Available data and estimates concerning nitrate yields
from various peroxy radicals are discussed in Sect. S1.5.2.
There are extensive measurements of nitrate yields from var-
ious unsubstituted peroxy radicals formed from the reactions
of alkanes, including data at various temperatures and pres-
sures, allowing for a parameterization to be derived that fits
these data as a function of temperature, pressure, and the
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 dis-
cussed in the Supplement. The predicted nitrate yields at
around 298K and 1 atm pressure are given in Table 9 and
are plotted against the carbon number in Fig. 2, where they
are compared to available data as discussed below.

Figure 2 shows that the parameterization derived to fit
measured nitrate yields for unsubstituted peroxy radicals
from alkanes (black line) fits those data reasonably well, but
its applicability for substituted radicals from other VOCs is
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Table 8. Summary of bimolecular rate constants used when generating reactions of peroxy radicals under atmospheric conditions.
Reactant Rate constant around 300 K (cm3 molec.~ g1 )* RCO3
Non-OH-substituted RO, OH-substituted RO,
Primary Secondary Tertiary Primary ‘ Secondary ‘ Tertiary
NO 9.13 x 1012 2.10x 10~ 1
NO, 8.8 x 10712 7.7 % 10712
NO3 2.3 x 10712 4.0 x 10712
HO, 10712 x min[20.3, 2.48 + (2.48 x nC)] 10712 x min[21.1,9.37 4 (1.68 x nC)] 2.1x 1071
GenericRO;  2.9x 10714 | 1.6x 10714 | 3.7x 10716 | 9.1x 10714 | 1.7x 10713 | 13x 1074 1.6 x 107!
Generic RCO3 1.6 x 10711 1.4 x 10711
* See Table S45 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 Sect. 4.4 and 4.5, respectively).
Table 9. Estimated nitrate yields as a function of the carbon number calculated for ~ 298K and 1 atm pressure.
Carbon number 2 3 4 5 7 8 9 10 11 12 13 14+
Default nitrate yield 2% 4% T% 1% 15% 19% 22% 25% 27% 28% 28% 28% 29%

Nitrate yield if - or 8-O-substituted 2% 3% 5% 8%

1% 14% 16% 18% 19% 20% 20% 21% 21%

much more uncertain. The limited available measurements
of nitrate yields from S-OH-substituted radicals are inconsis-
tent. 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 2 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 alka-
nes, while some are better fit using the yields that are a factor
of ~2 lower (see Sect. S1.5.2).

Figure 2 also shows scatter in the available data con-
cerning 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
Supplement, these yields are subject to greater uncertainties
because they are derived either from unspeciated total ni-
trate measurements in complex chemical systems or by fits
to environmental-chamber data, where uncertainties are even
greater.

Until more information is available to resolve these dis-
crepancies and provide a better basis for making nitrate yield
estimates for non-alkyl-substituted peroxy radicals, Mech-
Gen uses a parameterization (dotted red line in Fig. 2) that
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predicts yields halfway between those derived for radicals
from alkanes and the lower yields for the S-OH-substituted
radicals, when estimating nitrate yields for peroxy radicals
bonded to oxygen groups in the « or 8 positions, e.g., -OH,
ether, ester, peroxides, or nitrates. This is similar to the ap-
proach 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 car-
bonyl groups in the @ or 8 positions caused even lower ni-
trate 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 Sect. S1.5.2, are included in Table 9.
Note that we assume that substituents farther away than the
B 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 2 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 corre-
sponding acyl oxy radical is assumed to be the only pathway
of significance (see, e.g., [UPAC, 2023).

RC(0)03. + NO — RC(0)O. +NO; — R.+CO; +NO; (R5)
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.
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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.

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 S45). Although the
reactions of ethyl and ethyl acyl peroxy 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. 4+ NO»(4+M) — ROONO(+M)
RC(0)00- + NO»(+M) — RC(O)OONO,(+M)

Reactions forming NO3 + alkoxy or acyloxy radicals are es-
timated to be endothermic and are assumed not to be im-
portant. The peroxynitrate compounds formed are thermally
unstable at atmospheric temperatures, decomposing back to
NO, and the peroxy radical, as discussed in Sect. 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 NO3

Reactions with NO3 can be a potentially important sink for
peroxy radicals at nighttime and during potentially other con-
ditions 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 S45).

Atmos. Chem. Phys., 25, 199-242, 2025

Peroxy radicals react with NOj3 to form the corresponding
alkoxy radical, NO,, and O,, with no evidence of other reac-
tion routes or products being reported (e.g., IUPAC, 2023).

ROO. + NO3 — RO+ + 0, + NO,
RC(0)00. + NO3 — RC(0)0. + 0, + NO,

Note that the same organic products are formed in this re-
action as in the reaction of peroxy radicals with NO, other
than the lack of the nitrate formation route in the NO3 reac-
tion. Although nitrate formation in this reaction is energeti-
cally possible, there is no evidence that it occurs under atmo-
spheric 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. In-
formation concerning measurements and estimates for mech-
anisms and rate constants for the reactions of peroxy radicals
with HO; are discussed in Sect. S1.5.3. In the case of alkyl
peroxy radicals, the data suggest that the rate constants de-
pend on the size of the radical and the presence of OH sub-
stitution on the radical, with the following equations being
derived for estimation purposes:

k(RO2 +HO»)

=102 x min[20.3, 2.48 + (2.48 x nC)] cm> molec. ™ s~!
k(HO-RO;, + HO»)

=10"12 x min[21.1,9.37 + (1.68 x nC)] emS molec., ™! sfl,
where O—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 the Supplement),
so there is some uncertainty in these estimates.
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The only data we found for reactions of acyl peroxy rad-
icals with HO; concerned acetyl peroxy radicals, so the rate
constant measured for that reaction (on Table S45) is used
for estimation purposes. This is uncertain, especially in view
of the variability in the measured rate constants for the alkyl
peroxy radicals.

Available information concerning the products of the reac-
tions of various types of peroxy radicals with HO, has been
evaluated by IUPAC (2023), and their recommendations of
branching ratios for methyl and acetyl peroxy radicals and
for methyl peroxy substituted with -CH3z, —-OH, -OCH3, and
—C(O)CHj3 are given in Table S12. Their recommendations
include the following four routes.

ROO. + HO,; — ROOH + O, (hydroperoxide route)
RC(0)0O0. + HO,; — RC(O)OOH + O,

RCH/,00. + HO; — RC(O)H' + HOH+ O;  (carbonyl route)
R{CH'[00.]R; + HO, — R|C(O)R, + HOH + O,

ROO.+HO; - RO.+OH+ O (hydroxyl route)
RC(0)00. + HO; — RC(0)O. +OH + Oy

RC(0)O0. + HO; — RC(O)OH + O3 (ozone route)
The ozone route is only one considered for acyl peroxy rad-
icals. The carbonyl route occurs via an H shift from an «-
hydrogen to the HO; via a six-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 rad-
icals, they are assumed to be applicable to all alkyl peroxy
radicals with the same types of « 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 per-
oxy radicals predicted in generated mechanisms are highly
uncertain.

4.5 Reactions with other peroxy radicals

Organic peroxy radicals can also be consumed under atmo-
spheric conditions by reactions with other organic peroxy
radicals. Although this is generally a less important loss pro-
cess under atmospheric conditions than reactions with NO,
or HO;,, such reactions can be non-negligible under relatively
high-VOC and low-NO, atmospheric conditions and also
in some laboratory experiments. Available information con-
cerning measured rate constants for these reactions is given
in Table S45. The rate constants vary by orders of magni-
tude, with the most important factor being whether the alkyl
peroxy radicals are primary, secondary, or tertiary. However,
the presence of «-OH substitution also appears to affect the
rate constant, and this is also taken into account. Table S45
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includes a summary of the averages or estimated rate con-
stants for various types of radicals that can be derived from
the experimental data, and the rate constants used by Mech-
Gen when generating mechanisms for peroxy radicals are in-
cluded in Table 8.

Because it is not practical to represent all of the per-
0Xy + 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 (RO3)
and a generic acyl (RCOj3) peroxy radical. The rate con-
stants 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 ex-
pected 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 repre-
sentation 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 rel-
atively 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 per-
oxy + peroxy reactions is discussed in Sect. S1.5.4, and rec-
ommended and assigned branching is given in Table S14.
Three types of generic reactions are considered.

ROO. [+GenericRO, or RCO3] — RO. 4 1/20;, (alkoxy route)
RC(0)OO0. [+GenericRO, or RCO3] — RC(0)0. +1/20;

RCH,00. [+GenericRO, or RCO3] — RCHO + 1/20; (carbonyl route)
RCH[OO.]R’ [+GenericRO, or RCO3] — RC(O)R’ + 1/20,

ROO. [+GenericRO2] — ROH + 1/20, (alcohol route)
RC(0)OO0. [+GenericRO;] — RC(O)OH + 1/20,

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 «-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 «-hydrogen.

The branching ratios used when generating reactions of
the various types of peroxy radicals are summarized in Ta-
ble 11. These are based roughly on the branching ratios for
individual reactions given in Table S14 and are extrapolated
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Table 10. Branching ratios assigned for the four possible routes for the reactions of HO, with various types of peroxy radicals.

Route CH30, ROY HO-ROSC | RO-ROJC RCO-ROY RCO;
PS T|PS T

Hydroperoxide 09 10 05 08] 06 10 085 037

Carbonyl 0.1 - 03 - 04 - - -

Hydroxyl - - 02 02 - - 0.15 0.5

Ozone - - - - - - 0.13

4 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 HO-, RO-, and 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.

¢ 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.

to other types of radicals where necessary as discussed in
Sect. 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 esti-
mating the rate constants.

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 hy-
droperoxide and a carbon-centered radical.

-G1H-(Gy),,—00-
— [n + four-member ring transition state]
— —G1[*]+(G2),~OOH

This reaction has been known to occur at higher temperatures
in combustion systems, where the «-hydroperoxy carbon-
centered radicals formed are designated QOOH, though they
had not been expected to be important at atmospheric tem-
peratures until recently. Recent experimental data indicate
that these reactions occur at measurable rates and may be
non-negligible under atmospheric conditions for certain rad-
icals (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 con-
stants for a wide variety of such reactions (e.g., Davis and
Francisco, 2010; Mgller et al., 2019; Vereecken and Noziére,
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 domi-
nant fate of such radicals.

Vereecken and Noziere (2020) reviewed the available the-
oretical 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.

Atmos. Chem. Phys., 25, 199-242, 2025

These consist of lookup tables giving the rate constant for
various pairs 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, car-
bonyl groups, and double bonds at or near the H group
were incorporated into the lookup tables; separate rate con-
stant recommendations were given for reactions of CH,OO-,
>CH(0O¢")—, and —C(00O+)< radicals, and rate constants
were given for ring sizes up to eight or nine. The recom-
mended correction factors covered the effects of «-ONO,, -
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 ta-
bles did not cover all the types of peroxy radicals that might
be formed in atmospheric photooxidation systems, including
reactions of acyl peroxy radicals, radicals with both 8 double
bonds and «-OH groups, abstractions from an HCO group
with a B double bond, H shifts with transition state rings
larger than eight or nine, and several other cases. Therefore, it
was necessary in this work to extrapolate or extend the work
of Vereecken and Noziere (2020) to allow for 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 Sect. S1.5.5. In order to provide
a basis for estimating rate constants, the various factors af-
fecting the 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)

y e—{EaO(H,R)—t-Eas"“i“(H,R,n)+EaC°"(SUbS’”)} /RT (D)
where nH is the number of equivalent abstractable hydro-
gens; A(n,ts) is an Arrhenius A factor assumed to be de-
pendent only on the size of the transition state ring, n, and
the type of transition state, ts; EaO(H,R) is the activation
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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 RCO3

Alkoxy Carbonyl Alcohol ‘ Alkoxy Alcohol
Primary or secondary RO» 0.5 0.25 0.25 0.8 0.2
Tertiary ROy 0.5 - 0.5 1.0 -
Any RCO3 0.8 - 0.2 1.0 -

energy in cases where there is no strain or substituent cor-
rections 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) is correc-
tions 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 var-
ious ring sizes. These were then used to estimate Ea” and
Ea*"™n for cases not covered by the original SARs. The rec-
ommended substituent correction factors were used to derive
Ea®" to use in Eq. (1), 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 rad-
icals is presented in Fig. 3, which shows the rate constants
for the transition state ring size (generally six to eight) that
gives the highest rate constant. These maximum rate con-
stants for the different types of reaction range in magnitude
from~3x10"0to~7x 10051 , 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 be-
tween unimolecular and bimolecular reactions of these radi-
cals, so the estimated rate constant would have an impact on
predicted mechanisms.

The H-shift reaction from unsubstituted -CH3 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 radi-
cals. This indicates that this is an important process for many
radicals that must be considered when implementing mecha-
nisms into models.

https://doi.org/10.5194/acp-25-199-2025

The rate constant estimates that were derived directly from
the SARs of Vereecken and Noziere (2020) are based on re-
sults of quantum-theoretical calculations and may be good
to within a factor of ~ 10, and they can predict the ex-
perimental 298 K rate constants to within a factor of 3, as
shown in Fig. S12 in the Supplement. 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
Sect. 1.5.5, 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 radi-
cals either by Vereecken and Noziere (2020) or in this work.
However, Vereecken et al. (2021) do include calculations for
cyclic peroxy radicals that could be used when MechGen is
updated but give 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 structure. Although these are not unreason-
able assumptions, some isomerizations will be overestimated
and others will be overlooked. The practical effects of these
uncertainties have not been assessed, but such an assessment
may give an indication of priorities in future theoretical or ex-
perimental studies of unimolecular reactions of peroxy radi-
cals formed from terpenes and other cycloalkenes.

4.7 Ring closure reactions of unsaturated peroxy
radicals

The current estimated mechanisms for aromatics, dis-
cussed above in Sect. 3.4, assume two additional types of
unimolecular reactions of OH—aromatic—O; adducts to ac-
count for observed aromatic product formation and reactiv-
ities, both involving ring formation. These are shown as re-
actions labeled [b] and [c] in Fig. 1. These reactions are ac-
counted for in the process of generating reactions of OH-
aromatic adducts as discussed in Sect. 3.4, and thus their rate
constants do not need to be estimated to generate mecha-
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Figure 3. Estimated peroxy H-shift isomerization rate constants for the most favorable ring size for various H and R group pairs without
B-substitution corrections. Also shown are upper and lower rate constant limits used during the mechanism generation. The nomenclature is
as follows. H group with substituents (if applicable), where -O, = «-OH or -OR substituents. -CHy =/En: B double bond by the H group,
with at least one double-bond group in the transition state ring. -CH,/Ex: 8 double bond not in the transition state. -OxDB: both «-O, and a
double-bond substituent. /EnEx: two 8 double bonds by the H group.

nisms for aromatics. However, these reactions may also be
non-negligible in non-aromatic systems, since neither the re-
actants and products nor the transition states have aromatic
rings. The reactions shown in Fig. 1 can be generalized as
follows.

—CX=CX-CX=CX-CX,-CX,-00-

— —CX=CX-CX[*]-*CX-CX},-CX,-0-0*  [b5]
~CX,-CX=CX-CX=CX-CX,-00"
— —CX,—*CX-CX[*]-CX=CX-CX,-00*  [b7]
~CX=CX-CX=CX-CX,-CX,-00-
— —CX=CX-*CX-0-CX*-CX,~-CX,-0+  [c5]
~CX,-CX=CX-CX=CX-CX,-00-
— —CX,—*CX-0-CX*-CX=CX-CX,-0+  [c7]

Here, 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 be-
coming an alkoxy radical center. Note that the reactions la-
beled [b5] and [c5] involve five-member ring products or
transition states, while those labeled [b7] and [c7] involve
a seven-member ring. Since these reactions apparently dom-
inate over bimolecular reactions when formation or interme-
diacy of both five- and seven-member rings is involved, one
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would reasonably expect them to be even faster in acyclic
systems where only one new ring is involved.

Since six- or seven-member rings tend to have less ring
strain than five-member rings (see discussion of peroxy H-
shift reactions in Sect. 1.5.5 of the Supplement), one would
expect the analogue involving formation or intermediacy of
six-member rings also to be fast, e.g., the following.

—CX=CX-CX=CX-CX,-CX,-CX,-00-

— —CX=CX-CX[*]-*CX-CX},—CX,-CX,-0-0*
— —CX=CX-*CX-0-CX*-CX,~CX,~CX,-O¢

[b6]
[c6]

Therefore, to be consistent with the aromatics mechanisms,
the above six types of reactions are generated for peroxy rad-
icals with conjugated double bonds in the «, 8, or y posi-
tions, 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 Sect. 3.4 in the context of the aro-
matic 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.
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Therefore, when generating mechanisms for peroxy radicals
with conjugated double bonds in the «, 8, or y positions, we
assume that

cyclic peroxide fraction = kps/ (kbs + kcs)

= kpg/ (koo + kc6)

= ku7/ (kv7 + ke7) = 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 rea-
sonably consistent with our treatment of aromatic-ring addi-
tion reactions. However, formation of these types of peroxy
radicals is probably relatively rare in atmospheric systems, so
the practical effect of this uncertainty in atmospheric mecha-
nisms may be relatively small.

Note that, as discussed in Sect. 3.4, the epoxide-forming
cyclization reaction may not be as important in aromatic sys-
tems 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 Mech-
Gen is updated.

It is also possible that ring closure involving only single
double bonds may be non-negligible. However, if such re-
actions were to be significant, they should be important in
the isoprene + OH reaction system, resulting in the forma-
tion 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 mech-
anisms primarily from the reactions of peroxy radicals with
NO and NO3 and to a lesser extent by their reactions with
other peroxy radicals, as discussed above. These can undergo
a variety of reactions in atmospheric systems, and this leads
to much of the complexity in atmospheric reactions of or-
ganic compounds. The types of alkoxy radical reactions that
MechGen considers and how their rate constants are esti-
mated are summarized in Table 12. These reactions are dis-
cussed further below.

Note that alkoxy radicals formed in the reactions of
peroxy radicals with NO could be formed with up to
~ 12 kcal mol~! of excitation energy, which would affect es-
timates for unimolecular reactions that are not highly ther-
mochemically favorable (Orlando et al., 2003). This is not
taken into account in current estimates of unimolecular re-
actions of these radicals but will need to be considered for
future updates of the system.
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5.1 Bimolecular reactions

Primary and secondary alkoxy radicals can react with O, via
abstraction of an «-hydrogen to form HO, and the corre-
sponding carbonyl compound, as shown for the first three re-
actions in Table 12. Available data concerning rate constants
for this reaction are discussed in Sect. S1.7.1. These data sug-
gest that the rate constant may only depend on whether the
radical is primary or secondary, and the following rate con-
stants are assigned for estimation purposes:

k(~CH,0+ + 0;) =2.38 x 10~ *exp(—0.38/RT)

=1.25x 10~ cm? molec.”s7!

k" = 6.4 x 10*s7

k(~CH[O*]- 4 05) =1.95 x 10~ "% exp(—0.59/RT)
=7.27 x 10* cm> molec. ! s7!
(k" =3.8 x 10*s™1),

where the rate constant is given for 298 K and k"™ is the
pseudo-first-order rate constant for 1atm of air. Note that
separate assignments are given for rate constants for reac-
tions of O, with methoxy or ethoxy radicals (see Table S56),
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 rad-
ical species with relatively high rate constants, the atmo-
spheric levels of NO, are many orders of magnitude less
than those of O, and the rate constants are not sufficiently
high for these reactions to be competitive. Therefore, reac-
tion with O, is the only type of bimolecular reaction gener-
ated for alkoxy radicals. The only exceptions for the types
of radicals handled by MechGen are tertiary alkoxy radicals,
where S-scission decompositions are estimated to be favor-
able, or phenoxy radicals, which are discussed separately in
Sect. 6.1.

5.2 [-scission decompositions

Most alkoxy radicals can undergo B-scission reactions,
where a bond on the carbon bonded to the oxy radical cen-
ter breaks, forming a carbonyl group and a fragment radical.
These types of reactions can be represented as

R{CH,0O+ — R+ HCHO (R6)
R{CH[O*]R; — R{*+ R,C(=O)H (R7)
RiC[O°](R2)R3 = R+ RyC(=0O)R3 (R8)

R,C(=0)0+ — R;++CO, (fast), (R9)

where the R’s are any group next to the alkoxy radical
group except —H. Decompositions of acyl oxy radicals (Re-
action R9) are expected to be fast and thus are the only fate of
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Table 12. Summary and examples of reactions of alkoxy radicals as derived using MechGen.

Types Reactions?

Rate constant estimation

~CH,0++ 05 — HO»+ ~CHO

See Sects. 5.1 and S1.7.1

Reaction with Oy

_CH(0*) + 0y — HO»+ —C(O)-

HC(0)O+*+ 05 — HOy+ CO,

Assumed to be fast?

X,C=CXO++ 05 — X,C(00+)C(0)X

Assumed to be fast? ¢

XCH,0+ — X++ HCHO

B-scission decompositions

XCHX'O+ — X++ X'’CHO

See Sects. 5.2 and S1.7.2

XCX,H0+ — X++ X'CO)X/

XC(0)O+* — X+ COy

Assumed to be fast?

H-elimination decompositions

XCH,0+ — XCHO + H-

See Sects. 5.3 and S1.7.3

XCH(0+)X' — XC(O)X'+ H-

H-shift isomerizations

HCX,—~(Y),—CX,0+ — *CX)—(Y),~CX,0H

See Sects. 5.4 and S1.6

o ester and « nitrate rearrangement

X CH(0*)0OC(0)X' — XC(0)* + X'C(0)OH

See Sects. 5.5 and S1.7.4

XCH(O+)ONO, — XC(0)*+ HONO,

@ The following codes are used for unspecified groups: X is any non-radical group except —H; X is —H or any non-radical group; Y is any stable
compound group that is bonded to at least two other groups, except =C=, =C—, and —aCy; and Y is as above but excludes =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.

¢ Vinoxy radicals are expected to exist in resonance with a carbon-centered radical form, e.g., X,C=CXO* < X,C[*]C(O)X, which rapidly adds O,

under atmospheric conditions.

these radicals considered in MechGen. However, this is not
the case for alkoxy radicals in general (Reactions R6-R8),
where, depending on the structure of the radical, these re-
actions can be very fast and dominate over other reactions
or they can be negligible compared to a reaction with O,
or other types of unimolecular reactions such as H shifts.
Note that the relative importance of the decomposition re-
actions 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 8-
scission reactions and methods for their estimation are dis-
cussed in Sect. S1.7.2. These include experimentally mea-
sured rate constants given by Orlando et al. (2003), theoreti-
cally calculated rate constant parameters from Vereecken and
Peeters (2009), and rate constants derived from results of ex-
perimental 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.

k(T)(s™") =n x 1.0 x 10'* x exp(—Ea/RT)
Ea(kcal mol~!) = EaR(Rad) + EaP(ProdType)
+ EaRc(R.Subst) + EaPc(P.Subst) + R.Corr(Ring)

Here, k is the unimolecular rate constant at temperature 7" per
second; n is the number of equivalent R groups on the radi-
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cal; 1.0 x 10" s~ 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 reac-
tion. 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 (Re-
actions R6-R8, respectively); R.Subst refers to substituents
on Ry; P.Subst refers to substituents R, or R3, if applicable;
and Ring refers to the presence of rings on the alkoxy rad-
ical at or adjacent to the radical center. The derived or esti-
mated values of these parameters are given in various tables
in Sect. S1.7.2. Values of representative parameters are given
in Table 13.

From Table 13 it can be seen that the estimated activa-
tion energies range from near 0 to ~ 20 kcal mol~! or higher.
Note that an activation energy of ~ 12 kcal mol~! would give
a rate constant that is comparable to the pseudo-unimolecular
rate constant for the reactions of primary or secondary alkoxy
radicals with Oy, so reactions with higher activation energies
would generally be negligible, while those with lower Ea val-
ues could potentially be the dominant process unless another
type of unimolecular reaction (e.g., a 8 scission involving a
different group or an H shift) is also estimated to be fast. De-
compositions are usually important for tertiary alkoxy radi-
cals not only because reactions with O; are not possible but
also because their f-scission decompositions are generally
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Table 13. Representative values of parameters used to estimate activation energy of $-scission reactions.

Radical formed?® ‘ Product formed ‘

Substituent corrections ‘

Ring corrections

Type EaR ‘ Type EaP ‘ Substituent EaRc  EaPc ‘ Type Size R.Corr

Methyl 18.5 | HCHO 0 | —Alkyl 0 0 Ring is 3 -7.1

Primary 15.5 | Cp4 aldehyde —2.2 | —Allyl —50 —2.0 | broken 6 0.0

Secondary 12.8 | Ketone -39 | -C(=0)X —-1.3 0.8

Tertiary 10.7 -0X —3b —4b Ring on 3 2.0

HC(O). 11.4 -ONO2 0b —1.1 | radical 6 1.8

RC(O). 9.3 —CHx-O- O 1.1

Alkoxy 18> —CH,-OH 0 —0b | Ringon 3 72
product 6 —0.3

@ Parameters are all in units of kilocalories per mole (kcal mol ™). 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

Sect. S1.7.2 for the specific values.

estimated to be relatively fast. Decompositions can also be
important for primary or secondary radicals.

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

5.3 H-elimination decompositions

Primary and secondary alkoxy radicals can also undergo -
scission reactions by H elimination, forming a carbonyl prod-
uct and a hydrogen atom. Available information and esti-
mates for the rate constants for these reactions are discussed
in Sect. S1.7.3. The rate constants for these reactions appear
to be enhanced by the presence of «-oxygen substituents, so
three types of these reactions are considered.

RCH[O+]X — RC(=0)X + H- (R10)
ROCH[O+]X — ROC(=0)X + H- (R11)
ROCH[0+]0X — ROC(=0)OX (R12)

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

k(T)(s™") =n x 3.3 x 10'3 x exp(—Ea/RT)

Ea; = Eag(kcalmol_l) =13.5+0.52AH,

Eaz(kcalmol ') = 11.5 +0.52AH,,

where Eaj, Eay, and Eas refer to the activation energies for

reactions of types 1, 2, and 3, respectively. The estimate
for Eas is uncertain and is strictly speaking an upper limit;
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i.e., rate constants for H-elimination reactions of alkoxy rad-
icals 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
of the alkoxy radicals with O, because the eliminated H-
rapidly forms HO,. These estimates indicate that the H-
elimination reaction is negligible compared to the O, re-
action if there are no «-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 es-
timates for Eaz have a practical effect on generated mecha-
nisms.

5.4 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 rad-
ical with an —OH substituent. These are similar to the H-
shift isomerizations that were previously discussed for per-
oxy radicals (Sect. 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 es-
timate 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 doc-
umented (Carter, 2000). The method used for SAPRC-99
has been subsequently updated for SAPRC-18 to incorpo-
rate evaluated experimental data (Atkinson, 2007; TUPAC,
2023), results of theoretical quantum chemistry calculations
of Vereecken and Peeters (2010), and upper-limit rate con-
stants derived from various product studies, as given in Ta-
ble S50. This updated method is documented in the Supple-
ment in Sect. S1.6.3.

The rate constants for alkoxy H-shift reactions are esti-
mated in the same way as for peroxy radicals, using Eq. (3) in
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Sect. 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 a more lim-
ited amount of theoretically calculated data available at the
time, this method was last updated in the mid-2010s; only a
single set of ring-size-dependent A factors and Eas"™" val-
ues were derived, and Ea® values were derived using only
four types of H groups (-CH3, -CH,—, -CH<, and —-OOH),
with no distinction being made between primary, secondary,
or tertiary alkoxy radicals. To compensate for this, a larger
number of substituent correction factors were employed. The
A factors and strain energies used are given in Table S25; the
Ea® values are given in Table S26; and the Ea®™ values are
given in Tables S16, S27, and S28. 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 Ta-
ble 14, which also shows the ratios of these rate constants to
the pseudo-unimolecular rate constant for the reaction of sec-
ondary alkoxy radicals with O in the atmosphere. It can be
seen that 1,4-H-shift isomerizations, with six-member ring
transition states, are ~ 10-350 times faster than an O, reac-
tion, while those involving 1,5-H shifts are ~4-130 times
faster, while 1,2-H, 1,3-H, 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 cen-
ter 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, partic-
ularly 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
B-scission decompositions with comparable estimated rate
constants.

5.5 Ester and nitrate rearrangements

Alkoxy radicals with an «-hydrogen and either an ester or
nitrate group in the o position can undergo a second type of
H-shift isomerization, where the «-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 five-
member ring transition state, e.g.,

Ester rearrangement Nitrate rearrangement

H H
H O Q H O ‘o
" v ~ - M O ! . \
0o-Cc._c-x — Os¢” c—x 0-C._N=0 —» Os¢’ N=0
x © x © x © X

Evidence for these reactions and their measured or estimated
rate constants are discussed in Sect. S1.7.4. Based on limited
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data, the following rate constants are estimated.

RC(O)OCH,0* — RC(O)OH + HC(O)*  kaog =6 x 10*s™!  (R13)
R, C(O)OCH(O*)Ry — RjC(O)OH+RyC(0)*  kpgg =4 x 10’s~1  (R14)
RCH(O*)ONO; — HNO3 +RC(O)* kg =13x10°s71  (R15)

This predicts that the ester rearrangement of primary alkoxy
radicals with ester substituents occurs at a similar rate as re-
action 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 com-
peting H-shift or B-scission decompositions, as well as the
reaction with O,. On the other hand, the nitrate rearrange-
ment is predicted to be slower than the O, reaction, so it is
not expected to be important in atmospheric systems.

Formation of «-nitrato alkoxy radicals that might undergo
the nitrate rearrangement is not expected to be as important
in atmospheric-oxidation systems because «-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 Sect. 3.2.1, rather
than reacting to form the alkoxy radical. Therefore, any un-
certainties in estimating rate constants for this reaction are
not expected to be important.

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

5.6 Cyclization reactions

Unsaturated alkoxy radicals could possibly undergo cycliza-
tion reactions where the alkoxy radical adds to the double
bond, e.g., the following.

—CX=CX-CX3-0°* — —CX[*]-*CX-CX,-0* (a)
CX=CX-CX,-0* — —*CX-CX[*]-CX,-O* (b)
—CX=CX~(CX3),—-CX,-0* — —CX[*]-*CX—~(CX»),-CX,-0*  (¢)
CX=CX~(CX35),-CX3-0° — —*CX-CX[*]-(CX3),—CX,-O* (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 form-
ing a-hydroxy alkyl radicals. However, theoretical calcula-
tions and experimental data suggest that the epoxide forma-
tion reaction of S-unsaturated alkoxy radicals (process (a),
above) is important following the addition of NOj3 radicals
with isoprene; Carlsson et al. (2023) and Vereecken (2018)
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Table 14. Representative 298 K rate constants for H-shift isomerizations of unsubstituted alkoxy radicals.

Ring size Shift from —CH3 ‘ Shift from —CHp— ‘ Shift from —CH < ‘ Shift from -CHO
k™Y k/klO2] | kT k/K[O2] | k(T k/K[O2] | k(T k/K[Os]
5 89x1073 2x1077 | 85x1072 2x107% | 28x107! 8x107% | 33x10"! 9x10°°
6 3.5 % 10° 930 | 33x10° 89 1.1 x 107 295 1.3 x 107 346
7 1.3x10° 3.48 1.2 x 100 33| 4.1x10° 110 | 4.9 x 10° 130
8 4.3 x 102 0.01 4.1x 103 0.1 1.4 x 10* 0.4 1.6 x 104 0.4
9 72x100 2x1073 6.8 x 102 0.02 | 23x103 0.06 | 2.7x10° 0.07

suggested that this reaction may also account for the miss-
ing mass balance in aromatic systems (see Sect. 3.4). This
epoxide-forming reaction being non-negligible in aromatic
systems but not in the case of isoprene oxidation could be at-
tributed to B-scission decompositions forming «-nitrato- or
a-peroxy-substituted alkyl radicals in the aromatic systems
being much faster than decompositions forming «-hydroxy
radicals formed in the isoprene systems. However, our cur-
rent estimates discussed in Sect. 5.2 and the Supplement are
based on the isoprene system. Note, however, that the com-
peting cyclization process (b) is estimated to be somewhat
more thermochemically favored, and cyclizations forming
larger rings (e.g., (c) and (d), above) are even more thermo-
chemically favored, though they have not been suggested in
published mechanisms to our knowledge.

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 Mech-
Gen is updated.

6 Reactions of other types of radicals

The previous sections focused on the reactions of unsubsti-
tuted 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 dis-
cussed in the subsections below. Note that CIs are discussed
separately in Sect. 7.

6.1 Phenoxy radicals

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

MechGen assumes that the mechanisms for the reactions
of phenoxy with O3 and HO; are as expected for general
alkoxy systems and involve simple O or H transfers, as fol-
lows.

BzO++ O3 — BzOO-+ O,
BzO-+ HO; — BzOH + O,

koog = 2.86 x 1013
kaog = 2.08 x 10~12

The rate constants are in cm> molec.”! s™1; the one for O3
is from Tao and Li (1999), and that for HO; is estimated to
be the same as for methoxy + HO» (Assaf et al., 2018). The
O3 reaction is not a net sink for phenoxy radicals because
they can be regenerated by reactions of phenyl peroxy rad-
icals with NO. This reaction will also convert NO to NO»,
which can also regenerate O3 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 NO,.
Alkoxy radicals are expected to react with NO,, forming the
corresponding nitrate, but for most alkoxy radicals this is mi-
nor 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 result-
ing in no net reaction, analogous to the formation of alkyl
peroxynitrates discussed in Sect. 2.3. Instead, the reaction is
assumed to occur as follows:

9 2 9
H . H _.C - H, L
E e A o
c...C 2 c. A
H'c'r‘:"c\u H et H ‘g‘c‘n °
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 car-
bon where the NO;, added it will undergo a fast unimolecu-
lar rearrangement to a nitrophenol as shown above and dis-
cussed in Sect. 2.3.2. This is consistent with theoretical stud-
ies (e.g., Batiha et al., 2012) and products formed in reac-
tions of phenols with NO3 (e.g., Calvert et al., 2002, 2011).

oH o
s Mg LS, 08} = 2
wegty o K298)=208x10
H
9
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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 is as-
sumed not to affect the rate constants or mechanisms of the
bimolecular reactions of phenoxy radicals. Note that the or-
tho 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 Sect. 2.1.3 above.
Those with «-hydrogens are assumed to react primarily with
O, forming HO; and the corresponding amide,

X,CHN[*]X + Oy — X,C=NX+ HO,,

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

koo = 4.4 x 10711
koo =2.8 x 1071
k=2.8x10"1,

XoNe+NO+ M — XoNNO + M
XoN++NOy + M — XoNNOy + M
XoNe+HOy — XoNH + Oy

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) recom-
mendation for their reactions with ethoxy radicals, while the
rate constant for the reaction with HO» is estimated to be ap-
proximately 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 a-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 -
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 #-butyl amine and
2-amino-2-methyl-1-propanol (Carter, 2008). This is not ex-
pected to be the case with other amines, where results of
chamber experiments do not indicate significant radical in-
hibition 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
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that their major fate is the addition of O, to form highly ex-
cited Criegee intermediates, e.g.,

X,C : 40, + M — X,C[00] {excited} + M ,

where {excited} indicates excitation. Reactions of excited
and stabilized CIs are discussed in the following section.
Note that CIs formed from reactions of O, with carbenes are
expected to have much higher levels of excitation than those
formed from the reactions of O3 with alkenes, which affects
estimates of stabilization in some cases.

7 Reactions of Criegee intermediates

Criegee intermediates (CIs) are highly reactive intermediates
with a general structure of X,COQO that are formed primar-
ily in the reactions of O3 with alkenes. These can have either
zero, one, or two substituents, and those with one or two dif-
ferent 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

[e]
Rho—g R,-syn-C[OO]R,

W O R, 9 ) Ho 9
ibe=0 HCIOO]  fsc=g RCH[OO $m]  Hro=g RCHIOO 4mi] g

They are also formed to a lesser extent from the reactions
of O3 with alkynes and in the reactions of O, with carbenes
formed in some photolysis reactions. In all cases they are ex-
pected 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 be-
cause, except for reactions of O3 with cyclic compounds, the
available energy is distributed among two fragments. In some
cases the excitation may be sufficient to allow for intercon-
versions between syn and anti, though Vereecken et al. (2017,
2022, and references therein) calculated that the isomeriza-
tion 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 inter-
mediate is stabilized. The excited intermediates can undergo
unimolecular decompositions or be collisionally stabilized,
and the stabilized intermediates can also undergo unimolecu-
lar reactions or react with water, though reactions of stabi-
lized intermediates involving interactions between the sub-
stituent and the Criegee oxygens requires that the substituent
be in the syn configuration.

For estimation purposes, we make the assumptions that
CIs 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 deter-
mined only after they are stabilized. This is an oversimpli-
fication because the excited CIs may actually have differ-
ent configurations and may not always interconvert rapidly
compared to decompositions. However, available experimen-
tal and theoretical data are insufficient to derive the addi-
tional parameters required to make separate configuration-
dependent estimates for excited as well as stabilized CIs. In
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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 dif-
ferent if the configuration were taken into account for ex-
cited CI reactions, the predictions would be similar. How-
ever, when applied to systems for which no data are avail-
able, the parameters and the predictions may be different and
are therefore more uncertain.

Information and estimates about the reactions of excited
and stabilized CIs are discussed in Sect. S1.9. Briefly, the
mechanisms adopted for MechGen are based largely on the
TUPAC (2023) reviews of the reactions of O3 with ethene and
alkenes with methyl substituents and on the theoretical calcu-
lations of Vereecken et al. (2017) on the possible unimolecu-
lar reactions of the intermediates. Note that Vereecken et
al. (2022) provided a more recent update on the reactions of
oxygenated and unsaturated Cls, 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 «-
hydrogens and also stabilized intermediates with such a
group in the syn position are assumed to undergo the vinyl
hydroperoxide (VHP) rearrangement, where the a-hydrogen
transfers to the OO group, forming an excited VHP, which
then decomposes to OH and an «-carbonyl radical (e.g.,
Reactions R8, R24, R25-R27, R36, and R38 in Table 15).
Vereecken et al. (2017) calculated these were relatively fast
even for stabilized intermediates.

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 R12 and R26 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 «
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 y-hydrogen to form a highly excited al-
lylic hydroperoxide, which then rapidly decomposes to form
OH and an allylic carbonyl; this is shown as a single process
in Table 15 and Reactions (R13) and (R27). 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 rear-
ranges and decomposes to ultimately form the ring-opening
products shown as Reactions (R16), (R30), (R37), and (R39)
in Table 15. Vereecken et al. (2017) calculates that internal
cyclization reactions are more rapid than the VHP rearrange-
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ment, 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 per-
oxy ether, but we assume that the subsequent rearrangement
and decomposition is also fast (see Sect. S1.9.2).

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., Re-
actions R1-R5, R9-R11, and R19-R21 in Table 15). These
reactions are assumed only to occur when the intermedi-
ate is excited. These estimates are based on data for simple
alkenes and may not correctly predict products formed from
more complex CIs 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 ClIs with «-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.,

0 JoN o}
Q9 - P = P
c-C C=C c—-C
R/ R, RY R R “R,.

It further assumes that the most reactive isomer determines
the subsequent reactions or that a reaction of either form is
equally likely if they undergo the same types of reactions. Al-
though Vereecken et al. (2017) discussed a possible reaction
forming primary ozonides, they did not include discussion of
this particular O-atom rearrangement reaction. However, cal-
culations by Cremer et al. (2001) on the O3 4 acetylene sys-
tem suggest 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 as-
sumed to react with H,O, forming an «-hydroxy hydroper-
oxide (Reaction R40 in Table 15). If not, they are assumed
to isomerize to the corresponding dioxirane (Reaction R41).
MechGen treats both of these as non-radical products when
generating mechanisms. MechGen does not consider effects
of substituents in these cases.

MechGen currently does not consider photolysis of stabi-
lized ClIs, but loss by photolysis may well be non-negligible
for the less reactive intermediates. [UPAC (2023) evaluated
data concerning photolyses of the simpler Criegee interme-
diates and gave recommended cross-sections for unsubsti-
tuted and methyl-substituted intermediates. They also rec-
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Table 15. Summary of types of Criegee intermediates and the reactions generated for them.

Criegee type? Reactions? ‘ Branching ratios, notes®
Excited CH,[0O] (R1)  Stabilization | 0.42 1
(R2) —HCO-+ OH | 0.17
(R3) — COy+ Hjy | 0.18
(R4) — CO +H,0 | 0.18
(R5) — CO,+2H | 0.05
Excited RCH[OO], where (R6)  Stab. to Xo,CHCH[OO syn] ‘ 0.33 x SF; 2,3,4
R is XpCH- (R7)  Stab. to Xo,CHCH[OO anti] | 0.67 x SF;
(R8) — *CX,CHO + OH | 049 x (1 — SF)) 2
(R9) — R+++C(=0)OH | 0.10x (1 — SFy)
(R10) — RH+ CO, | 0.26 x (1 — SF})
(R11) — ROH + CO | 0.14x (1 —SF))
Ris OH (R12) — HC(=0)0++ OH | Reaction fast 5
R is CHX,-CX' =CX"- (R13) — -CX,CX’=CX"CHO + OH ‘ Reaction fast 5
R is CXp =CX- (R14)  Stab. to CX,=CXCH[OO syn] | 0.33 x SF; 3,4
(R15)  Stab. to CXp=CXCH[OO anti] | 0.67 x SF)
(R16) — +CX,C(=0)X ++C(=0)H | 1—SF, 6
R is none of the above (R17)  Stab. to RCH[OO syn] ‘ 0.33 x SF; 3,4
(R18)  Stab. to RCH[OO anti] | 0.67 x SF,
(R19) — Re+ +C(=0)OH | 0.10x (1 —SF)) 7
(R20) — RH+ CO, | 0.26 x (1 — SF))
(R21) — ROH + CO | 0.14x (1 —SF))
SF{(nC)=min (1.0, 0.21 4 0.065 x nC); SF{(2) =0.35; SF{(12) = 1.0 4
Excited R| C[OO]R,, where (R22)  Stab. to R{—syn—C[OO]R, | 0.5x SF, 4
Ry is XpCH-, R, is X/pCH- (R23)  Stab. to R{C[0O]-syn-R, | 0.5x SF,
(R24) — +*CX,C(=0)R,+ OH | 0.5x (1 —SFy) 8
(R25)  — R|C(=0)CX}+ OH | 0.5x (1 —SFy)
R is OH, any Ry (R26) — RpC(=0)0. + OH ‘ Reaction fast 8
Rj is CHX,—CX’ =CX"—, R, is not OH (R27) — -CX,CX'=CX"C(=0)R,+ OH ‘ Reaction fast 8
R is CXy =CX—, Ry is not OH or CHX»,-CX=CX- (R28) Stab. to CX,=CX-syn—C[OO]-R, ‘ 0.5 x SF» 4

(R29)  Stab. to CX,=CX-C[OO]-syn-Ry | 0.5 x SF)

(R30) — *CX,C(=0)X ++C(=0)R3 \ 1 - Sk, 6

R is XoCH—, Ry is none of above (R31)  Stab. to R{—syn—C[OO]R, ‘ 0.5 x SF» 4
(R32)  Stab. to R{C[OO]-syn-R, | 0.5x SF, 8
(R33) — «CX,C(=0O)R,+ OH \ 1 — SF,
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Criegee type? Reactions? ‘ Branching ratios, notes®
Ry, Ry = none of the above (R34)  Stab. to R{—syn—C[OO]R, ‘ 0.5 9
(R35)  Stab. to R{C[OO]-syn-R, | 05 9

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

Stabilized X, CHCH[OO syn] (R36) — *CX,CHO + OH ‘ Reaction fast 5
Stabilized X,C=CXCH[OO syn] (R37) — CX,C(=0)X 4+ HC(=0) ‘ Reaction fast 6
Stabilized X, CH-syn—C[OO]R3 (R38) — +CX,C(=0O)Ry+ OH \ Reaction fast 6
Stabilized X,C=CX-syn—-C[OO]JR  (R39) — *CX;,C(=0)X ++C(=0O)R \ Reaction fast 6
Other stabilized XC[OO]X' (R40) +H>0 — X,C(OH)OOH \ If H>O option 10

(R41) —*X,COO* (dioxirane) | If not HO option 10

2 X is H or any group, R is any group other than —H or as indicated below, syn and anti refer to the orientation of the group with respect to
the C-OO0 bond, * refers to ring closure, SF is the 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.

¢ 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 4 O3 reactions.

2 The reactions and branching ratios of excited CH3 CH[OO] are based primarily on the recommendations of IUPAC (2023) in their review
of the reactions of O3 with propene and the 2-butenes, with some adjustments as discussed in the Supplement.

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 CIs are
formed, except that SF is assumed to be O 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 they are 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 vinyl hydroperoxide (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 VHP reaction set to 0 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 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.

ommended assuming unit quantum yields for the photolysis-
forming O®P and the corresponding carbonyl. The recom-
mended absorption cross-sections correspond to rate con-
stants for loss by photolysis of ~0.15s~! with direct over-
head 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 environ-
ment. 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 CIs, and footnotes in-
dicate how they were derived. More details are given in
Sect. S3.7. The branching ratios used for unsubstituted and
methyl-substituted intermediates are based primarily on IU-
PAC (2023) recommendations and include VHP and hot-
acid reactions of the excited intermediate, with the stabiliza-
tion fraction being 42 % for HoC[OO] and 35 % for the two
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methyl-substituted intermediates. It is assumed that the VHP
reactions also occur with stabilized intermediates if the sub-
stituent with the group with the a-hydrogen is in the syn ori-
entation.

Estimates for larger alkyl-substituted intermediates are
more uncertain, but the reactions are assumed to be analo-
gous 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 as-
sumed to occur for disubstituted intermediates, where the
hot-acid reactions are not possible.

The largest uncertainties concern stabilization fractions for
the larger CIs or intermediates formed in reactions where
there is not a separate carbonyl co-product, such as reactions
of O3 with double bonds in a ring or with triple bonds. As
discussed in the Supplement, best fits to the observed OH
yields in O3 + alkene reactions (Calvert et al., 2000) and in
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simulations of NO oxidation and O3 formation rates in some
chamber experiments with alkenes (see, e.g., Carter, 2000,
2010b) are obtained if it is assumed that (1) stabilization in-
creases 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 mono-
substituted Criegee intermediates are stabilized, with the en-
hancement (somewhat arbitrarily) being assumed to be a fac-
tor of 2. The assumption that stabilization energies do not
affect stabilization of intermediates formed with higher exci-
tation energies is questionable but is necessary to avoid sig-
nificantly overpredicting OH yields from cycloalkenes.

On the other hand, we assume that Cls formed from re-
actions of carbenes with O, are so highly excited that they
react before they are stabilized. In the case of unsubstituted
carbenes (Reactions R1-R5 in Table 15), we use a branching
ratio of 0 for Reaction R1 and increase the others accord-
ingly. In the case of substituted intermediates, the branching
ratios are as shown in S33, calculated using SF; or SF, =0.
This is uncertain, but carbene formation is generally not pre-
dicted except in some photolysis reactions (see Sect. 2.2.1).

MechGen does not consider all the many possible reac-
tions 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 as-
sumptions 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 bimolec-
ular reactions with species other than H,O, though such re-
actions may be non-negligible in some circumstances, such
as some laboratory experiments. Therefore, treatments of re-
actions of CIs must be considered to be uncertain and are an
appropriate area to update in future versions of MechGen.

8 Examples of results

Although application and analysis of mechanisms for indi-
vidual compounds are beyond the scope of the present pa-
per, examples of generated mechanisms, including numbers
of reactions and numbers and types of products, are given for
illustrative purposes. We generated mechanisms and prod-
uct yields at representative atmospheric NO, and radical lev-
els (see Sect. S3) for 38 representative compounds. These
include propane; the C4, Cg, Ci2, and Ci¢ n-alkanes; 2-
methyl alkanes; 1-alkenes; 2-alkanes; other representative Cg
branched alkanes; alkenes; aromatics; oxygenates; and repre-
sentative terpenes. Note that the generated mechanisms con-
sidered 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 se-
lected results for these compounds are given in Table S36.
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Selected results of the example mechanism generations by
MechGen are given in Table S36 and in Fig. 4. As will be
discussed in the corresponding MechGen system paper that
is in preparation (Carter et al., 2024), 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 S36 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 involv-
ing bimolecular reactions with atmospheric species such as
OH, O3, and NO, species and peroxy radicals. The yield
data shown here were calculated based on reactions under
urban conditions where O3 formation is equally sensitive to
changes in VOC and NO,, which roughly represent condi-
tions 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 Sect. S3.1.

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 to-
tal yields of more than one group or (if they have more than
one of the same type of group) may contribute more than
1 mol 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 pres-
sures of generated compounds, using either the SIMPOL
(Pankow and Asher, 2008) or EVAPORATION (Comper-
nolle et al., 2011) group contribution methods. The SIM-
POL method was used here for illustrative purposes because
it provides estimates for a wider range of compounds. Es-
timated vapor pressures were used to estimate the equilib-
rium fractions of the first-generation products in the con-
densed phase at an assumed total organic aerosol level of
50ugm~3. The estimated total fractions of the products in
the condensed phase (sum of product yields times the frac-
tion of each in the condensed phase) are given in Table S36
and included in Fig. 4. More information about the method
used is given in Sect. S2.2. Figure 5 shows the fraction of
products in the condensed phase as a function of the car-
bon number for all 38 compounds. As expected, the yields
of condensed-phase products increase with the carbon num-
ber, with the yields becoming significant for most Cj>4 com-
pounds, though they are highly variable with the 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 prod-
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Figure 4. Comparisons of total mole carbon yields of various types of products for generated mechanisms for reactions of representative Cg
compounds and terpenes. Notes are as follows. [a] Sum of carbons in products with the indicated groups. [b] Sum of carbons in multifunc-
tional products with two or more different non-alkyl groups on the same carbon. [c] Sum of carbons in products multiplied by the fraction of

the product in equilibrium with the condensed phase for atmospheric organic aerosol levels of 50 ugm™-.

ucts formed in subsequent generation reactions, which tend
to form lower-volatility products than first-generation reac-
tions (see, e.g., Aumont et al., 2012, 2013). A comprehensive
investigation of the use of MechGen to predict low-volatility
products is beyond the scope of this paper, but this is a po-
tentially useful area of future study and comparison with
GECKO-A predictions.

9 Discussion and conclusions

The MechGen system provides a means to derive nearly fully
explicit mechanisms for the reactions of most organic com-
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3

pounds 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 reduc-
tion approaches. The level of chemical detail that gener-
ated mechanisms potentially provide may not be necessary
for modeling urban O3 formation but may well be neces-
sary for developing or evaluating chemically based models
for the 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 stud-
ies. Like MCM, it is available to the general user online, but
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Figure 5. Estimated fraction of products in the condensed phase at 298 K and with 50 pg m=3 of background organic aerosol as a function

of the carbon number for representative compounds.

unlike MCM, it can be used to derive mechanisms for com-
pounds whose reactions have not been previously estimated.

Explicit chemical detail in and of itself does not guarantee
chemical accuracy or predictive capability. Detailed mecha-
nisms that incorporate incorrect rate constants and branching
ratios, incorporate reactions that do not occur, omit impor-
tant reactions, or incorporate inappropriate assumptions can-
not be expected to give reliable predictions and may provide
an illusion of accuracy and understanding that does not ex-
ist. On the other hand, if the mechanism generation process
appropriately incorporates our current knowledge and esti-
mates based on the best available expert judgment, then the
generated mechanism provides our best estimate for the re-
actions of the compound(s) of interest and, if our knowledge
is sufficient, has a reasonable chance of predictive capabil-
ity. However, our current knowledge of atmospheric reac-
tions 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.

9.1 Summary of areas of mechanism uncertainty

Most of the types of chemical reactions discussed in this pa-
per have at least some areas of significant uncertainty or areas
where simplifying assumptions have to be made to avoid ex-
cessive complexity either that is impractical to currently im-
plement 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 ap-
plied, 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.
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Sections of this paper and Supplement 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 ben-
eficial 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 uncer-
tainty may be reactions or reaction mechanisms that are not
currently considered and are therefore omitted entirely in at-
mospheric 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 lab-
oratory 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 mech-
anism generation systems played an essential role. Although
generated mechanisms are much too large for full three-
dimensional atmospheric modeling, they can serve as a ba-
sis for deriving more condensed mechanisms for modeling
application that still have a direct link to the underlying ba-
sic data and theories and where the effects of the simplifica-
tions and condensations can be systematically characterized.
Without these links, research and regulatory modeling may
not benefit from the emerging science in atmospheric chem-
istry.

Collection and evaluation of relevant laboratory and theo-
retical data are essential to detailed mechanism development,
both for direct incorporation into the mechanisms and to sup-
port the development of the many types of SARs needed for
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Table 16. Summary of major areas of uncertainty in the current mechanism generation system.

Uncertainty Discussion (section discussed)

Affects VOC lifetimes and product formation. Not a large uncertainty for the major VOCs or
mechanisms for mixtures but potentially significant for multifunctional products (Sects. 2.1, S1.2).

Organic + oxidant rate
constants

Organic photolysis reactions Affects radical initiation rates as well as VOC lifetimes and fates. Major oversimplifications for
larger and multifunctional compounds. Priority area for system update. Photolytic radicals from

aromatic-ring fragmentation products are uncertain (Sects. 2.2, S1.3).

Unimolecular reactions of
non-radical compounds

Affects product formation. MechGen includes one type of reaction that may actually be heterogeneous
or HyO-catalyzed but ignores others that may be equally important in real environments (Sect. 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 (Sect. 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 (Sects. 3.2.3, S1.4.3).

Other unimolecular reactions Affects product formation. Current assumptions are considered reasonable, but some need

of carbon-centered
radicals

experimental or theoretical verification (Sects. 3.2, 3.3, S1.4).

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 (Sect. 3.4).

Nitrate yields from NO
+ substituted peroxy
radicals

Affects radical and NOy 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 (Sects. 4.1, S1.5.2).

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 (Sects. 4.6, S1.5.5).

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 (Sect. 0).

B-scission decompositions
of alkoxy radicals

Affects amounts of fragmentation to lower-molecular-weight products. Data are 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 (Sects. 5.2, S1.7.2).

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 (Sect. 5.6). They may also affect aromatic-ring-opening mechanisms (Sect. 3.4).

Other alkoxy radical
reactions

Affects product formation. Uncertainty is variable, but even small estimation errors can affect
product predictions. Chemical activation effects are uncertain (Sects. 5, S1.7.3, S1.7.4).

Reactions of Criegee
intermediates

Affects radical initiation and product formation from alkenes. Stabilization and 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 (Sects. 7, S1.9).

Thermochemical estimates

Affects assessments of what reactions need to be considered and some 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 (Sect. A2).

Appropriate cutoff rules
for mechanism generation
efficiency

Affects the size of the mechanisms that are generated and the number of products that have to be
reacted in multi-generation mechanisms. Too high a cutoff will affect mechanism accuracy, and
one that is too low will affect mechanism efficiency and simulation times (Sect. 8).
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comprehensive mechanism development. The ongoing IU-
PAC (2023) and NASA (Sander et al., 2006, 2009) evalua-
tions provide an essential role in this effort, as have the books
by Calvert et al. (2000, 2002, 2008, 2011, 2015) on atmo-
spheric chemistry, and efforts like these need to continue.
Recently McGillen et al. (2020) made available a compre-
hensive collection of rate constants for reactions of organ-
ics with OH, O3, NOj3, and Cl atoms, and this data collec-
tion effort is continuing, and updates will be made avail-
able at https://data.eurochamp.org/data-access/kin/ (last ac-
cess: 23 June 2023). Similar collections are needed for other
types of reactions, particularly data to support SAR devel-
opment for the many types of radical reactions. The NIST
kinetics database (National Institute of Standards and Tech-
nology (NIST) Chemical Kinetics Database, 2023) is a use-
ful resource, but recommendations are not provided, and it is
limited to reactions of simpler molecules and radicals. Quan-
tum theory has become an increasingly important tool in de-
veloping SARs for radical reactions, since experimental data
are insufficient for this purpose. Compilations and evalua-
tions of available theoretical data are needed to take full ad-
vantage of this ongoing work.

Vereecken et al. (2018) reviewed the current status and re-
search needs for the development of SARSs for detailed chem-
ical 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 theo-
ries.

The predictive capabilities of atmospheric chemical mech-
anisms, 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 O3 forma-
tion consistent with results of environmental-chamber exper-
iments. Consistency with O3 formation in well-characterized
environmental-chamber data needs to be a priority for mech-
anisms 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 car-
ried out.

Many if not most of the areas of uncertainty in gener-
ated 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 ques-
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tionable estimates having almost no effects on predictions
and, in some cases, only moderate uncertainties in rate con-
stants having large effects. A systematic study of the effects
of the various types of uncertainties in 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 priori-
ties for future work.

The research needs do not end once a detailed mechanism
is developed and its predictive capabilities have been eval-
uated. 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 reduc-
tion method will depend on the intended application, with,
for example, detailed product predictions being a relatively
low priority in O3 models but a high priority in models for
SOA and toxics. Further discussion of reduction issues is be-
yond the scope of this work, though it should be noted that
MechGen as documented in this paper has been used to de-
velop updated versions of the SAPRC mechanisms for use
in airshed models for predicting O3 and toxics, designated
SAPRC-22 (Carter, 2023). It can also be used as a basis for
developing future versions of the mechanism for predicting
SOA.

Code availability. The MechGen code is available at the Mech-
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