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Abstract: Volatile organic compound (VOC) emissions to the atmosphere cause air pollution asso-
ciated with adverse health outcomes. Volatile chemical products (VCPs) have emerged as a VOC
emission category that is poorly characterized by air pollution models. VCPs are present throughout
developed economies in manufactured products that include paints, cleaning agents, printing inks,
adhesives and pesticides. Air quality models must accurately represent the atmospheric chemistry of
VCPs to develop reliable air quality plans. We develop a chemical mechanism for oxidant formation
by VCP compounds that is compatible with version 6 of the Carbon Bond (CB6) mechanism. We
analyzed a recent U.S. VCP emission inventory and found that ~67% of the emissions mass can be
well-represented by existing CB6 mechanism species but ~33% could be better represented by adding
16 emitted VCP species including alcohols, ethers, esters, alkanes and siloxanes. For larger alkanes,
an important VCP category, our mechanism explicitly represents temperature-dependent organic
nitrate formation and autoxidation via 1,6 H-shift reactions consistent with current knowledge. We
characterized the ozone forming potential of each added VCP species and compared it to the current
practice of representing VCP species by surrogate species. Nine of the sixteen added VCP species
are less reactive than the current practice, namely i-propanol, dimethyl ether, methyl formate, ethyl
formate, methyl acetate, larger esters, i-butane, large alkanes and siloxanes. These less reactive VCP
species are characterized by having OH-reactions that form un-reactive products. A total of 7 of
the 16 VCP species are more reactive than current practice, namely n-propanol, ethylene glycol,
propylene glycol, larger alcohols, diethyl ether, larger ethers and ethyl acetate. These more reactive
VCP species are characterized as containing functional groups that promote faster OH-reaction. The
VCP chemical mechanism for CB6 can improve how VCP impacts to oxidants are represented and
will be incorporated to CB7. Changes in oxidant formation resulting from the mechanism update will
depend on how VCP emissions are speciated for modeling, which is uncertain, and impacts may go
in opposite directions for specific categories of VCP emissions that have unique chemical speciation
characteristics. We provide guidance to help modelers implement the VCP mechanism update.

Keywords: VCP; volatile chemical product; ozone; VOC reactivity; chemical mechanism; Carbon
Bond; CB6; CAMx

1. Introduction

Emissions of volatile organic compounds (VOCs) to the atmosphere cause air pol-
lution of ozone (O3) and fine particulate matter with a diameter smaller than 2.5 µm
(PM2.5), which are associated with adverse human health impacts worldwide [1,2]. Many
human activities lead to anthropogenic VOC emissions including fossil fuel production,
fuel combustion, industrial processes, and using VOC-containing products for domestic
and commercial purposes, which makes establishing accurate emission inventories chal-
lenging [3–5]. VOC-containing products are increasingly referred to as “volatile chemical
products” (VCPs) by the air quality community, and, as a category VCPs, include solvents,
paints, printing inks, adhesives, pesticides, cleaning agents and personal care products [6,7].
Efforts to control U.S anthropogenic VOC emissions and improve urban air quality have

Atmosphere 2024, 15, 178. https://doi.org/10.3390/atmos15020178 https://www.mdpi.com/journal/atmosphere

https://doi.org/10.3390/atmos15020178
https://doi.org/10.3390/atmos15020178
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com
https://orcid.org/0000-0002-4201-3649
https://orcid.org/0000-0002-9103-5844
https://doi.org/10.3390/atmos15020178
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com/article/10.3390/atmos15020178?type=check_update&version=1


Atmosphere 2024, 15, 178 2 of 19

been most successful for emission categories that are identifiably important and amenable
to regulation, notably on-road mobile sources, leaving a growing contribution of VCPs to
anthropogenic VOC emissions [1,2]. Many VCPs contain organic compounds that are engi-
neered and manufactured to improve product performance and, in some cases, facilitate air
quality management strategies to reduce overall VOC emissions, e.g., transitioning from
solvent-based to water-based surface coatings [8]. Engineered VOCs (e.g., ether-alcohol sol-
vents, and siloxanes) are chemically distinct from traditional VOCs refined from crude oil
(e.g., alkanes and aromatics) and therefore behave differently in the atmosphere [6,7,9,10].
We refer to these engineered VOCs as VCP compounds to differentiate them from tradi-
tional VOC compounds. The importance of VCP emissions is illustrated by the U.S. EPA
2016 emission inventory for the continental U.S. wherein solvent emissions of 2.6 million
tons/year contribute about 20% of total anthropogenic VOC emissions [5].

Chemical transport models (CTMs) are essential tools for understand non-linear re-
lationships between VOC emissions and O3/PM2.5 pollution and conducting air quality
planning [1,2,11–13]. Atmospheric oxidants, especially hydroxyl radical (OH), are central
to atmospheric photochemistry in the troposphere [14], and the chemical reactions oxidants,
VOCs and other air pollution precursors such as nitrogen oxides (NOx) are described by
chemical mechanisms [15]. For efficiency, CTMs rely upon condensed chemical mecha-
nisms [15] rather than near-explicit chemical mechanisms such as the Master Chemical
Mechanism (MCM), which has >104 reactions of >103 species [16]. The Carbon Bond (CB)
condensed chemical mechanisms [17–20] are included in the Community Multiscale Air
Quality (CMAQ) model [21] and the Comprehensive Air quality Model with extensions
(CAMx) CTM [22], which are widely used [11,12], and other atmospheric models [23,24].

Here, we develop a condensed chemical mechanism for oxidant formation from VCP
compounds that is compatible with version 6 series CB mechanisms (CB6). Our motivation
is to support improved representation of VCP emissions in air quality modeling and
planning. We analyze a recent (2019) U.S.-wide VCP emission inventory [25] and identify
16 VCP species to include in our VCP mechanism. Some of these VCP mechanism species
are “lumped”, meaning designed to represent families of similar compounds, and modelers
need to know how to map specific VCP compounds from emission inventories to our VCP
mechanism species, a process we refer to as mapping [26]. We provide recommendations
for mapping emission inventory compounds to our VCP mechanism species.

2. Methodology

We identify VCP compounds to be represented in our VCP chemical mechanism by
analyzing a recent VCP emission inventory of the U.S. that is being incorporated into U.S
Environmental Protection Agency (EPA) emission inventories for air quality planning [5].
We evaluate how well this VCP emission inventory is represented by existing CB6 mecha-
nism species and the potential for improvement by using 16 new VCP mechanism species.
We develop gas-phase chemical mechanisms for OH-radical reactions of the 16 VCP chem-
ical mechanism species. Then, we compare ozone forming potential (OFP) of the VCP
chemical mechanism species by computing Maximum Incremental Reactivity (MIR) factors
that quantify OFP for conditions where OFP is most strongly sensitive to VOC [27]. In
the following text, compound refers to a specific molecule whereas a species is part of a
chemical mechanism.

2.1. VCP Emissions Analysis

We use the VCPy [25] U.S.-wide, 2019 emission inventory for VCPs to identify impor-
tant compounds present in VCP emissions and design the VCP chemical mechanism. VCPy
provides a comprehensive inventory of reactive organic carbon (ROC) emissions from
sources that include surface coatings, solvents, cleaning products, personal care products
and pesticides. Importantly, VCPy resolves estimated total ROC emissions to individual
compounds (sometimes groups of similar compounds) by relying on speciation profiles
from the U.S. EPA SPECIATE database [28]. Here, speciation profile means the relative
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contribution of individual compounds to total emissions for a particular emission category,
e.g., water-based printing ink, solvent-based paint, etc. VCPy also includes useful ancillary
information for each compound including the molecular weight, estimated vapor pressure,
estimated potential SOA-yield, and MIR factor [29].

We combine VCP mass emission estimates by compound from VCPy with ozone MIR
factors and SOA-yields, also from VCPy, to compute weighted emission totals by compound.
These weighted emission calculations have several uncertainties, including: (1) the source
category level ROC emissions reported in VCPy are estimates; (2) assigning total ROC
emissions to individual compounds using speciation profiles from SPECIATE is uncertain
because the profiles may be incomplete, unrepresentative, or otherwise inaccurate; (3) the
available SOA-yield and ozone MIR factors are uncertain and for many compounds present
in VCPy they are unavailable, which required assumptions by the VCPy developers to
provide a complete database. However, VCPy has the advantages of being comprehensive,
current, and relevant to air quality planning because VCPy emission estimates are being
used for air quality modeling [5].

To identify important VCP compounds, we tabulated the top-ranked 25 compounds
from VCPy by MIR- and SOA-weighted mass (potentially 50 compounds), finding that
11 compounds were present in both rankings, resulting in a list of 39 “top ranked” VCP
compounds (Table S1). Reviewing these 39 top-ranked VCP compounds, we found that 21
are well-represented by existing CB6 mechanism species (see Table S1 for details) including
several compounds that are explicit in CB6 (methanol, formic acid, ethanol and acetone)
plus compounds that have well-established representations using CB6 lumped species
(toluene and ethyl benzene represented by TOL; isomers of xylene represented by XYL;
and terpenes represented by TERP). The remaining 18 top-ranked VCP compounds are
considered “poorly represented” by CB6 and were used to guide the development of
the VCP chemical mechanism. Compounds were considered poorly represented when
they contain a functional group that is not explicitly represented by an existing CB6
model species, e.g., ethers, esters, alcohols other than methanol/ethanol, and siloxanes.
We also considered isobutane and larger alkanes poorly represented because their OH-
reaction products are quite different from most alkanes that are represented by CB6 model
species PAR (e.g., high acetone yield from isobutane and high organic nitrate yield from
larger alkanes).

Contributions of the 18 “poorly represented” VCP compounds to ozone MIR weighted
mass and SOA-yield weighted mass are listed in Table S1 and named in Figure 1. Contribu-
tions are expressed as a percentage of the total weighted mass summed over all compounds
in VCPy (i.e., percentage of total VCP emissions). The 18 compounds fall into 3 groups in
Figure 1: (1) compounds with large ozone MIR contribution (>1.5% of total) but small SOA
contribution (<0.5%) are alcohols and ethers; (2) compounds with large SOA contribution
(>4%) but small ozone MIR contribution (<0.6%) are large alkanes, siloxanes, large esters
and TexanolTM (a proprietary ester-alcohol solvent containing 12 C atoms); (3) remaining
compounds with relatively small contributions to both ozone MIR (<1.5%) and SOA (<1%).
Figure 1 indicates that good separation exists between the top-ranked ozone vs. SOA form-
ing VCP compounds, suggesting that model developers can independently parameterize
the oxidant and SOA impacts of VCP emissions within air quality models.
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thyl-1,3-Pentanediol Isobutyrate [TexanolTM] and alkyl (C16–C18) methyl esters); large al-
kanes (branched C12 alkanes, C14–16 alkanes, C13 branched alkanes, C13 cycloalkanes, 
and C15 cycloalkanes), and siloxanes (cyclotetrasiloxane [D4] and decamethylcyclopenta-
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namely glycerol, i-butane and ethyl cyanoacrylate. We developed an explicit mechanism 
for i-butane because it has large emissions in VCPy and, as discussed below, forms dis-
tinctive degradation products in the atmosphere. We did not develop a chemical mecha-
nism for glycerol (propane-1,2,3-triol) because its large Henry constant (4.7 × 106 mol m−3 
Pa−1) and relatively low vapor pressure (log C* = 2.86) suggest that condensed-phase reac-
tions will be important for glycerol. We did not develop a chemical mechanism for ethyl 
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Figure 1. Contributions of the top-ranked compounds to total VCP emissions weighted by ozone
MIR and SOA-yield in the 2019 U.S.-wide emission inventory from VCPy. All 39 compound numbers
are identified in Table S1, and the 18 compounds considered “poorly represented” are named here
and colored orange, whereas 21 “well represented” compounds are colored blue.

2.2. VCPs Selected for Chemical Mechanism Development

Analyzing the VCP emissions, as shown in Figure 1 (and Table S1), identified 18
compounds that rank highly for ozone forming potential and are poorly represented by the
existing CB6 mechanism. They can be grouped chemically as follows: alcohols (i-propanol,
ethylene glycol and propylene glycol); ethers (dimethyl ether, ethylene glycol monobutyl
ether [EGBE] and diethylene glycol monobutyl ether [DEGBE]); esters (2,2,4-Trimethyl-
1,3-Pentanediol Isobutyrate [TexanolTM] and alkyl (C16–C18) methyl esters); large alkanes
(branched C12 alkanes, C14–16 alkanes, C13 branched alkanes, C13 cycloalkanes, and C15
cycloalkanes), and siloxanes (cyclotetrasiloxane [D4] and decamethylcyclopentasiloxane
[D5]). Strategies for developing model compounds to represent these groups are discussed
below. Three of the 18 highly ranked compounds fall outside these groups, namely glyc-
erol, i-butane and ethyl cyanoacrylate. We developed an explicit mechanism for i-butane
because it has large emissions in VCPy and, as discussed below, forms distinctive degrada-
tion products in the atmosphere. We did not develop a chemical mechanism for glycerol
(propane-1,2,3-triol) because its large Henry constant (4.7 × 106 mol m−3 Pa−1) and rela-
tively low vapor pressure (log C* = 2.86) suggest that condensed-phase reactions will be
important for glycerol. We did not develop a chemical mechanism for ethyl cyanoacrylate
due to a lack of data.

The VCP mechanism species for which we developed chemical mechanisms are listed
in Table 1. There are 19 species in total but 3 (HKET, HPO2, and AUTX) are secondary
species, leaving 16 primary species that are intended for representing VCP emissions.
For alcohols, ethers and esters, we developed explicit mechanism species to represent
the smallest group members that are not already explicit in CB6 (namely IPOH, NPOH,
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EDOH, PDOH, DME, DEE, MEFM, ETFM, and ETAC) and lumped mechanism species to
represent larger group members (ROH, ETHR, ESTR). Some of the added explicit species
are not highly ranked in Figure 1 (NPOH, DEE, MEFM, ETFM, ETAC) but nevertheless
mechanisms were developed for completeness. Modelers could choose to implement a
subset of these new VCP mechanism species but it should be noted that esters are products
of ethers (see their chemical mechanisms below), and, therefore, including an ether species
requires also including the dependent ester species. Siloxanes are represented by a single
species (SXD5), which consequently is a lumped species, although its chemistry is based
on D5 siloxane. Isobutane is treated explicitly (IBTA). Large alkanes are represented by
the lumped species HPAR, where the name stands for heavy PAR, by analogy with the CB
species PAR, which represents paraffinic carbon. Rules for mapping compounds to HPAR
and/or PAR are discussed below. Three new species (HPO2, HKET and AUTX) represent
reaction products of HPAR and they are unsuitable for directly representing emitted VCP
or other compounds.

Table 1. VCP mechanism species names and properties.

Name Description NC NH NO Mr HS
CP HS

CPT

DEE Diethyl ether 4 10 1 74.1 11 6600

DME Dimethyl ether 2 6 1 46.1 7.7 4900

EDOH 1,2-ethanediol (ethylene glycol) 2 6 2 62.1 6.60 × 105 8800

ESTR Larger esters (C4+, excluding
ethyl acetate) 4 7 2 87.1 6 5900

ETAC Ethyl acetate 4 8 2 88.1 6 5900

ETFM Ethyl formate 3 6 2 74.1 3.4 4600

ETHR Larger ethers (C4+, excluding
diethyl ether) 4 8 1 72.1 1.1 6600

HKET Hydroxy-peroxyketone from
HPAR 8 16 4 176.2 7700 4600

HPAR Heavy PAR, based on n-dodecane 12 26 170.3 1.20 × 10−4 4000

IBTA 2-methylpropane (i-butane) 4 10 58.1 9.20 × 10−4 2700

IPOH i-propanol 3 8 1 60.1 130 7500

MEAC Methyl acetate 3 6 2 74.1 8.1 4900

MEFM Methyl formate 2 4 2 60.1 4.1 4000

NPOH n-propanol 3 8 1 60.1 140 6900

PDOH 1,2-propanediol (propylene
glycol) 3 8 2 76.1 2.70 × 105 9500

ROH Larger alcohols (C4+) 4 10 1 74.1 110 7200

SXD5 Siloxanes as D5
(decamethylcyclopentasiloxane) 10 30 5 370.6 3.00 × 10−5 4000

HPO2 Peroxy radical from HPAR 12 25 3 N/A

AUTX Operator for HPO2 autoxidation 2 N/A

NC, NH and NO are the numbers of C, H and O atoms (species formula). Mr is the relative molar mass (also
called molecular weight). HS

CP is the Henry’s law solubility constant at 298 K (aq-concentration/partial pressure;
dimensionless). HS

CP is the temperature dependence of HS
CP (K, with a default value of 4000 K).

We tested how the combined CB6 and VCP mechanism species represent emissions
from VCPy by analyzing the top 200 compounds in the VCPy 2019, U.S.-wide emission
inventory. The top 200 compounds were identified by giving equal weighting to emitted
mass, ozone MIR weighted mass, and SOA yield weighted mass. Together, the top 200
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compounds accounted for 90.2% of mass, 94.3% of ozone MIR weighted mass and 88.3% of
SOA yield weighted mass.

To perform this analysis, we mapped each of the top 200 compounds to CB6 and
VCP mechanism species, as shown in Table S2. Figure 2 shows the percentage of carbon
mapped to each CB6 and VCP mechanism species, with 67.2% of C mapped to existing
CB6 species (including NONR and IVOC) and the remaining 32.8% of C mapped to VCP
mechanism species. (Percentage of C can be computed from lumped mechanism species
whereas percentage mass cannot). In Figure 2, mechanism species NONR (non-reactive)
represents compounds with long atmospheric lifetimes, such as halocarbons, that are
not considered as ozone or SOA precursors for regional modeling. The model species
IVOC represents intermediate-volatility organic compounds (defined in VCPy as having
3 × 102 µg m−3 < C* < 3 × 106 µg m−3) which are not part of CB6 but are treated by many
air quality models [21,22,30]. Compounds within the top 200 that are mapped to NONR or
IVOC are identified in Table S2 and the methodology for mapping volatile and reactive
compounds to VCP and/or CB6 compounds (as in Table S2) is discussed below.
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Figure 2. Percentage of carbon mass assigned to individual VCP and CB6 mechanism species from
the top 200 ranked compounds in the VCPy 2019 US-wide emission inventory.

From the “top 200” analysis of U.S.-wide VCP emissions (Figure 2), the most heavily
utilized VCP mechanism species (Table 1) are HPAR, IPOH, IBTA, ROH and EDOH, with
each representing > 1.5% C mass. Notably, the amount of carbon represented by VCP
species HPAR (12.7%) and CB6 species PAR (12.1%) is almost equal because large alkanes
are prevalent in VCPs. Isopropanol (IPOH) is used in cleaning products, i-butane (IBTA) is
an aerosol propellant, and glycols (EDOH and PDOH) are used in water-based formulations
as anti-freeze agents and for other reasons [9].

The explicit VCP species NPOH, DEE, MEFM and ETFM do not appear in Figure 2
because neither n-propanol, diethyl ether, methyl formate nor ethyl formate ranked in
the top 200. The lumped VCP species SXD5, representing siloxanes, does not appear in
Figure 2 because the 17 siloxane compounds present in VCPy, which collectively account
for 0.29% of VCP emissions mass, each ranked outside the top 200. Nevertheless, the
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chemical mechanisms developed for these VCP species may be useful and could account
for larger fractions of emissions mass if different speciation profiles are used to characterize
the composition of VCP emissions.

2.3. IVOC and SOA Formation

VCPy estimates emissions of compounds that are classified as intermediate volatility
organic compounds (IVOC) because their volatility falls within the range
3 × 102 µg m−3 < C* < 3 × 106 µg m−3, where C* is the saturation concentration [25]. CB6
lacks a model species for IVOC but many air quality models treat IVOC by implementing
their own IVOC mechanism [21,22,30] to account for SOA production, e.g., CAMx includes
the gas-phase reaction of IVOC with OH to produce SOA precursors without depleting
OH such that IVOC emissions tend to increase SOA and have no impact on oxidants [22].
In the following analysis and discussion, we treat IVOC as a model species containing
15 carbons so that the mass of VCP emissions allocated to IVOC is obvious. We do not
develop reaction mechanisms for IVOC to be compatible with model-specific treatments of
IVOC. Similarly, the gas-phase mechanisms developed here do not include SOA formation
because integration of oxidant with SOA chemistry schemes can be model-specific. Figure 1
may be helpful in coordinating implementation of our VCP oxidant mechanism with a
specific SOA scheme.

2.4. Developing VCP Gas-Phase Chemical Mechanisms

Our VCP chemical mechanism is compatible with CB6 gas-phase mechanisms [19]
including revision 3 (CB6r3) used in CMAQ [20,21] and CB6r5 used in CAMx [22] and
will be compatible with CB7 revision 1 (CB7r1) to be available in CAMx in 2024. The
VCP mechanism requires data for rate constants (k), which are obtained from (in order of
preference) the IUPAC Task Group on Atmospheric Chemical Kinetic Data Evaluation [31],
the NASA Panel for Data Evaluation [32], original published research, or the MCM [16].
The VCP mechanism also requires information on reaction mechanisms which we derived
from (in order of preference) the MCM [16], published original research, or the SAPRC-07
chemical mechanism [33,34]. Although we did not explicitly rely upon data from the
SAPRC-07 mechanism, we did review SAPRC-07 VCP reaction schemes, recognizing that
the SAPRC-07 mechanism has been extensively evaluated against chamber experiments.

Rate constant variation with temperature for most VCP species is described by an
Arrhenius expression, k(T) = A exp(−Ea/T), where A is the pre-exponential factor and
Ea the activation energy (in Kelvin). Some VCP species use a modified Arrhenius expres-
sion, k(T) = A T2 exp(−Ea/T), when available. We computed an average rate constant for
lumped VCP species by averaging rate constants over contributing compounds. However,
calculating a representative Ea is not straightforward because the contributing compounds
may use a mix of Arrhenius and modified Arrhenius expressions and/or because averaging
divergent Ea values weight the rate constants unequally. We determined Arrhenius ex-
pressions for lumped species as follows: compute the contributing rate constants at 283 K,
298 K and 313 K, average these values over the contributing compounds, compute the
average Ea from the ratio of average rate constants at 283 K and 313 K, and finally compute
the average A from the average Ea and the average rate constant at 298 K.

2.5. Ozone-Forming Tendency of VCP Model Species

The chemical mechanisms developed for VCPs were characterized by using MIR fac-
tors [27] to quantify OFP under atmospheric conditions where adding VOC emission yields
the highest incremental increase in O3 concentration (MIR condition). MIR values for VCP
mechanism species were computed by applying CAMx as a box model for representative
Los Angeles conditions and using the Decoupled Direct Method (DDM) in CAMx [35,36]
to compute the sensitivity of the O3 concentration to emissions of an individual VOC
(d[O3]/d[VOC]) which is proportional to the MIR. By definition, the MIR condition occurs
under VOC-limited O3 formation regimes where adding VOC has the greatest incremental
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impact on the O3 production rate and we adjusted the NOx emission input to the box model
(holding VOC emissions constant) to maximize d[O3]/d[VOC] and obtain MIR conditions.
MIR values computed here are not identical to SAPRC MIR values [34] because the box
model scenarios employed and chemical mechanisms differ. We computed MIR values for
the purpose of evaluating the effects of mechanism updates (Section 3.6).

The CAMx box model domain has 3 × 3 × 2 grid cells (in the x, y, and z dimensions),
which is the smallest allowable CAMx domain, since edge grid cells containing boundary
conditions (BCs) are required by CAMx and 2 layers is the minimum allowed by the
solution of vertical transport. All 9 grid cells in each layer have identical meteorological
input data and a nominal 4 km grid size. The center grid cells of each domain, i.e., (2,2,1)
and (2,2,2), form a 1-D column, with layer 1 representing the planetary boundary layer
(PBL) and layer 2 representing a residual layer between the PBL and the CAMx top. Box
model input data for 4 consecutive days were extracted from a full 3D simulation of
California [37] with meteorology from the Weather Research and Forecasting (WRF) model
version 3.8 (Figure S1) and emissions from a U.S. EPA 2011 emission inventory. The PBL
depth varies in time, as modeled by WRF, whereas the top of layer 2 is constant in time at
3000 m. Horizontal wind speeds in layer 1 are set to zero, preventing horizontal exchange
between grid cells and ensuring lateral BCs have no influence. In layer 2, there is a constant
horizontal wind speed to purge the layer with a 12 h lifetime to limit the accumulation of
pollutants over time. The box model simulation produced daily maximum 1 h O3 around
120 ppb on three consecutive days (Figure S2).

3. Results and Discussion

The VCP mechanism introduces 19 mechanism species (Table 1) of which 16 are
intended for representing VCP emissions. Our mechanism focuses on oxidant production
and considers reactions with OH-radical reactions for a total of 25 reactions, listed in Table 2.

Table 2. The VCP chemical mechanism for use with CB6.

No. Reaction Rate Expression k298

R1 EDOH + OH = GLYD + HO2 k = 1.45 × 10−11 1.45 × 10−11

R2 PDOH + OH = 0.61 ACET + 0.39 ALDX + 0.39 PAR + HO2 k = 2.10 × 10−11 2.10 × 10−11

R3 IPOH + OH = 0.86 ACET + 0.14 ALD2 + 0.14 FORM + 0.86
HO2 + 0.14 XO2H + 0.14 RO2

k = 2.60 × 10−12

exp(200/T) 5.09 × 10−12

R4 NPOH + OH = 0.55 ALDX + 0.43 ALD2 + 0.55 PAR + 0.43
FORM + 0.48 HO2 + 0.5 XO2H + 0.02 XO2N + 0.52 RO2

k = 4.60 × 10−12

exp(70/T) 5.82 × 10−12

R5 ROH + OH = 0.2 ALDX + 2.71 PAR + 0.77 ROR + 0.2 HO2 +
0.77 XO2 + 0.03 XO2N + 0.8 RO2

k = 7.00 × 10−12

exp(60/T) 8.56 × 10−12

R6 DME + OH = 0.99 MEFM + 0.99 XO2H + 0.01 XO2N + RO2 k = 5.70 × 10−12

exp(−215/T) 2.77 × 10−12

R7 DEE + OH = 0.85 ETFM + 0.07 FORM + 0.85 MEO2 + 0.92
XO2 + 0.07 XO2H + 0.08 XO2N + 1.92 RO2

k = 8.91× 10−18 T2

exp(837/T) 1.31 × 10−11

R8 ETHR + OH = 0.62 ESTR + 0.3 ALDX + 0.3 PAR + 0.62
MEO2 + 0.3 XO2H + 0.62 XO2 + 0.08 XO2N + RO2

k = 8.90 × 10−12

exp(100/T) 1.24 × 10−11

R9 MEFM + OH = 0.17 FACD + 0.55 CO + 0.45 MEO2 + 0.55
XO2H + 0.005 XO2N + RO2

k = 9.39× 10−13

exp(−461/T) 2.00 × 10−13

R10 MEAC + OH = 0.67 AACD + 0.67 CO + 0.32 MEO2 + 0.67
XO2H + 0.32 XO2 + 0.01 XO2N + 1.32 RO2

k = 8.54 × 10−19 T2

exp(455/T) 3.49 × 10−13
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Table 2. Cont.

No. Reaction Rate Expression k298

R11 ETFM + OH = 0.78 AACD + 0.78 CO + 0.2 ALD2 + 0.98
XO2H + 0.02 XO2N + 1.2 RO2

k = 5.66 × 10−13

exp(134/T) 8.87 × 10−13

R12 ETAC + OH = 0.93 AACD + 0.93 C2O3 + 0.93 XO2 + 0.07
XO2N + RO2

k = 6.92 × 10−19 T2

exp(986/T) 1.68 × 10−12

R13 ESTR + OH = 0.13 AACD + 0.13 FACD + 1.9 PAR + 0.63
ROR + 0.25 CXO3 + 0.89 XO2 + 0.11 XO2N + RO2

k = 2.50 ×
10−13exp(740/T) 2.99 × 10−12

R14 SXD5 + OH = FORM + FACD + XO2H + RO2 k = 2.10 × 10−12 2.10 × 10−12

R15 IBTA + OH = 0.78 ACET + 0.19 ALDX + 0.78 MEO2 + 0.78
XO2 + 0.19 XO2H + 0.03 XO2N + RO2

k = 5.40 × 10−12

exp(−285/T) 2.08 × 10−12

R16 HPAR + OH = HPO2 + RO2 k = 2.54 × 10−11

exp(−180/T) 1.39 × 10−11

R17 HPO2 + NO = NTR2

k = k(ref)/K
k(ref) = k(RO2 + NO)

K = 9.09 × 102

exp(−1658/T)

2.59 × 10−12

R18 HPO2 + NO = NO2 + HKET + AUTX

k = k(ref)/K
k(ref) = k(RO2 + NO)

K = 1.43 × 10−1

exp(679/T)

6.46 × 10−12

R19 HPO2 + HO2 = ROOH + 0.5 HKET
k = k(ref)/K

k(ref) = k(RO2 + HO2)
K = 0.707

2.14 × 10−11

R20 HPO2 + RO2 = 0.6 HKET + 0.6 AUTX + 0.6 RO2
k = k(ref)/K

k(ref) = k(RO2 + RO2)
K = 1.0

5.00 × 10−13

R21 AUTX + NO = 0.82 NO2 + 0.82 HO2 + 0.18 NTR2
k = k(ref)/K

k(ref) = k(RO2 + NO)
K = 1.0

9.04 × 10−12

R22 AUTX + HO2 = ROOH
k = k(ref)/K

k(ref) = k(RO2 + HO2)
K = 0.707

2.14 × 10−11

R23 AUTX = ROOH + HO2 k = 2.20 × 108

exp(−6200/T) 2.03 × 10−1

R24 HKET + OH = 0.35 HKET + 0.35 KET + 0.47 ALDX + 0.7
HO2 + 0.24 XO2H + 0.07 XO2N + 0.3 RO2 k = 1.50 × 10−11 1.50 × 10−11

R25 HKET = ALD2 + ALDX + CXO3 + XO2H + RO2 Photolysis 2.08 × 10−7

k298 is the rate constant at 298 K and 1 atmosphere in units s−1 for 1st-order reactions or cm3 molecule−1 s−1

for 2nd-order reactions. The photolysis frequency (s−1) of HKET in R25 is assumed to be the same as
methyl ethyl ketone.

3.1. Alcohols

The CB6 mechanism explicitly represents two alcohols, namely methanol (MEOH)
and ethanol (ETOH), and the VCP mechanism adds four explicit alcohols (EDOH, PDOH,
IPOH and NPOH) and one lumped alcohol (ROH), as identified in Table 1. The reaction
of EDOH with OH (R1 in Table 2) uses the rate constant recommended by IUPAC [31] in
data sheet HOx_VOC71 with products directly from the MCM version 3.3.1 [16]. The MCM
has only one reaction of 1,2-ethanediol that forms products which already exist in CB6
(glycolaldehyde and HO2 radical), making the derivation of R1 straightforward.

The reaction of PDOH with OH uses the rate constant recommended by IUPAC
(data sheet HOx_VOC73), with products derived from the MCM by condensing two
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reactions of 1,2-propanediol to a single reaction (R2) by using the MCM branching ratio.
Reaction at the 1-position of PDOH accounts for 39% of the total OH-reaction and forms
propionaldehyde + HO2, with propionaldehyde being represented in CB6 as ALDX + PAR.
Reaction at the 2-position of PDOH accounts for 61% of the total OH-reaction and forms
hydroxyacetone + HO2, with hydroxyacetone represented here by ACET as a surrogate,
although hydroxyacetone is an explicit species in CB7.

The OH reactions of IPOH (R3) and NPOH (R4) both use rate constants from the MCM
and products derived from the MCM by combining reaction branches, as discussed for
the OH-reaction with PDOH. The MCM scheme for 2-propanol (IPOH) has 136 reactions
and 50 species (not counting inorganic reactions) and the scheme for 1-propanol (NPOH)
has 199 reactions and 71 species, although some of these reactions are for organic species
already included in CB6 such as acetaldehyde (ALD2) and formaldehyde (FORM). We
developed condensed mechanisms for IPOH and NPOH from MCM schemes by focusing
on the first-generation products of unimolecular RO2 reactions and alkylperoxy radical
(RO2) reactions with NO, which are aldehydes and ketones for IPOH and NPOH, and
representing RO2 radical removal using CB6 mechanism species XO2, XO2H and/or XO2N.
The species XO2 can represent the fate of many RO2 radicals via reactions with NO to form
NO2, with HO2 to form an organic peroxide (ROOH) or termination by reaction with any
RO2 radical. The species XO2H reacts like XO2 but also includes prompt HO2 formation
from NO-reaction. The species XO2N represents organic nitrate (ON) production from
NO-reaction. Reactions R3 and R4 produce CB6 species RO2 which has the sole purpose of
estimating the total RO2 radical concentration (i.e., summed over all different types of RO2
species in CB6) to simplify representation of RO2 + RO2 termination reactions. Accordingly,
the stoichiometric coefficient for RO2 in R3 and R4 equals the sum of coefficients for XO2,
XO2H and XO2N.

The VCP mechanism species ROH represents alcohols other than the explicitly repre-
sented C1 to C3 alcohols, namely MEOH, ETOH, IPOH, NPOH, EDOH and PDOH. ROH
is a lumped species containing four carbon atoms (Table 1) to allow mapping alcohols with
four or more carbons (C4+) to ROH plus PAR as needed to conserve carbon, e.g., 1-hexanol
maps to ROH + 2 PAR. The MCM contains nine alcohol compounds containing four or
five carbons and the OH-reaction of ROH (R5) represents a weighted average of these
nine alcohols with weighting factors that assume C4 alcohols are more abundant than C5
alcohols (60:40 split) and that 1-butanol is most abundant, as follows: 1-butanol (25%),
2-butanol (10%), i-butanol (20%), t-butanol (5%), 3-pentanol (8%), 2-methyl-1-butanol (8%),
3-methyl-1-butanol (8%), 2-methyl-2-butanol (8%), 3-methyl-2-butanol (8%). We analyzed
the MCM scheme for each contributing alcohol using the approach summarized for IPOH
and considering four product pathways: aldehyde + HO2 radical; ketone + RO2 radical
represented by XO2H; alkoxy radical (represented by ROR) + RO2 radical represented
by XO2; and ON formation represented by XO2N. The CB6 species ROR represents the
temperature-dependent conversion of alkoxy radicals from PAR to ketones and aldehydes
(discussed in Section 3.4).

Previously, C3+ alcohols were most likely mapped to PAR when processing emission
inventories for CB mechanisms [22]. The OH reactions of ROH and PAR form similar
products (i.e., aldehydes and ketones) although ON formation is lower for ROH than PAR
(3% compared to 13% at 298 K) and the OH-rate constant for ROH is faster than for the
C-equivalent of 4 PAR (8.56 × 10−12 compared to 3.24 × 10−12 cm3 molecule−1 s−1 at
298 K).

3.2. Ethers

There are no explicit ether species in the CB6 mechanism and the VCP mechanism
adds two explicit ethers (DME and DEE) and one lumped species to represent C4+ ethers
(ETHR), as identified in Table 1. The reaction of DME with OH (R6) uses the rate constant
recommended by IUPAC (data sheet HOx_VOC30), with products directly from the MCM.
The MCM has only one OH-reaction for dimethyl ether with the dominant C-containing
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product being methyl formate, which is included in the VCP mechanism as species MEFM.
The OH-reaction of DEE (R7) uses the rate constant from MCM with products derived
from the MCM using the condensation approach described above for IPOH and NPOH.
The dominant C-containing product from DEE is ethyl formate (ETFM). Thus, reactions
for DME and DEE depend on the presence of the reactions for MEFM and ETFM that are
described below.

The VCP mechanism species ETHR is a lumped species containing four carbon atoms
(Table 1) to allow mapping ethers with four or more carbons (other than DEE) to ETHR
plus PAR as needed to conserve carbon, e.g., ethyl t-butyl ether maps to ETHR + 2 PAR. The
top 200 VCP compounds analyzed for Figure 3 include 15 ethers, of which 11 also contain
an alcohol group (ether–alcohol solvents such as 1-butoxy-2-propanol) and another 4 that
also contain an ester group (ether-ester solvents such as 2-ethoxyethyl acetate). The MCM
provides mechanisms for five ether-alcohol compounds. They form both esters (like DEE
and DME) and aldehydes/ketones via alkoxy radical decomposition (like ROH) depending
upon the ether-alcohol molecular structure and the location of initial OH-reaction. The
ETHR reaction mechanism includes both product types and we recommend mapping
ether–alcohol compounds to ETHR and PAR (not ROH and PAR), as illustrated in Table S2.
The MCM does not include ether–ester compounds and we recommend mapping ether–
esters to ETHR and PAR (not ESTR and PAR) because the derived OH-rate constant for
ETHR is faster than for ESTR (Table 2), suggesting that OH-reaction at the ether group will
predominate for these compounds.
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The OH-reaction of ETHR (R8) is an unweighted average of mechanisms derived
from MCM for 2-methoxy ethanol, 2-ethoxy ethanol, 2-butoxy ethanol, methyl t-butyl ether
(MTBE) and ethyl t-butyl ether (ETBE). We analyzed the MCM scheme for each contributing
ether using the approach summarized for IPOH and considering three product pathways:
ester + RO2 radical; aldehyde + RO2 radical; and ON formation represented by XO2N.
Including MTBE and ETBE in the derivation of the ETHR mechanism is important because
they are added to some gasoline blends to improve octane-rating and therefore can be
present in mobile source emissions.
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Previously, ethers, ether–alcohols and ether–ester compounds were most likely mapped
to PAR when processing emission inventories for CB mechanisms [22]. Mapping these
compounds to ETHR rather than PAR produces esters that are not produced from PAR,
reduces ON formation (8% compared to 13% at 298 K) and increases the OH-rate con-
stant (1.24 × 10−11 for ETHR as compared to 3.24 × 10−12 cm3 molecule−1 s−1 for the
C-equivalent of 4 PAR at 298 K).

3.3. Esters

There are no explicit ester species in the CB6 mechanism and the VCP mechanism
adds four explicit esters (MEFM, ETFM, MEAC, ETAC) and one lumped compound to
represent C4+ esters (ESTR), as identified in Table 1. The OH-reaction of MEFM (R9) uses
the rate constant from MCM, with products derived by condensation from the 353 reactions
of 128 species in MCM using the approach summarized for IPOH and NPOH. The products
of R9 are consistent with those observed by Wallington et al. [38].

The OH-reaction of ETAC (R12) uses the rate constant from MCM with products based
on the chamber experiments of Tuazon et al. [39], who discovered that the OH-reaction of
ethyl acetate produces acetic acid (AACD in CB6) via a so-called “ester rearrangement”
reaction. However, the MCM version 3.3.1 omits the ester rearrangement pathway for ethyl
acetate. AACD is the dominant molecular product of R12 (93% yield) with acetyl peroxy
radical (C2O3 in CB6) formed in equal amounts.

The OH-reaction of MEAC (R10) uses the rate constant from MCM with products based
on the MCM but modified to reflect the expected importance of the ester rearrangement
pathway [40]. The OH-reaction of ETFM (R11) uses the rate constant measured by LeCalve
et al. [41], with products based on Szilágyi et al. [42] and by analogy with the mechanisms
derived for MEFM and ETAC.

The VCP mechanism species ESTR is a lumped species containing four carbon atoms
(Table 1) to allow mapping esters with four or more carbons to ESTR plus PAR as needed to
conserve carbon, e.g., n-butyl acetate maps to ESTR + 2 PAR. Exceptions are representing
ethyl acetate explicitly as ETAC, representing ether–esters as ETHR (discussed above) and
representing large esters with low volatility as IVOC.

The rate constant for the OH-reaction of ESTR (R13) represents an average of seven
esters included in MCM, namely n-propyl acetate, i-propyl acetate, n-butyl acetate, i-butyl
acetate, s-butyl acetate, n-propyl formate and i-propyl formate. Products are based on the
MCM schemes for the contributing esters adjusted to account for ester rearrangements and
therefore considering four product pathways: formic acid (FACD) + acylperoxy radical
(represented by CXO3) + RO2 radical represented by XO2; acetic or larger acid represented
by AACD + CXO3 + XO2; alkoxy radical represented by ROR + XO2; and ON formation
represented by XO2N.

Previously, esters were most likely mapped to PAR when processing emission inven-
tories for CB mechanisms [22]. Mapping compounds to ESTR rather than PAR directly
produces carboxylic acids that are not directly produced from PAR, has little impact on
ON formation (11% compared to 13% at 298 K) and has little impact on the OH-rate con-
stant (2.99 × 10−12 for ESTR as compared to 3.24 × 10−12 cm3 molecule−1 s−1 for the
C-equivalent of 4 PAR at 298 K).

3.4. Alkanes

Alkanes larger than propane are represented in CB6 by mechanism species PAR, which
contains one carbon [17], such that butanes map to 4 PAR, pentanes map to 5 PAR, etc. The
chemical mechanism for the OH-reaction of PAR in CB6r5 [22] is shown in Table 3. The
species ROR represents alkoxy radicals formed from alkanes and their fate is determined
by competition between unimolecular decomposition (P2) and O2-reaction (P3), which
depends on temperature and pressure. The species XPAR allows ON formation, represented
by XO2N formed in reaction P5, to vary with temperature and pressure, as parameterized
by Yeh and Ziemann [43]. The Yeh and Ziemann parameterization explicitly accounts for
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the observed increase in ON yield with alkane size and the rate expression for P5 assumes
that, on average, alkanes represented by PAR contain 5.5 carbons [17] producing a 13% ON
yield from PAR (rate constant ratio P5/[P5 + P6]) at 298 K and 1 atmosphere.

Table 3. The PAR chemical mechanism from CB6r5.

No. Reaction Rate Expression k298

P1 PAR + OH = XPAR k = 8.10 × 10−13 8.10 × 10−13

P2
ROR = 0.2 KET + 0.42 ACET + 0.74 ALD2 +
0.37 ALDX + 0.04 XO2N + 0.94 XO2H + 0.98

RO2 + 0.02 ROR − 2.7 PAR

k = 5.70 × 1012

exp(−5780/T) 2.15 × 104

P3 ROR + O2 = KET + HO2 k = 1.50 × 10−14

exp(−200/T) 7.67 × 10−15

P4 ROR + NO2 = NTR1 k = 8.60 × 10−12

exp(400/T) 3.29 × 10−11

P5 XPAR = XO2N + RO2
Falloff: F = 0.41; n = 1 k(0)

= 4.81 × 10−20 k(inf) =
4.30 × 10−1 (T/298)−8

1.49 × 10−1

P6 XPAR = 0.126 ALDX + 0.874 ROR + 0.126
XO2H + 0.874 XO2 + RO2 − 0.126 PAR k = 1.0 1.0

k298 is the rate constant at 298 K and 1 atmosphere in units s−1 for 1st-order reactions or cm3 molecule−1 s−1 for
2nd-order reactions. Falloff expression P5 depends on T and P and is evaluated as described by IUPAC [31].

The VCP mechanism adds one explicit alkane (IBTA) and one lumped alkane (HPAR),
as identified in Table 1. The OH-reaction of IBTA (R15) uses the rate constant from IUPAC
(data sheet HOx_VOC60) and products derived from the MCM using the condensation
approach described above for IPOH and NPOH. The dominant C-containing product in
R15 is acetone, formed in a higher yield from IBTA (78%) than from PAR (at most 42%).
Methylperoxy radical (MEO2) also has 78% yield from IBTA and MEO2 is a precursor to
formaldehyde. These differences in products between IBTA and PAR, combined with the
prevalence of IBTA in VCP emissions (Figure 2), justify making IBTA an explicit species
rather than representing isobutane as 4 PAR [22].

The reactions of HPAR (R16 to R25) represent large alkanes and the reaction scheme is
based on the MCM mechanism for n-dodecane with adjustments to account for RO2-radical
autoxidation, which is important for larger alkanes [44] but omitted by the current version
of MCM (v3.3.1). The rate constant for the OH-reaction of HPAR is from MCM for n-
dodecane but using the temperature dependence (Ea) for n-decane because no temperature
dependence is given for n-dodecane in the MCM. The alkylperoxy radical HPO2 produced
in R15 can react with NO in R16 to form an ON (represented by the CB6 species NTR2
for larger ONs) or in R17 to produce an alkoxy radical. The rate constants for R16 and
R17 are fitted to the temperature-dependent parameterization of Yeh and Ziemann [43]
for n-dodecane, assuming 1 atmosphere pressure (this assumption adds little uncertainty
because the pressure dependence of the ON-yield for n-dodecane is small). The alkoxy
radical formed by R17 promptly isomerizes and adds O2 to produce a hydroxy-alkylperoxy
radical, which has the potential to further autoxidize, i.e., undergo isomerization followed
by O2 addition [44]. Potential autoxidation following R17 is represented by producing
species AUTX (consumed by R21 to R23) together with products that would be the same
with or without autoxidation (NO2 + HKET). The AUTX scheme has advantages for future
development, which are discussed below. Autoxidation in R23 is based on a 1,6 H-shift, as
shown by Praske et al. [44], which adds one hydroperoxyl functional group (represented
by ROOH) and produces a HO2 radical. Autoxidation is suppressed by the hydroxy-
alkylperoxy radical reaction with HO2 (R22) or NO (R21) to form conventional products.
Reactions R21, R22 and R23 compete with each other: at 298 K, autoxidation (R23) will
outcompete the NO-reaction (R21) when NO falls below ~1 ppb and the HO2-reaction (R22)
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is not competitive. However, the HO2-reaction (R22) becomes more competitive for cold
conditions (below ~273 K) because R21 has a strong temperature dependence. Reaction
R20 of HPO2 with the total pool of RO2 radicals (species RO2) is unlikely to be competitive
with other reactions of HPO2 but nevertheless is included to ensure mechanism stability
(i.e., to prevent the unconstrained accumulation of HPO2), assuming the 60% conversion of
HPO2 to an alkoxy radical (based on MCM) and the remaining carbon-containing products
being implicitly lost to aerosol formation.

Rate constants for the reactions of HPO2 and AUTX are referenced to standard CB6
reaction rates for RO2 radical reactions with NO (k = 2.40 × 10−12 exp(360/T)) and HO2
(k = 4.80 × 10−13 exp(800/T)) for consistency and to simply future mechanism updates
(CB7). The ON yield from the HPO2 reaction with NO [k17/(k17 + k18)] is 28% at 298 K, in
agreement with Yeh and Ziemann [43], but smaller than the ON yield from n-dodecane
of 44% in the MCM, which is temperature-invariant in contrast to the HPO2 scheme. The
additional 18% ON yield in R18 represents hydroxynitrate formation and is based on the
MCM mechanism for n-dodecane.

The major carbon-containing products from HPO2 are all represented by the lumped
species KHET, which is considered to be a hydroxy-peroxyketone (called a ketohydroper-
oxide by Praske et al.) produced by the autoxidation of HPO2. This species is not present
in the MCM but a related hydroxyketone (MCM species HO5CO8C10 with SMILES struc-
ture CCCCC(O)CCC(=O)CC) has 901 reactions of 295 species that are characterized by
fragmentation of the carbon backbone, producing aldehydes and retaining the ketone to
some extent. The OH-rate constant for HKET in R24 is based on similar compounds in the
MCM and the photolysis frequency (s−1) of HKET in R25 is assumed to be the same as
methyl ethyl ketone following the MCM. The OH-reaction of HKET is recursive, i.e., HKET
is produced in R24, to approximate successive fragmentation reactions, and accordingly
HKET is modeled as an eight-carbon species. We recommend against using HKET to
represent emitted compounds because it is highly functionalized.

The autoxidation scheme using AUTX (R21 to R23) has potential for further devel-
opment. As implemented, AUTX allows at most one autoxidation step (1,6 H-shift) but
long alkyl chains can potentially undergo sequential autoxidation steps, which could be
represented by increasing the yield of ROOH in R23. AUTX could be used to represent the
autoxidation of other compounds, provided that the rate constants for autoxidation and
competing reactions are comparable to those in R21 to R23.

HPAR is intended to represent larger alkanes, which requires coordinating how com-
pounds are mapped to HPAR, PAR and, if present in the host model, IVOC. We recommend
using PAR to represent alkanes containing 8 or less carbons and IVOC to represent alkanes
containing 15 or more carbons and interpolating between these limits to avoid disconti-
nuities, as shown in Table 4 and applied in Table S2. Table 4 mappings conserve carbon
and are compatible with CAMx in which the IVOC species for anthropogenic emissions
contains 15 carbons (see Section 2.3). Table 4 could be adapted for other models that adopt
different treatments for IVOC.

Table 4. Recommended mechanism mappings for C9 to C14 alkanes.

Alkane PAR
(1 Carbon)

HPAR
(12 Carbons)

IVOC
(15 Carbons)

Total Carbon for PAR +
HPAR + IVOC

C9 6 0.25 9

C10 4 0.5 10

C11 2 0.75 11

C12 1 12

C13 0.67 0.33 13

C14 0.33 0.67 14
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3.5. Siloxanes

The VCP mechanism includes one lumped siloxane species (SXD5) based on de-
camethylcyclopentasiloxane (D5). The rate constant for the OH-reaction of SXD5 (R14)
adopts the value for D5 measured by Alton and Browne [45]. The reaction mechanisms
of siloxanes are poorly understood [46], with current mechanisms unable to fully explain
products that are observed. The formation of formaldehyde and formic acid in R14 is near
the middle of the range of yields measured by Kang et al. [47]. Implicitly, R14 assumes that
most of the mass from reacted SXD5 is unreactive and potentially condensed to the aerosol
phase [46,47].

3.6. Ozone Formation Potential of VCPs

We calculated MIR values (mole O3/mole VOC) for each VCP species, and for the CB6
species PAR, using DDM sensitivity analysis within a CAMx box model for Los Angeles
under strongly VOC-limited conditions (Table 5). These explicit MIR factors are compared
in Figure 3 and Table 5 to an alternative “surrogate mechanism” approach of mapping the
VCP species to PAR (e.g., IBTA maps to 4 PAR), which is a likely current practice [22].

Table 5. VCP species MIR factors (mole O3/mole VOC) compared to MIR obtained by mapping the
VCP to PAR.

VCP Species MIR
(Mole O3/mole) PAR Mapping PAR MIR (Mole

O3/mole)
MIR Ratio
(VCP/PAR)

IPOH 0.778 3 1.068 0.73

NPOH 2.707 3 1.068 2.53

EDOH 2.413 2 0.712 3.39

PDOH 2.508 3 1.068 2.35

ROH 3.506 4 1.424 2.46

DME 0.499 2 0.712 0.70

DEE 3.363 4 1.424 2.36

ETHR 3.735 4 1.424 2.62

MEFM 0.068 2 0.712 0.10

ETFM 0.237 3 1.068 0.22

MEAC 0.119 3 1.068 0.11

ETAC 3.506 4 1.424 2.46

ESTR 1.293 4 1.424 0.91

IBTA 1.091 4 1.424 0.77

HPAR 2.137 12 4.272 0.50

HKET 3.625 8 2.848 1.27

SXD5 0.828 10 3.56 0.23
PAR mapping is the number of carbons excluding any C(O)O ester group. PAR MIR = PAR mapping X 0.356 mole
O3/mole PAR.

For alcohols except IPOH, the VCP mechanism is more reactive (larger MIR) than
the PAR equivalent by factors of 2.35 to 3.39, which is attributable to the alcohol group
promoting the OH-reaction, i.e., increasing the OH rate constant. IPOH is less reactive than
its PAR equivalent (ratio 0.73) because the dominant reaction product, acetone, is unreactive
toward OH. For ethers except DME, the VCP mechanism is more reactive than the PAR
equivalent by factors of 2.36 to 2.62, which is attributable to the ether group promoting the
OH-reaction. DME is less reactive than its PAR equivalent (ratio 0.7) because the dominant
reaction product, ethyl formate, is unreactive. Esters, except ETAC, are less reactive than
the PAR equivalent (ratio 0.1 to 0.91) because their carboxylic acid reaction products (FACD
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and AACD) are unreactive towards OH. ETAC is the only ester species more reactive than
the PAR equivalent (ratio 2.46) because of a high yield (93%) of peroxyacetyl radical (C2O3),
which is based on experimental data. IBTA is less reactive than the PAR equivalent (ratio
0.77) because the dominant reaction product, acetone, is unreactive toward OH. HPAR is
less reactive than the PAR equivalent (ratio 0.5) in part because of the greater ON yield
from HPAR than from PAR (28% compared to 13%). The lumped siloxane species SXD5 is
much less reactive than the PAR equivalent (ratio 0.23) because the majority of the reaction
products are considered unreactive by mechanisms based on current knowledge, which
are uncertain as discussed above. MIR values for siloxanes in SAPRC-07 mechanisms are
negative [34], indicating that siloxanes suppress ozone formation under MIR conditions,
which reinforces the idea that siloxane reaction mechanisms are uncertain and can benefit
from continued research.

4. Conclusions

We analyzed a 2019 VCP emission inventory for the U.S. [9] and found that ~67%
of the emissions mass can be well-represented by existing CB6 mechanism species but
~33% could be better represented by adding VCP mechanism species to CB6. We identified
16 VCP mechanism species (11 explicit and 5 lumped) for addition in our gas-phase
VCP mechanism, including alcohols, ethers, esters, alkanes and siloxanes. The resulting
VCP chemical mechanism has 19 species and 25 reactions and is compatible with CB6
mechanisms in the current CAMx v7.2 [22] and CMAQ v5.3 [21] air quality models and
will be incorporated into CB7.

We characterized the OFP of the added VCP mechanism species by computing MIR
factors which quantify OFP for strongly VOC-limited conditions. The computed VCP
MIR factors were compared to an alternative of mapping the VCP compound to the CB6
species PAR (representing paraffinic carbon), which is a likely current practice [22]. Nine
of the sixteen added VCP species are less reactive (i.e., smaller MIR) than their PAR
equivalents, namely i-propanol, dimethyl ether, methyl formate, ethyl formate, methyl
acetate, larger esters, i-butane, large alkanes and lumped siloxanes. These less reactive VCP
species are characterized by OH-reactions that form un-reactive products, such as acetone
or carboxylic acids. Seven of the sixteen VCP species are more reactive than their PAR
equivalents, namely n-propanol, ethylene glycol, propylene glycol, larger alcohols, diethyl
ether, larger ethers and ethyl acetate. These more-reactive VCP species are characterized by
containing a functional group that promotes faster OH-reaction (alcohol or ether group) or,
in the case of ethyl acetate, by forming a highly reactive product.

The VCP chemical mechanism for CB6 can improve how VCP impacts O3 and oxidants
are represented by photochemical models. However, changes in oxidant formation due to
the mechanism updates will depend on how VCP emissions are speciated for modeling,
which is uncertain, and impacts may go in opposite directions for specific categories of
VCP emissions that have unique chemical speciation characteristics. Better resolving the
chemical speciation of VCPs for modeling can also support improved organic aerosol
modeling; e.g., the large alkanes represented by HPAR tend to have larger SOA-yields than
remaining alkanes represented by PAR. The chemical mechanism developed for HPAR
explicitly includes temperature-dependent ON yields [43] and represents autoxidation by
1,6 H-shift reactions [44], consistent with current knowledge.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/atmos15020178/s1, Figure S1: Meteorological conditions for
the Los Angeles box model scenario, shown in local standard time for 29 July to 2 August 2011;
Figure S2: Time series for O3, NO and NO2 in the Los Angeles box model scenario, shown in local
standard time for 29 July to 2 August 2011; Table S1: The top 39 compounds identified by ranking
MIR- and SOA-weighted emissions in the VCPy 2019 U.S.-wide emission inventory. The percentage
of emissions, MIR or SOA for each compound is the contribution to that sum over all compounds.
The entry for CB6 (Yes or No) indicates whether the compound is considered well-represented by
the mechanism species of CB6r5 and CB6r3. C* is the saturation vapor pressure in µg m−3; Table S2:

https://www.mdpi.com/article/10.3390/atmos15020178/s1
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Mapping compounds present in VCPy and SPECIATE to the VCP and CB6 mechanism species; Table
S3: Emissions of CB6 species for the for the Los Angeles box model scenario on 31 July 2011, in
moles/day/km2.
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