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eroxy radicals from monoterpene
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Isoprene affects new particle formation rates in environments and experiments also containing

monoterpenes. For the most part, isoprene reduces particle formation rates, but the reason is debated. It

is proposed that due to its fast reaction with OH, isoprene may compete with larger monoterpenes for

oxidants. However, by forming a large amount of peroxy-radicals (RO2), isoprene may also interfere with

the formation of the nucleating species compared to a purely monoterpene system. We explore the RO2

cross reactions between monoterpene and isoprene oxidation products using the radical Volatility Basis

Set (radical-VBS), a simplified reaction mechanism, comparing with observations from the CLOUD

experiment at CERN. We find that isoprene interferes with covalently bound C20 dimers formed in the

pure monoterpene system and consequently reduces the yields of the lowest volatility (Ultra Low

Volatility Organic Carbon, ULVOC) VBS products. This in turn reduces nucleation rates, while having less

of an effect on subsequent growth rates.
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Environmental signicance

Isoprene andmonoterpenes are critical components of the atmosphere in all regions inuenced by biogenic emissions. Their relative contributions to secondary
organic aerosol and new particle formation and growth play important roles in aerosol climate interactions and likely human health effects from aerosols, but
the interactions between them are less studied and highly dependent on environmental conditions. Building a proper understanding of these interactions is
essential for accurate modeling of changes since the industrial revolution and also anticipated changes during future decarbonization and biosphere alteration
due to climate change.
1 Introduction

Monoterpene (C10H16) emissions from trees (mostly confers) are
sufficient to sustain boundary-layer mixing ratios of ten to
hundreds of parts per trillion (ppt),1,2 with an estimated global
ux of c.f. 90 Tg C year−1.3 Isoprene (C5H8) emissions from trees
(mostly deciduous, concentrated in the tropics), are much
higher thanmonoterpene emissions, sustaining boundary-layer
mixing ratios up to several parts per billion (ppb),1,4,5 with an
estimated global ux of c.f. 460 Tg C year−1. Together, mono-
terpenes and isoprene are thought to dominate total biogenic
emissions. Because the relative emissions of monoterpenes vs.
isoprene are highly species (and thus ecosystem) dependent,
the concentration ratio of monoterpenes to isoprene varies
widely across the globe.

The oxidation products of biogenic organic compounds
contribute to new particle formation in remote areas of the
atmosphere.6–8 Some of these oxidation products, called highly-
oxygenated organic molecules (HOMs),9 can have low enough
vapor pressures to contribute to growth of existing particles
even at the smallest sizes (1–2 nm diameter); the lowest vola-
tility among them may even nucleate with or without inorganic
companions. Specically, the production rate of HOMs from
pure monoterpene oxidation is sufficient to substantially
contribute to new-particle formation.7,10 Modeling has
conrmed their contribution,11,12 and this “pure biogenic” new-
particle formationmay have been a dominant pathway for cloud
condensation nucleus (CCN) formation in the pre-industrial
continental atmosphere.11 It should be noted that not all
HOMs have such low vapor pressures and many highly oxidized
species, especially those formed from small precursor mole-
cules, may not even reach the LVOC volatility range.13

Added isoprene suppresses nucleation even with high
concentrations of monoterpenes both in chamber studies and
ambient measurements.4,14–17 The cause of this suppression is,
however, debated, and model simulations of both chamber
experiments and ambient conditions can help resolve the
debate.

One proposed cause of the suppression is OH depletion by
the isoprene and consequent suppression of a-pinene oxidation
rates, leading to a lower production rate of low-volatility prod-
ucts, a lower steady state saturation ratio, and thus lower
nucleation rates.14,18,19 However, isoprene contributes to atmo-
spheric recycling of OH and so OH concentrations can still
remain high in isoprene-rich environments.20,21 Furthermore,
monoterpene ozonolysis products contribute heavily to HOM
formation and can produce similar yields even when OH
concentrations are low.7,22,23
024 The Author(s). Published by the Royal Society of Chemistry
A second proposed cause of the suppression is direct
entanglement of terpene and isoprene oxidation mechanisms.
Recent experimental work suggests instead that isoprene
suppression of nucleation is due to the suppression of the class
known as ultra-low volatility organic compounds (ULVOCs)
within the Volatility Basis Set (VBS).23,24 These are, nominally,
the “nucleators.” Isoprene oxidation products can suppress the
covalently bound C20 dimers that form from a-pinene oxidation
chemistry.21 ULVOCs govern nucleation,25 but only a subset of
the C20 dimers in monoterpene oxidation even extend into this
range.23 While isoprene oxidation does lead to condensible, low-
volatility products that can contribute to secondary organic
aerosol mass, few if any of these products reach the ULVOC
range.26–29 The proposed coupling in this case is direct via the
oxidation mechanisms rather than indirect via oxidation rates.
Specically, peroxy radicals derived from isoprene can react
with peroxy radicals derived from a-pinene, generating C15

heterodimers at the expense of C20 dimers in proportion to the
relative abundance (really oxidation rate) of isoprene.

The C20 (and C18 and C19) dimers have been measured in
chamber experiments on a-pinene ozonolysis. While particle-
phase reaction mechanisms to produce these species have
been proposed and experimental evidence for these mecha-
nisms has been observed, direct measurement of gas-phase
dimer species conrms a gas-phase mechanism to generate
them.30–35 The proposed gas-phase mechanism for dimer
formation involves the reaction of two peroxy radicals forming
a tetroxide intermediate that decomposes to form the dimer
species.36 The rate coefficients for these reactions are highly
dependent on the structures of the reacting peroxy radical
species and are faster when the peroxy radicals are highly
oxidized due to the presence of electron-withdrawing groups
near the peroxy moiety.37–39 Based on direct volatility measure-
ments, some dimers have volatilities in the range of ULVOCs
and extremely low volatility organic compounds (ELVOCs) and
thus can play a role in nucleation and growth.40–43 While most
studies that have measured dimer species have focused on
a single precursor, there is experimental evidence of precursor-
cross-product dimer formation in systems with multiple
precursors.21,44 Measurements by Heinritzi et al.21 also link the
suppression of nucleation to the suppression of the C20 dimers,
conrming that the nucleating species of a-pinene oxidation are
in fact the C20 dimers.

Here we shall explore the interactions between monoterpene
and isoprene oxidation in a model employing the radical two-
dimensional Volatility Basis Set (radical-VBS), which has been
described in Schervish and Donahue.23 The radical-VBS extends
earlier VBS development24,45 by explicitly treating peroxy-radical
(RO2) formation from organic precursors within a gas-phase
Environ. Sci.: Atmos., 2024, 4, 740–753 | 741
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photo-oxidation mechanism. The RO2 chemistry includes
autoxidation reactions, in which RO2 undergo internal H-atom
transfers and subsequently re-form RO2 species with additional
oxygen-containing functional groups (largely –OOH). In the
radical-VBS, RO2 volatility is treated explicitly, and successive
autoxidation steps reduce volatility by forming “OxnRO2”, where
n represents the number of sequential steps of autoxidation.9

RO2 termination chemistry is treated in termination “kernels”
via standard termination reactions (unimolecular termination,
HO2 reaction, NO reaction, etc.). Those kernels distribute
products in the 2D-VBS space (dened by volatility, c°, and
oxygenation, O : C). In this way the radical-VBS can represent
changing yields of condensible organic products caused by
changing photochemical reaction conditions (temperature,
NOx, RO2 : HO2, etc.).23,46–48

The RO2 reactions in the radical-VBS also include RO2 + R0O2

cross reactions, which introduce a rich reaction space including
radical propagation (formation of RO radicals), termination
(formation of carbonyls and alcohols) and dimerization
(termination via formation of peroxides, here called ROOR).
Because of this, the radical-VBS can treat the interactions of
different organic precursors such as a-pinene and isoprene. Our
objective is to explore those interactions, and also to explore the
extent to which chamber experiments can be readily applied to
atmospheric conditions. This is not necessarily straightforward,
as the RO2 + RO2 reactions are intrinsically nonlinear, and
laboratory (chamber) experiments seldom, if ever, reproduce
ambient atmospheric conditions exactly.
2 The model

We represent terpene oxidation with a reduced mechanism
described earlier for a-pinene;23,47 it isolates RO2 reactions and
here we extend it to treat isoprene as well. Here we introduce the
general chemistry scheme as well as the specic implementa-
tion for isoprene, but specic information on the a-pinene
implementation can be found in Schervish and Donahue.23 The
potential reaction pathways for RO2 from a-pinene and isoprene
are the same.
2.1 Peroxy radical chemistry

There are comprehensive atmospheric oxidation mechanisms
for isoprene.49,50 However, our goal is to focus on the RO2

interactions and so we employ a highly simplied oxidation
scheme that includes the key elements of RO2 isomerization
and thus autoxidation, including its strong temperature
dependence. We represent the isoprene chemistry in a similar
way to the a-pinene chemistry described in Schervish and
Donahue23 but with a few differences described here. One
notable assumption in the mechanism is that only a fraction of
the RO2 radicals formed from either precursor will readily
undergo autoxidation. The rst-generation RO2 from
a precursor, “prec”, (“ap” or “ip”) are labeled “precOx0RO2” and
“precRO2” for those with and without the capacity for rapid
isomerization. They are otherwise identical in reactivity. Here,
as in Schervish and Donahue,47 we use an aOH = 0.25 for the
742 | Environ. Sci.: Atmos., 2024, 4, 740–753
fraction of RO2 formed from OH oxidation of a-pinene that can
autoxidize based on recent experimental ndings.51,52

The propensity of rst-generation RO2 to isomerization via
H-atom transfer will depend on the structure of the RO2. For
example RO2 from a-pinene that retain the C4 ring are inexible
and recalcitrant,53 and the OO location in isopreneRO2 strongly
inuences subsequent isomerization.54 For this reason we split
the rst-generation RO2 into prec0RO2, which we assume has
negligibly slow isomerization, and a fraction labeled precOx0-
RO2, which can isomerize. Here, for each precursor we assume
this fraction is 0.25. This is uncertain but consistent with that
used in Xu et al.55 for global HOM simulations and with
experimental and molecular dynamic simulations on the H-
shi potential of initial terpene peroxy radicals.51–53,56

We employ a highly simplied (yet still very rich) scheme
designed to isolate RO2 chemistry, and here we consider only
NOx free conditions. While this is representative of the chamber
experiments we will simulate in this work, it should be noted
that these conditions favor the autoxidation pathway and dimer
formation and even trace NOx will inuence the mecha-
nisms.23,25 Both a-pinene and isoprene oxidation leads to peroxy
radicals, apRO2 and ipRO2. Further, a fraction of each can
produce a succession of functionalized RO2 via autoxidation:

a-Pinene ����!Ox
apOx0RO2 ����!O2

apOx1RO2 ����!O2

apOx2RO2 ����!O2
apOx3RO2

Isoprene ����!Ox
ipOx0RO2 ����!O2

ipOx1RO2 ����!O2

ipOx2RO2 ����!O2
ipOx3RO2

Once formed, both isoprene and a-pinene RO2 can terminate
via unimolecular or bimolecular reaction. The only available
pathways in this NOx-free simulation are HO2 or another
organic peroxy radical. Overall the scheme for any given peroxy
radical is as follows:

RO2 / monomer (R3)

RO2 + HO2 / ROOH (R4)

RO2 + R0O2 / ROOOOR0 (R5)

ROOOOR0 / RO + R0O + O2 a (R6)

ROOOOR0 / R]O + R0OH + O2 b (R7)

ROOOOR0 / ROOR0 + O2 g (R8)

RO / monomer (R9)

The RO2 may decompose or react with HO2, or it may react
with other R0O2 via a “tetroxide” intermediate. As a substantial
simplication we terminate the ROx radical chemistry in reac-
tions (R3) and (R9); this is to focus on the immediate conse-
quences of RO2 branching, and we do not claim that it fully
represents HOx–ROx chemistry. We treat three RO2 pathways –

the radical, the molecular, and the dimer – with branching
© 2024 The Author(s). Published by the Royal Society of Chemistry
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ratios a, b, and g, but here we assume b = 0. As we do not treat
explicit alkoxy radical (RO) chemistry, the rst pathway imme-
diately resolves into molecular products, as do all other alkoxy
radicals. Therefore, in this work, the radical and molecular
channels would resolve into functionally the same products. As
the branching between these pathways is uncertain, future work
will focus on separating these reactions and representing the
rich space of alkoxy radical chemistry, especially in its ability to
further propagate the radical chemistry investigated here.

Because we care about volatility, each ROOR0 product has
a different volatility and thus must be represented separately.
This breaks the conventional method for treating RO2 with
“reactive families” (i.e. RO2 + {RiO2}/ RO + O2, where {RiO2} is
either the sum of all RO2 or a subset such as secondary RO2).57

Unfortunately, this means that the number of reactions
increases with the square of the number of RO2 species in the
mechanism, rather than linearly, and so the mechanism gets
very large, very quickly. In the future we shall add treatment of
NOx, the molecular RO2 reaction channel, and more sophisti-
cated treatment of the rich RO chemistry.58,59

The precursors and all RO2 have 300 K saturation concen-
trations that anchor a Volatility Basis Set shown in Fig. 1, and all
reaction products are distributed in the VBS according to these
anchor points, as described in Schervish and Donahue.23 The
molecular products are distributed according to kernels in the
VBS because they are surrogates representing an ensemble of
isomers and related products. When a specic reaction termi-
nates a specic RO2, the appropriate reaction kernel is
anchored to that RO2 to determine where in the 2D-VBS space
the products will lie. Thus the reaction products of Ox1RO2 and
Ox2RO2 with HO2 are determined via the same kernel but fall in
different bins in the 2D-VBS due to the different properties of
the peroxy radicals to which the kernels are anchored. Similarly,
due to the differences in the reaction kernels (given in the SI of
Fig. 1 Isoprene and a-pinene peroxy radicals (RO2) in the two-dimension
and carbon oxidation state (and approximate O : C) on the y-axis. Volatil
plot. Isoprene and a-pinene are shown in red. Peroxy radicals from a-pi
progressively darker shades. Peroxy radicals from isoprene peroxy are
progressively darker shades. Nucleation is driven principally by ULVOC p
ciation products from a-pinene alone. Only products in the LVOC range
typical atmospheric conditions, but cross reactions among the various RO
the specific RO2 involved.

© 2024 The Author(s). Published by the Royal Society of Chemistry
Schervish and Donahue23), an Ox3RO2 that terminates to
a dimer product via reaction with another Ox3RO2 will have
products at much lower volatility (in the ULVOC range) than the
same peroxy radical terminating with HO2.

The full details of the mechanism are in the ESI.† The kinetic
parameters for autoxidation and association reaction are
provided in Table S1.† The complete list of isoprene reactions in
the model along with their rate coefficients is provided in Table
S2.† The isoprene–a-pinene cross reactions are provided in
Table S3.† These reactions along with the inorganic chemistry
in Table S4† and a-pinene chemistry in Table S5† comprise the
total ensemble of reactions represented in this version of the
model.

2.1.1 Isoprene oxidation. As with a-pinene, in this model
isoprene is oxidized by ozone and the hydroxyl radical,
producing peroxy radicals, some of which readily isomerize to
initiate autoxidation (ipOx0RO2) and others that do not (ipRO2).
While ozonolysis dominates the fate of a-pinene, isoprene
ozonolysis is relatively slow and so OH oxidation dominates the
fate of isoprene.49,58 Isoprene is a diene with very rich chemistry,
but with ozonolysis chemistry and OH largely consumed by the
isoprene itself for this simulation, our scheme for it is directly
analogous to our earlier a-pinene scheme; subsequent work,
including with fully enumerated mechanisms,49,50 will explore
the consequences of this simplication more deeply.

Here, each oxidant, Ox will react with isoprene to produce
some RO2 that can undergo autoxidation as well as some OH.

IsopreneþOx ���!O2
aoxipOx0RO2 þ ð1� aoxÞipRO2 þ yoxOH

Here we assume that aO3
= 0.25 (ref. 28) and aOH = 0.5.60 We

also use yO3
= 0.26 and yOH = 0.61,62 We assume that the RO2

from different oxidants are similar (other than the initial
difference in yields of RO2 that can undergo autoxidation; like
other simplications in this study, this is to avoid the explosion
al volatility basis set (2D-VBS), with log c°(300 K) volatility on the x-axis
ity classes are indicated with background colors and labeled above the
nene are shown in green with the more autoxidized peroxy radicals in
shown in blue, again with the more autoxidized peroxy radicals in
roducts, which in this system are formed by highly autoxidized asso-
and lower substantially contribute to subsequent particle growth under

2 shown here can populate much of that range, depending strongly on

Environ. Sci.: Atmos., 2024, 4, 740–753 | 743
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of RO2 cross reactions that would otherwise ensue). Conversely,
we assume that, just like the apRO2, the ipRO2 can undergo 3
steps of autoxidation.

In these simulations, ozonolysis (largely of a-pinene) drives
the chemistry; this produces OH radicals, inducing secondary
oxidation. The rate coefficient for the reaction of OH with a-
pinene is roughly half the rate coefficient for the reaction of OH
with isoprene, and so as the isoprene concentration rises up to
and past the a-pinene concentration with increasing isoprene
input ow, isoprene becomes the dominant OH sink.

2.1.2 Autoxidation. Autoxidation of RO2 in the atmospheric
context came to light considering isoprene.49,54,63 In the experi-
ments at CLOUD we focus on here, Heinritzi et al.21 observed
oxygenated C5RO2 with nO = 3, 6, 7, 8, and 9, following isoprene
ozonolysis, conrming that progressive isomerization of RO2

occurs following ozonolysis.21

We base our scheme for autoxidation of isoprene on our
scheme for a-pinene. The internal RO2 isomerization at the
heart of autoxidation is an H-atom transfer, which will have an
activation energy causing a strong temperature dependence.
This is clear in the progressively reduced O : C and higher
intrinsic volatility of a-pinene ozonolysis products observed as
temperature drops in CLOUD.40,64 Here we use a slightly lower
activation energy (temperature) of 7300 K for both a-pinene and
isoprene autoxidation to weaken the temperature dependence,
counterbalanced by higher pre-factors to achieve similar HOM
concentrations and growth rates to those measured experi-
mentally.21 This gives an H-atom transfer rate coefficient for
Ox0RO2 of 0.02 s−1 at 298 K, which is very similar to that used in
Schervish and Donahue.23 For isoprene, lower pre-factors cause
slightly longer autoxidation lifetimes.

These parameter updates for the interactions between RO2

autoxidation and cross reactions reect new constraints
provided by observed particle formation and growth rates in lieu
of detailed temperature-dependent kinetics for the elementary
reactions. The higher pre-factors used in our prior work for a-
pinene allow for signicant amounts of ELVOC and LVOC
isoprene products to form even at low isoprene concentrations,
which is inconsistent with observations for pure isoprene
chemistry.65,66 We present the kinetic parameters in Table S1.†
As with a-pinene, the autoxidation parameters used here are
uncertain; sensitivity analyses on these parameters are war-
ranted, but experimental kinetics constraints are urgently
needed.

2.1.3 Unimolecular termination. Isoprene peroxy radicals,
like a-pinene peroxy radicals, may undergo unimolecular
termination at any point in the autoxidation sequence. Isoprene
unimolecular termination reactions can be especially important
as some can recycle HOx.67,68 For these reactions we use rate
coefficients broadly consistent with the Jenkin et al.69 addition
to the Master Chemical Mechanism and quantum-chemical
modeling.50,68
2.2 C10 dimers and C15 heterodimers

The key species comprising ULVOC (and thus new-particle
formation) are the ROOR dimers. We assume that the yield, g,
744 | Environ. Sci.: Atmos., 2024, 4, 740–753
is a function of the (log) average volatility of the reacting RO2 as
described in Schervish and Donahue.23 This is because dimer
formation is spin forbidden and thus requires that the weakly
avoided crossing between the spin states be located at a lower
energy than the reactants, and the cluster formation energy of
the reacting RO2 is related to their volatility.36,70,71 We thus
calculate the dimer yield based on the geometric mean volatility
of the reacting RO2, c

�
GM and a critical reference volatility, c

�
ref ,

g ¼ 1

1þ c
�
GM

.
c
�
ref

(1)

Here we use c
�
ref ¼ 0:1 mg m�3. This is informed by the results

from Schervish and Donahue23 showing a stronger suppression
of dimers at cold temperatures and high NOx conditions than
observed in chamber studies of those conditions.25,64 We use
this c

�
ref for both isoprene and a-pinene association reactions.

Electron-withdrawing groups, like –OOH groups from sequen-
tial autoxidation, stabilize the tetroxide intermediate leading to
dimer formation. As volatility decreases with increasing –OOH
groups, a volatility dependence is appropriate, however it only
indicates the likelihood the electron-withdrawing groups are
close to the radical on a single size carbon backbone. Thus, in
the future, a higher c

�
ref for isoprene might be appropriate. In

this work, we simply use one value to avoid expanding the
parameter space. We do allow for different association rate
coefficients for ipRO2 and apRO2, which could capture some of
this effect via higher association rate coefficient for ipRO2.
However, we still nd that the same rate coefficients for each
similarly oxidized RO2 from isoprene and a-pinene produces
the best results when compared to experimental
measurements.

Oxidation of a-pinene produces a variety of C20 dimers and
in a similar fashion isoprene chemistry produces a variety of C10

dimers. Because we represent the branching of these associa-
tion reactions toward dimers as being volatility dependent, the
likelihood of forming a dimer from a reaction between two
isoprene peroxy radicals is lower than their similarly oxidized a-
pinene counterparts. Therefore, while we expect to see C10

dimers forming in our simulations, their yields will likely be
lower than the C20 dimers when similar amounts of isoprene
and a-pinene are present. This is difficult to test with experi-
mental data as current instrumentation cannot easily distin-
guish the formation pathway of each C10 species measured and
separate products of an accretion reaction between two C5

ipRO2 from a monomer product of an apRO2.
For the rate coefficients of the RO2 cross reactions we

continue to follow a scheme based on Madronich and Calvert37

as described in Schervish and Donahue.23 The individual rate
coefficients are highly uncertain, and building on our earlier
work we adjusted the rate coefficients of the RO2 association
reactions from the base case to reproduce trends described in
Heinritzi et al.;21 however, no individual rate coefficient was
adjusted by more than an order of magnitude and all are within
the range of measured peroxy radical association rate coeffi-
cients. We also adjusted the rate coefficients for isoprene RO2 to
© 2024 The Author(s). Published by the Royal Society of Chemistry
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reproduce HOM and dimer concentrations in Heinritzi et al.21.
These rate coefficients are provided in Table S1.†
2.3 Kernels

Stable RO2 products are resolved into VBS distributions using
kernels that are anchored to the peroxy radical that produced
them. These kernels allow us to represent a wide variety of
stabilization pathways producing a wide variety of different
products through one surrogate species. The variety of species
that the surrogate represents are instead mapped to a distribu-
tion of products within the VBS dened by a transformation
relative to the surrogate apRO2 (or ipRO2) volatility and O : C.
We fully resolve the products of the RO2 chemistry described
above and take the nal concentration for each species andmap
those to a distribution of products in the 2D-VBS using the
appropriate kernel for each type of product (e.g. ROOH, ROOR,
etc.). The kernels are described in more detail in Schervish and
Donahue23 and given in the ESI† of that work.

2.3.1 ULVOC formation. The kernels can distribute the
products of one reaction over multiple orders of magnitude of
volatility. This means that many of the stable products have
lower volatilities that the peroxy radicals that formed them, and
in the case of dimerization, much lower volatilities. Dimeriza-
tion, as it increases the carbon number of the molecule from
either individual peroxy radical, creates products that are
drastically lower in volatility, a fraction of which can reach ultra-
low volatility, the volatility class that we dene as being able to
nucleate. However, as we are especially interested in ULVOC
production, it is important to note that even though the C20

dimers are the only species capable of reaching this volatility
range, not all C20 dimers formed in this model do reach this
range, and even for those that do, only a fraction of the products
are mapped there. Based on the kernels used here and the
volatilities assigned to the peroxy radicals in these simulations,
only the apOx3apOx3ROOR and apOx3apOx2ROOR C20 dimers
have any fraction of their mapped products in the ULVOC range
of the VBS. In other words, it requires at least 3 generations of
autoxidation in an a-pinene product, and at least 2 generations
in the second, to form a ULVOC nucleating species with
nominally 5 or 6 –OOH functional groups in total. Any chem-
istry that interferes with this will suppress new particle forma-
tion (though not necessarily growth).
3 Results

To explore this chemistry using the radical-VBS we simulate
a Continuously Stirred Tank Reactor (CSTR) as described in
Schervish and Donahue47 with a steady ow in of organic
precursors and ozone and a ushing timescale of 3 h, which is
reective of the ushing timescale of the CLOUD chamber at
CERN.72 Organic precursors are added at a constant ow rate to
achieve a desired steady-state concentration. Simulations are
run with ows achieving steady-state a-pinene mixing ratios of
approximately 700 ppt and steady-state isoprene mixing ratios
between 0 and approximately 10 ppb. The temperature in all
simulations in this work was xed at 298 K.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Nucleation and growth are driven by the actual concentra-
tions of condensible vapors. Those concentrations in turn are
governed by the balance of production and loss; in chambers as
well as the real atmosphere, loss via condensation dominates
for these vapors. In the atmosphere, the condensation sink for
H2SO4 and condensible vapors varies between 1 h−1 and 1
s−1,73,74 but 10 h−1 is typical of remote locations. This corre-
sponds to a condensation lifetime of 6 minutes, and this
condensation sink consists almost entirely of accumulation
mode particles.

In chambers with fairly low aerosol loading (such as
CLOUD), the major loss of condensible vapors is (presumably
irreversible) deposition to the chamber walls. Under typical
mixing fan speeds in CLOUD, the H2SO4 deposition timescale is
roughly 4 minutes.72 The organic vapors are heavier, with
correspondingly lower diffusion constants, and so have depo-
sition timescales of order 10 min.75,76 This correspondence of
vapor deposition timescales between CLOUD and remote
ambient conditions is a design feature, though caution is
required because turbulent deposition to the chamber walls

scales as
ffiffiffiffi
D

p
whereas laminar condensation to particles scales

as D (or molecular speed in the kinetic regime).77,78 In order to
compare modeled UVLOC collision frequencies and modeled
size-dependent growth rates with chamber data, we therefore
add a wall-loss term to our simulation of the CSTR affecting all
of the closed shell products and RO2 formed from precursor
oxidation. Here that is 0.0017 s−1 (a 10 min lifetime).
3.1 General results

Fig. 2 shows the yields from simulations with the same ow rate
of a-pinene, but varying the ow rates of isoprene to achieve
different steady-state concentrations. These yields are given
with respect to one a-pinene carbon so the total yields increase
from the bottom to the top plot as isoprene oxidation products
are added in. Different classes of products are shown with
different colors in the histograms, as shown in the legend. As
the isoprene concentration rises, more C5 products form; most
are SVOCs, IVOCs, and VOCs, consistent with the expected
volatility of isoprene oxidation products. Some C10 and C15

dimers form with increased isoprene, reaching into the LVOC
range of the VBS, but with low yields. As discussed previously,
these low yields may be a consequence of using the same c

�
ref for

both a-pinene and isoprene RO2, leading to less favorable C15

and C10 dimer formation than if isoprene RO2 were assigned
a higher c

�
ref .

The most dramatic effect of increasing isoprene is a sharp
decrease in the C20 dimers. The overall effect of isoprene on
these distributions is thus to decrease the ULVOC and ELVOC
yields, but to mostly maintain the LVOC yields because of the
added carbon from the isoprene and the shortening of the
autoxidation chain due to higher levels of RO2. Additionally,
total C10 decreases with increasing isoprene, leading to
approximately stable LVOC yields despite decreasing LVOC
concentrations (Fig. 3). This is consistent with Heinritzi et al.,21

where a reduction of approximately 40%was observed in the C10

compounds when 4.9 ppb of isoprene was added with 771 ppt of
Environ. Sci.: Atmos., 2024, 4, 740–753 | 745
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Fig. 2 Yields (vs. oxidized a-pinene) at steady state of product classes vs. volatility for simulations of mixed a-pinene and isoprene oxidation in an
oxidation chamber. Simulations are for constant a-pinene at 700 ppt with isoprene at: (bottom) 0 ppb; (middle) 1.5 ppb; and (top) 5 ppb. Left-
hand panels zoom in on the low-volatility range with a maximum yield of 4%. Yields are with respect to amount of oxidized a-pinene; thus, the
total yields increase with increasing isoprene, most notably in the right-hand panels. However, the low-volatility yields in the left-hand panels
remain constant or decrease with increasing isoprene, despite the total yield increase. Yields are colored by product types. Products labeled “ap
monomers” are the products that have not undergone autoxidation, while products labeled “C10monomers” are HOMmonomers from a-pinene
that have undergone autoxidation. The C20 dimers are the only products in the ULVOC range while the C15 and C10 dimers are mostly in the
ELVOC and LVOC range.
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a-pinene compared to pure a-pinene experiments. As shown in
Fig. S1,† this reduction in a-pinene C10 compounds is due to
lowered a-pinene reactivity due to lower OH concentrations
with increasing isoprene. However, as a-pinene's reactivity with
ozone in this work accounts for the majority of it's reactivity, the
746 | Environ. Sci.: Atmos., 2024, 4, 740–753
reduction in reactivity with increasing isoprene is much smaller
than if the only oxidant present were OH. The large decrease in
C20 dimers, but smaller decrease of LVOCs, affects new-particle
formation by suppressing nucleation and early growth, but has
a smaller effect on growth of larger particles.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 ULVOC, ELVOC, and LVOC classes vs. isoprene. The top panel
shows absolute concentrations and the bottom panel shows values
relative to those at zero isoprene. The sum (condensible organics) is
shown with a dashed curve. The isoprene effect on the ULVOCs is
greatest, the ELVOCs are also suppressed to a lesser extent, and the
LVOCs are least sensitive.

Fig. 4 ULVOC collision rate as a function of steady-state isoprene
concentration in a simulation including chamber wall losses for
condensible vapors. The collision rate is kkin[ULVOC]2, where kkin is the
gas-kinetic collisional rate coefficient. ULVOC collisions drop
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In these simulations very few peroxy radicals from either
isoprene or a-pinene react with HO2 because the HOx concen-
tration is low due to less efficient HOx recycling from isoprene
ozonolysis. Unimolecular isoprene chemistry can recycle HOx,
and CO in the chamber may also convert some OH to HO2.47

This is not included in our simplied mechanism. However
even a simulation assuming the most abundant peroxy radical
produced 0.7 HO2 per unimolecular reaction as recommended
in Peeters et al.,67 the vast majority of products of any RO2 + HO2

end up in the SVOC to IVOC range and thus will not contribute
to nucleation or growth of the smallest particles.

Fig. 3 shows ULVOC, ELVOC, and LVOC classes vs. steady-
state isoprene concentrations. Taken together, we refer to
these as “condensible organics”, this total is shown with the
lighter dashed curve. The most obvious feature is that the
ULVOCs decrease the most as isoprene rises, the ELVOCs
decrease to a lesser extent, and the LVOCs decrease the least.
The ULVOCs at the highest steady-state isoprene concentration
here decrease to about one tenth of their value in the absence of
isoprene. The ELVOCs decrease by about 80% because the C20

dimers in this range are also suppressed, but that is also the
range where the most of the C15 dimers appear. The LVOCs
decrease as well, but are not as dramatically affected as the
ULVOCs or ELVOCs, as some C15 dimers will end up in that
© 2024 The Author(s). Published by the Royal Society of Chemistry
range, but some just displace LVOC a-pinene monomer prod-
ucts. The increase is also due to C10 dimers from two isoprene
peroxy radicals, most of which have yields in the LVOC range,
but the yields of these products are small. Because most of the
condensible material is in the LVOC range, the condensible
organic concentration decreases, but only by about 60%, less
than the decrease of the ELVOC and ULVOC classes.
3.2 Comparison with CLOUD observations

3.2.1 ULVOC collision frequency and nucleation rates. In
Fig. 4, we show the ULVOC collision rate vs. isoprene. This rate
is kkin[ULVOC]

2, with kkin = 3× 10−10 cm3 molec−1 s−1. Because
isoprene suppresses ULVOC C20 dimers, the ULVOC collision
rate drops rapidly with increasing isoprene, falling by over an
order of magnitude from zero to 2 ppb.

We can also approximate the nucleation rate once ULVOC
concentrations are known.46 While in this work we use only
ULVOCs as the nucleating species, we expect that the ability of
a species to participate in nucleation depends on the effective
supersaturation of that species, which is a function of the
saturation concentration (log c°), the gas-phase concentration
of that species, and the overall abundance of less volatile
species.79 This means that species in the ELVOC range may
participate in nucleation when their gas-phase concentrations
are sufficiently high. The actual new particle formation rates are
lower than the ULVOC collision frequency; the observed
nucleation rates (J1.7) for the conditions simulated here were
between 1 and 10 particles cm−3 s−1 (in the presence of ions
produced by galactic cosmic rays),21 indicating an average
ULVOC nucleation efficiency of roughly 0.01, or that the effec-
tive nucleating vapor concentration is roughly 10% of the
ULVOC concentration, with nucleation at the kinetic limit. This
∼1% ULVOC nucleation efficiency is consistent across ULVOC
produced from isoprene, monoterpene, and sesquiterpene
oxidation.80 However, whatever the nucleation efficiency, the
added isoprene clearly reduces the ULVOC collision frequency
dramatically with isoprene even well below 1 ppb.
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and will consequently reduce the nucleation rate
proportionately.7

Our model simulations thus conrm that adding isoprene to
a system driven by a-pinene ozonolysis will signicantly
suppress the new-particle formation rate but for the most part
preserve or even enhance growth rates. This is exactly what is
observed. Future work will include a parameterization of the
nucleation efficiency based on the geometric mean of a cluster
(i.e. the average log c° of a pair of ULVOCs in the VBS); this
presumably rises from a very low value outside of the ULVOC
range to near unity deep into that range.

3.2.2 Growth rates. Growth rates for dp ( 10 nm by organic
condensation reect a complex interplay between the volatility
distribution, the Kelvin effect, and a generally declining colli-
sion frequency vs. diameter for the smallest particles due to
microphysical effects.78,81 In some circumstances the growth
rates will accelerate rapidly with dp as the declining Kelvin effect
allows progressively more volatile organics to condense.8,10

However, for the conditions used in the CLOUD experiments on
the mixed a-pinene + isoprene system, the observed growth
rates increased with dp for all isoprene mixing ratios.21 Here we
model growth rates using a dynamic condensation model
described in Stolzenburg et al.10. At rst we hold the a-pinene
concentration near 1100 ppt in order to achieve a total HOM
concentration similar to CLOUD observations.21 We calculated
growth rates with steady-state concentrations predicted from
the CSTR model.

In Fig. 5, we show the growth rates normalized to the growth
rate with no isoprene present vs. isoprene at dp = 1.6, 2.5, 5.6,
and 10 nm. We show these values as they are the middle of the
range reported in Heinritzi et al.21. The growth rates simulated
here range from approximately 15 to 3 nm h−1 which is
comparable to the approximately 20 to 2 nm h−1 seen in
Heinritzi et al.21. The relative reduction from 0 to ∼4 ppb of
isoprene is also similar for all sizes, but we do not present
a direct comparison as the measured a-pinene and isoprene
mixing ratios were not constant at every size where a growth rate
Fig. 5 Growth rates (normalized to the growth rate with no isoprene
present) vs. isoprene at different particle diameters for ozonolysis of
(constant) a-pinene and isoprene. Added isoprene suppresses particle
growth for all sizes below 10 nm but most dramatically at the smallest
sizes.

748 | Environ. Sci.: Atmos., 2024, 4, 740–753
was measured. All simulated cases had a steady-state concen-
tration of approximately 1100 ppt of a-pinene. Growth is sup-
pressed at all (physical) diameters between 1.6 and 10 nm,
consistent with the CLOUD observations reported by Heinritzi
et al.21. However, the suppression is greatest at the smallest
sizes (about a factor of 3 from no isoprene to 4 ppb of isoprene)
and weaker at the larger sizes (about a factor of 2 at 10 nm) all
due to the reduction in ULVOC and LVOC concentrations with
increasing isoprene. The growth rates we simulate here as well
as the reduction effect by isoprene are similar to those observed
in CLOUD.21

A direct comparison with the observations described in
Heinritzi et al.21 is the formation rate (uxes) at any given
particle size. Formally, Jdp = sG(dn/ddp), the growth rate multi-
plied by the size distribution, and it reects the overall forma-
tion rate affected by particle losses, including condensation
(including wall loss) and coagulation, once the system is at
steady state. The formation rate thus inevitably declines with
size (at steady state) and reects the survival probability.78 Here
the condensation sink was much smaller than the wall loss
frequency, and so wall losses dominate.

Fig. 6 shows the formation rates of particles from 1.7 to 7 nm
for different a-pinene and isoprene ow rates chosen to match
steady-state concentrations from Heinritzi et al.21 at 298 K.
Nucleation is

J1.7 = knuc[ULVOC]2; knuc = 0.01kkin (2)

Specically, three different a-pinene ows give concentra-
tions of 450, 770 and 1440 ppt, with zero isoprene shown as
dashed curves and high isoprene as solid curves. Symbols are
experimental measurements from Heinritzi et al.21. A strong
reduction in the formation rate can be seen for dp ( 2.5 nm
with a more gradual decline at larger sizes. This is due to the
Fig. 6 Formation rates of particles (flux across a given size cut) vs.
diameter (dp) for different a-pinene and isoprene levels. Steady state
a-pinene was 450, 770 and 1440 ppt for the three colored sets of
curves, without (dashed) and with (3–10 ppbv, solid) isoprene. Symbols
are data from Heinritzi et al.21 without (circles) and with (3–10 ppbv,
triangles) isoprene. Isoprene suppresses formation at all (very small)
sizes but this is most pronounced for dp ( 2.5 nm.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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stronger suppression of ULVOCs by isoprene; these contribute
most to growth at smaller sizes, whereas at larger sizes higher
volatility classes, which are less affected by isoprene, can
contribute to growth. The model broadly agrees with the
observations from CLOUD.21

4 Conclusion

We have explored the effect of isoprene on the products of a-
pinene ozonolysis, specically investigating the effect on the
species that participate in nucleation and growth, the ULVOCs
and E/LVOCs respectively. In this work, we use a relatively
simple scheme for RO2 chemistry to investigate the effect of
isoprene on the products of a-pinene ozonolysis. In the future,
we will explore a more detailed model to simulate mixtures of
additional precursors, including a richer alkoxy radical (RO)
scheme and more detailed RO2 association reaction represen-
tations, as well as constraining the wide host of uncertain
parameters discussed in this work.

ULVOCs are suppressed with increasing isoprene, due to the
increased competition for C10 peroxy radicals by C5 peroxy radicals.
ELVOCs are also suppressed but to a lesser extent because the C20

dimers in this range are reduced with increasing isoprene
concentration, but this is compensated for somewhat as many of
the C15 dimers appear in this range, depending on their yields. The
LVOCs are less affected than ULVOCs or ELVOCs by isoprene
because C15 and C10 dimers are both formed in these volatility
ranges, but some of these only replace C10 monomers. While total
C10 products decrease, likely in part due to competition for
oxidants, the decrease in C20 dimers, the nucleating species, is
stronger. This indicates that their decrease during ozonolysis
experiments is not solely caused by competition for OH.

We model the dependency on growth rate of 1–10 nm
particles and compare to Heinritzi et al.21. For plausible kinetics
and dimer yields, we found a reduction in growth rates at all
particle sizes, but this reduction is most prominent at the
smallest sizes, which agrees with experimental results and
theoretical arguments that only ULVOCs and ELVOCs can
contribute to growth of the smallest particles.

The stoichiometric yields of these nucleating species are very
low, in the per mil range, and our model conrms that these
yields are very likely sensitive to the full RO2 branching chem-
istry including formation of covalently bound dimers. This
means that the full ensemble of organic compounds being
oxidized in a given air mass (or experiment) may interact
directly with each other, and not just through their inuence on
the underlying oxidant and inorganic radical chemistry.
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Author contributions

MS and NMD conceived the project and designed the overall
scope. MS implemented and executed the radical VBS model.
© 2024 The Author(s). Published by the Royal Society of Chemistry
MS and NMD wrote the manuscript. FB, LD, SB, JD, IEH, HF,
XCH, MH, AK, CK, JK, MK, KL, BL, VM, BM, UM, WN, TP, LQ,
DS, RV, AW, MW, PW, CY and QY prepared the CLOUD facility
and instruments and engaged in scientic discussion regarding
the paper.

Conflicts of interest

The authors declare no conicts.

Acknowledgements

This work is dedicated to the memory of Astrid Kiendler-Scharr.
It was supported by: Grant CHE2336463 from the U.S. National
Science Foundation; the Vienna Science and Technology Fund
(WWF) through project VRG22-003; Grant number
PZ00P2_216181 from the Swiss National Science Foundation
Ambizone Scheme; Grant number 200021_213071 from the
Swiss National Foundation; and the European Research Council
project NANODYNAMITE (ERC 616075).

Notes and references

1 A. B. Guenther, X. Jiang, C. L. Heald, T. Sakulyanontvittaya,
T. Duhl, L. K. Emmons and X. Wang, Geosci. Model Dev.,
2012, 5, 1471–1492.

2 A. B. Jardine, K. J. Jardine, J. D. Fuentes, S. T. Martin,
G. Martins, F. Durgante, V. Carneiro, N. Higuchi,
A. O. Manzi and J. Q. Chambers, Geophys. Res. Lett., 2015,
42, 1576–1583.

3 A. Guenther, T. Karl, P. Harley, C. Wiedinmyer, P. I. Palmer
and C. Geron, Atmos. Chem. Phys., 2006, 6, 3181–3210.

4 S. Lee, J. Uin, A. Guenther, J. de Gouw, F. Yu, A. Nadykto,
J. Herb, N. Ng, A. Koss, W. Brune, K. Baumann,
V. Kanawade, F. Keutsch, A. Nenes, K. Olsen, A. Goldstein
and Q. Ouyang, J. Geophys. Res.: Atmos., 2016, 121(14), 621–
635.

5 S. Martin, M. Andreae, P. Artaxo, D. Baumgardner, Q. Chen,
A. Goldstein, A. Guenther, C. Heald, O. Mayol-Bracero,
P. McMurry, T. Pauliquevis, U. Poeschl, K. Prather,
G. Roberts, S. Saleska, M. Silva Dias, D. Spracklen,
E. Swietlicki and I. Trebs, Rev. Geophys., 2010, 48, RG2002.

6 F. Riccobono, S. Schobesberger, C. E. Scott, J. Dommen,
I. K. Ortega, L. Rondo, J. Almeida, A. Amorim, F. Bianchi,
M. Breitenlechner, A. David, A. Downard, E. Dunne,
J. Duplissy, S. Ehrhart, R. C. Flagan, A. Franchin,
A. Hansel, H. Junninen, M. Kajos, H. Keskinen, A. Kupc,
O. Kupiainen, A. Kürten, T. Kurtén, A. N. Kvashin,
A. Laaksonen, K. Lehtipalo, V. Makhmutov, S. Mathot,
T. Nieminen, T. Olenius, A. Onnela, T. Petäjä,
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T. N. Björgvinsdóttir, S. F. Vinther, J. T. Skønager,
T. Hoffmann, J. Elm, M. Bilde and M. Glasius, Environ. Sci.
Technol., 2022, 56, 16643–16651.

45 W. K. Chuang and N. M. Donahue, Atmos. Chem. Phys., 2016,
16, 123–134.

46 B. Zhao, M. Shrivastava, N. M. Donahue, H. Gordon,
M. Schervish, J. E. Shilling, R. A. Zaveri, J. Wang,
M. O. Andreae, C. Zhao, B. Gaudet, Y. Liu, J. Fan and
J. D. Fast, Proc. Natl. Acad. Sci. U. S. A., 2020, 117, 25344–
25351.

47 M. Schervish and N. M. Donahue, Environ. Sci.: Atmos., 2021,
1, 79–92.

48 B. Zhao, J. Fast, M. Shrivastava, N. M. Donahue, Y. Gao,
J. E. Shilling, Y. Liu, R. A. Zaveri, B. Gaudet, S. Wang,
J. Wang, Z. Li and J. Fan, Geophys. Res. Lett., 2022, 49,
e2022GL100940.

49 P. O. Wennberg, K. H. Bates, J. D. Crounse, L. G. Dodson,
R. C. McVay, L. A. Mertens, T. B. Nguyen, E. Praske,
R. H. Schwantes, M. D. Smarte, J. M. St Clair, A. P. Teng,
X. Zhang and J. H. Seinfeld, Chem. Rev., 2018, 118, 3337–
3390.

50 F. Wiser, B. K. Place, S. Sen, H. O. T. Pye, B. Yang,
D. M. Westervelt, D. K. Henze, A. M. Fiore and
V. F. McNeill, Geosci. Model Dev., 2023, 16, 1801–1821.
752 | Environ. Sci.: Atmos., 2024, 4, 740–753
51 T. Berndt, S. Richters, T. Jokinen, N. Hyttinen, T. Kurtén,
R. V. Otkaer, H. G. Kjaergaard, F. Stratmann,
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A. Kupc, A. Määttänen, V. Makhmutov, S. Mathot,
T. Nieminen, A. Onnela, A. P. Praplan, F. Riccobono,
L. Rondo, G. Steiner, A. Tome, H. Walther,
U. Baltensperger, K. S. Carslaw, J. Dommen, A. Hansel,
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