L)

Check for
updates

SCIENCE ADVANCES | RESEARCH ARTICLE

ATMOSPHERIC SCIENCE

Role of sesquiterpenes in biogenic new particle

formation

Lubna Dada'?, Dominik Stolzenburg?®**, Mario Simon>, Lukas Fischer®, Martin Heinritzi’,
Mingyi Wang”%, Mao Xiao’, Alexander L. Vogel®, Lauri Ahonen?, Antonio Amorim®,

Rima Baalbaki?, Andrea Baccarini’'?, Urs Baltensperger’, Federico Bianchi?,

Kaspar R. Daellenbach’, Jenna DeVivo’, Antonio Dias®, Josef Dommen’, Jonathan Duplissy*'",
Henning Finkenzeller'?, Armin Hansel®, Xu-Cheng He'*?, Victoria Hofbauer’,

Christopher R. Hoyle""%, Juha Kangasluoma?, Changhyuk Kim'*'®, Andreas Kiirten®,

Copyright © 2023 Tiic
Authors, some

rights reserved;
exclusive licensee
American Association
for the Advancement
of Science. No claim to
original U.S. Government
Works. Distributed
under a Creative
Commons Attribution
NonCommercial
License 4.0 (CC BY-NC).

Aleksander Kvashnin'’, Roy Mauldin’"*%, Vladimir Makhmutov'”"'°, Ruby Marten’,
Bernhard Mentler®, Wei Nie??°, Tuukka Pet&ja?, Lauriane L. J. Quéléver?, Harald Saathoff*',
Christian Tauber®, Antonio Tome??, Ugo Molteni'?*2*, Rainer Volkamer'?, Robert Wagner?,
Andrea C. Wagner®, Daniela Wimmer?, Paul M. Winkler?, Chao Yan?, Qiaozhi Zha?,

Matti Rissanen?*2¢, Hamish Gordon’, Joachim Curtius®, Douglas R. Worsnop

2,27
’

Katrianne Lehtipalo®'3, Neil M. Donahue’, Jasper Kirkby®>?%, Imad El Haddad*,

Markku KulmalaZ*

Biogenic vapors form new particles in the atmosphere, affecting global climate. The contributions of monoter-
penes and isoprene to new particle formation (NPF) have been extensively studied. However, sesquiterpenes
have received little attention despite a potentially important role due to their high molecular weight. Via
chamber experiments performed under atmospheric conditions, we report biogenic NPF resulting from the ox-
idation of pure mixtures of 3-caryophyllene, a-pinene, and isoprene, which produces oxygenated compounds
over a wide range of volatilities. We find that a class of vapors termed ultralow-volatility organic compounds
(ULVOCs) are highly efficient nucleators and quantitatively determine NPF efficiency. When compared with a
mixture of isoprene and monoterpene alone, adding only 2% sesquiterpene increases the ULVOC yield and
doubles the formation rate. Thus, sesquiterpene emissions need to be included in assessments of global
aerosol concentrations in pristine climates where biogenic NPF is expected to be a major source of cloud con-

densation nuclei.

INTRODUCTION

Most of the continental boundary layer receives strong emissions of
biogenic volatile organic compounds (BVOCs) from vegetation, es-
pecially trees (1). The BVOCs then react with atmospheric oxidants
such as hydroxyl radicals (OH), ozone (Os3), or nitrate radicals
(NOs3). This leads to rapid formation of oxygenated vapors with
low volatility, particularly from autoxidation processes and
monomer-monomer dimerization reactions. However, only a
small fraction of the oxidation products with ultralow and extremely
low volatilities reach sufficient supersaturation to drive new particle
formation (NPF). The newly-formed particles can grow to sizes
large enough to influence the atmospheric radiative balance directly
or indirectly through acting as cloud condensation nuclei (CCN).
Pure biogenic nucleation is an important source of NPF in the pre-
industrial climate and in pristine regions today (2, 3). Moreover,
with the projected further decreases in global SO, emissions (4-
6), pure biogenic nucleation is expected to play an increasingly im-
portant role in the future.

Biogenic organic emissions are mostly isoprenoids—isoprene,
terpenes, and related compounds—which vary with the type of veg-
etation and environmental conditions such as stress and predation
(7, 8). Among these, sesquiterpenes are a highly reactive class com-
posed of a C;5 carbon backbone (three isoprene units). 3-Caryo-
phyllene is among the most abundant sesquiterpenes emitted by
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pine and citrus trees, among other agricultural plants (9-11). Trop-
ical forests, particularly the Amazon, are the largest atmospheric
emitters of reactive biogenic volatile isoprenoids (12) and sesquiter-
penes (13, 14). Sesquiterpene emissions from trees and shrubs in-
crease as a function of oxidative and thermal stress (10), and a recent
study has shown that soil microorganisms also emit sesquiterpenes
at a similar rate to the canopy (15). On a global scale, emissions of
sesquiterpenes are estimated to be 24 Tg C year™ ' compared with 91
Tg C year™' for monoterpenes and 465 Tg C year™ ' for isoprene
(13). Although sesquiterpene emissions are lower, they have a
higher yield of low-volatility oxidation products and contribute
substantially to secondary organic aerosol (SOA) (11, 16-18). More-
over, because of their fast reaction rate with ozone, the potential im-
portance of sesquiterpenes is masked by very low mixing ratios in
the atmosphere. In contrast with extensive previous studies of
monoterpenes and isoprene, there are relatively few reports on
the role of sesquiterpenes in NPF (19-24), and knowledge of their
particle nucleation and growth rates is lacking.

RESULTS

Cosmics Leaving Outdoor Droplets experiments

Here, in controlled laboratory experiments performed with the
Cosmics Leaving Outdoor Droplets (CLOUD) chamber at CERN,
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we report the contribution of the sesquiterpene -caryophyllene
(Cy5H,y) to particle nucleation and growth resulting from the oxi-
dation of pure BVOC mixtures involving the monoterpene a-
pinene (C,oH,¢) and isoprene (CsHg). During the CLOUDI11 cam-
paign in fall 2016, we performed a set of pure BVOC NPF experi-
ments including both single precursors and also mixtures (table S1).
Pure a-pinene and B-caryophyllene ozonolysis experiments were
followed by mixtures of, first, a-pinene and isoprene and, second,
a-pinene, isoprene, and B-caryophyllene. For the mixture runs, a
molar ratio of 1:6:50 injected precursors (sesquiterpene:monoter-
pene:isoprene) was maintained to mimic atmospheric emissions
of BVOC (13). A summary of the experiments and their conditions
is provided in table S1.

A typical experiment started with injecting an atmospherically
relevant precursor vapor concentration into the chamber in the
presence of ozone (Fig. 1 and table S1). The vapor concentrations
were then increased together in steps, each of around a factor of two,
resulting in increases of the particle formation and growth rates.
Pure a-pinene and P-caryophyllene experiments were performed
under dark conditions (ozonolysis only); the OH radical concentra-
tions are expected to be ~1 x 10° cm™?, formed mostly from the
ozonolysis reactions (25). Mixture runs involving isoprene were
performed with ultraviolet (UV) xenon arc lamps (UVH) at 100%
intensity to increase the oxidation rate of isoprene by hydroxyl
(OH) radicals and allow the formation of dimers (25). During
these runs, the OH is consumed mostly by isoprene, resulting in
OH radical concentrations smaller than 1 x 10® cm ™. Although
mixture runs were performed with UV and pure component runs
were performed in the dark (without the addition of any OH scav-
engers), a direct comparison between the two is appropriate, as the
reaction of a-pinene and B-caryophyllene with O; is marginally
dominant given that the concentration of O is ~1 x 10'* cm ™ com-
pared to an OH concentration of less than 1 x 10° cm™.

The oxidized precursor vapors are known as oxygenated organic
molecules (OOMs; see the “Definition of OOM” section in Materi-
als and Methods; figs. S1 and S2). Because the oxidation rates in
these experiments are similar to those in the atmosphere, the result-
ing RO, radicals have sufficient time to undergo autoxidation and
form highly oxygenated products (26), forming dimers via RO,
cross-reactions with oxidation products from different BVOCs.
OOMs with carbon skeletons exceeding 20 carbon atoms must
form from at least one B-caryophyllene unit, given the low abun-
dance of a-pinene trimers at the studied concentrations and

temperatures (figs. S1 and S2). We observe dimer formation involv-
ing sesquiterpenes (11) equivalent to that previously observed for
isoprene and monoterpenes following rapid autoxidation (2, 25,
27-31). These dimers constitute molecules of exceedingly low vol-
atility that can drive particle nucleation.

DISCUSSION
Volatility distributions
Figure 2A shows the measured volatility distributions of gas-phase
OOMs resulting from the oxidation experiments of pure B-caryo-
phyllene, pure a-pinene, and a mixture of three vapors (3-caryo-
phyllene, a-pinene, and isoprene) in the ratio 1:6:50 (injection
mixing ratios). Following Stolzenburg et al. (32), if a molecule of
a specific type (C,H,O,) is detected by both the CIMS (chemical
ionization mass spectrometer) and PTR3 (proton transfer reaction
mass spectrometer), we consider the larger measured concentration
by either mass spectrometer as input in the calculations of the vol-
atility distributions as lower concentrations point toward insuffi-
cient sensitivity (i.e., a lower than assumed charging efficiency) of
the other mass spectrometer. We then combine the measurements
into volatility bins (see the “Volatility bin calculation” section in
Materials and Methods). Under these experimental conditions
[5°C and 40% relative humidity (RH)], all three sets of OOMs com-
prise mainly relatively volatile organic compounds. Although one-
sixth as much B-caryophyllene as a-pinene was flowed into the
chamber [yielding lower concentrations in the extremely low vola-
tility organic compound (ELVOC) and LVOC ranges], the ultralow-
volatility organic compound (ULVOC) concentrations (compared
to total OOM) are similar for all three cases. At this temperature,
the signal in the ULVOC and ELVOC range is dominated by mol-
ecules detected by the nitrate-CIMS. However, in the LVOC range,
notable fractions are only detected by the PTR3, especially for p-car-
yophyllene oxidation products; this is likely because B-caryophyl-
lene oxidation products fall in that volatility range already with
lower degrees of oxygenation (O:C < 0.6; see figs. S3 and S4),
where the nitrate-CIMS has reduced sensitivity (11). The ULVOC
concentration derived from the nitrate-CIMS only is around a factor
of two lower that that derived from a combination of nitrate-CIMS
and PTR3 (fig. S5).

The mass defect plots in fig. S1 show the carbon numbers asso-
ciated with each of the systems studied. Pure a-pinene oxidation
products are predominantly C;q monomers and C,, dimers (30),
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Fig. 1. Example pure biogenic NPF experiment in CLOUD. Here, we show a representative mixture run with all three BVOCs (3-caryophyllene, a-pinene, and isoprene)
in three concentration steps, with an injected ratio 1:6:50 (B-caryophyllene, a-pinene, and isoprene), 40 ppbv (parts per billion by volume) Os, T = +5°C, relative humidity
(RH) = 40%, and full UV lamp intensity; runs 12 to 14 (see table S1). (A) The combined particle number size distribution measured using a full suite of particle measuring
instruments (see the "Particle counters” section in Materials and Methods). (B) Evolution of precursor vapor measured concentrations, a-pinene, 3-caryophyllene, and
isoprene. The three experimental stages are separated by vertical gray lines. (C) Evolution of formation rate of particles with diameter >1.7 nm (J; ;) and condensation sink
(CS). (D) Evolution of oxidation product concentrations measured with NOs-CIMS, total OOMs, extremely low volatility organic compounds (ELVOCs), and ultralow vol-

atility organic compounds (ULVOCs).

while in the presence of isoprene, more C;5 molecules resulting
from a-pinene + isoprene cross-dimer formation are observed
(25). The distribution of the monomers from pure B-caryophyllene
oxidation peaks around C, 3, Cy4, and C,5 shown also as a mass spec-
trum in fig. S2. The dimers resulting from two p-caryophyllene ox-
idized monomers appear to have a C,5_,5 carbon backbone rather
than a Cs(, which could be attributed to loss of carbon atoms
during autoxidation. Fragmentation during ozonolysis was
already demonstrated for a-pinene (33) and a diterpene (34).
However, C;, dimers are expected to form under higher B-caryo-
phyllene gas-phase concentrations and lower temperatures (11).
The figure also shows the relationship between carbon/oxygen
numbers, molecular weight, and volatility.

The increased length of the carbon backbone is translated into
ULVOC yields. We find that B-caryophyllene produces, on
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average, three times more ULVOCs compared to the a-pinene
and isoprene mixture (Fig. 2B). Note that Fig. 2B shows the
ULVOC vyields as a fraction of the total oxidized p-caryophyllene
and a-pinene (see the “OOM yields” section in Materials and
Methods). Consistent with the so-called isoprene suppression of
NPF (25), adding isoprene to a-pinene reduces the ULVOC yields
by a factor of 1.6, but adding even such a small amount of -caryo-
phyllene (1:6:50 injection mixing ratios) to that mixture restores the
ULVOC yields close to the value of pure a-pinene. A dash of sesqui-
terpene (1.8%) is thus an antidote to NPF suppression by isoprene.
As for the contribution of B-caryophyllene to the total OOM pro-
duction rate (see Eq. 7), Fig. 2C shows the contribution of each pre-
cursor along with a comparable mixture of just a-pinene and
isoprene presented by Heinritzi et al. (25) (see also Fig. 3). For
the mixtures, isoprene dominates the total measured OOM, and
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Fig. 2. ULVOCs produced from pure biogenic nucleation. (A) Volatility distributions, i.e., gas-phase concentration (cm™) versus logarithmic saturation mass concen-
tration (log0Cs00*) and saturation number concentration (em™3, converted assuming an average molecular mass of 300 Da) for representative ozonolysis experiments of
pure B-caryophyllene (run #10: 0.2 ppbv (parts per billion by volume) injection mixing ratio, top), pure a-pinene (run #4: 1.2 ppbv injection mixing ratio, middle), and a
mixture (run #13: 0.2 ppbv B-caryophyllene + 1.2 ppbv a-pinene + 10 ppbv isoprene injected with 40 ppbv ozone and OH radicals, bottom). The experiments were
performed at T = +5°C and RH = 40%. The green and blue bars show summed molecular ions measured with two mass spectrometers: a nitrate-CIMS and a PTR3,
respectively. The lowest bin is an overflow bin, summing all compounds with lower volatility. The volatility bins are defined at 300 K, shifted, and widened according
to their temperature at 278 K. (B) Yield of ULVOC produced during pure component runs and in mixtures (see the “OOM yields” section in Materials and Methods). Within
each box plot, the red line represents the median of the data and the lower and upper edges of the box represent the 25th and 75th percentiles. Pink diamonds represent
the mean of the data. The vertical lines extending from the box represent the minimum and the maximum of the data. (C) Contributions of different BVOCs to the overall

OOM production rate during pure component runs and with mixtures.

B-caryophyllene has a seemingly negligible contribution (Fig. 2C).
However, the ULVOC yield from p-caryophyllene is much higher
than any of the other cases (although still <1%).

Most of the ULVOC:s are covalently bound accretion products
("dimers") (35), thought to be peroxides (ROOR) formed from
cross-reactions between different RO,. A major cause of the iso-
prene suppression of NPF is the cross-reaction of isoprene-
derived (Cs) RO, with monoterpene-derived (C;o) RO,, which gen-
erates C;5 LVOC ROOR instead of the C,, ULVOC ROOR that oth-
erwise is the major nucleating species from terpene oxidation (2,
25). By adding C;5 RO, into the reactive mix, sesquiterpenes can
stimulate formation of C,o dimers (from isoprene and 3-caryophyl-
lene) and C,5 (from a-pinene and B-caryophyllene) dimers (Fig. 3).
Furthermore, C3o (Cy6.,) dimers from sesquiterpenes easily fall
into the ULVOC class (figs. S1 and S2) where nucleation is efficient.
Overall, the ULVOC yields in the full 1:6:50 mixture (injected) are
similar to pure monoterpene-dominated conditions.

Particle formation rates

Figure 4A shows that the particle formation rate at 1.7 nm (J; ;) as a
function of total OOM scales as expected with precursor carbon
number: C;s (B-caryophyllene) > Cy4 (a-pinene) > Cs (a-pinene
+ isoprene). The OOM concentration alone cannot explain the
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difference in the formation rate between the different mixtures.
By contrast, as shown in Fig. 4B, ULVOC concentrations measured
for the different systems can fully explain the particle formation
rates. Plotted as a function of ULVOC concentrations, all precursors
drive approximately the same J; ;. ULVOCs appear to be the nucle-
ating molecules, with an effective particle formation efficiency ap-
proaching 1% of the kinetic limit (discussed in the following
section). Here, we also observe that, for the same OOM concentra-
tion, the addition of B-caryophyllene in the mixture of a-pinene +
isoprene, even at parts per trillion by volume (pptv) levels, enhances
J1.7 to the same level as of pure a-pinene, overcoming the isoprene
suppression effect (25). These results can be explained by the inter-
actions between the reactive RO, radicals formed after oxidation of
each precursor. The C,5 products formed from sesquiterpenes can,
to a large extent, counterbalance the relatively volatile Cs products
from isoprene, at least under the conditions explored here (Fig. 3).
Similar to pure a-pinene (2) and the mixture of a-pinene + isoprene
systems (25), ions play an important role in stabilizing the freshly
formed particles from the mixture of a-pinene + isoprene+ [-car-
yophyllene, enhancing the nucleation rate (fig. S6C).

In the presence of nitrogen oxides (NO,), the particle formation
rate of the mixture decreases relative to the NO,-free conditions at
similar OOM concentrations (Fig. 4C), for experiments at 5°C, 40%

4 of 14

€202 ‘gz Joquieides uo ArlqiT 1Y e Bioaousios'mmmyysdny woly papeojumod



SCIENCE ADVANCES | RESEARCH ARTICLE

RO,* (Bcy)

[ B-Caryophyellene
C15 3079 11

clS 24

J

f—
f—

RO,* (ap)

a-Pinene
10H1504 6,8,10

10H16

Isoprene
CsHg

RO,* (ip)
C5H903 67,89

=
=l
E =

Cross-reactions between RO, and HO,* and

]

unimolecular interactions

LI

[

€30 dimer
€25 dimer
€20 dimer
CsH,.0,
C;sH,40,
CyoH10,
C10 dimer
CHyO,

Particle
formation

Early
growth

Anjnejon

}

Further
growth

Fig. 3. Schematic showing how highly oxygenated monomers and dimers are produced by cross-reactions between RO, radicals from mixtures of biogenic
vapors. The schematic also illustrates the qualitative nomenclature for the volatility classes at our measurement conditions: ULVOCs drive nucleation; ELVOCs drive
growth of even the smallest particles, and LVOCs condense progressively as the particles grow and the Kelvin effect subsides. Here, 3-caryophyllene is especially impor-
tant for NPF and early growth because it has a high yield of the lowest-volatility vapors.

RH, and 40 ppbv Os. For similar OOM concentrations (e.g., 3 x 10"
cm™?; green shade in Fig. 4C), ~25 pptv of NO reduces J; ; by a
factor of ~3 (from 1.6 to 0.5 cm™> s~ ') and ~75 pptv reduces J; ;
by a factor of ~5 (from 1.6 to 0.33 cm™> s71). The effects of
adding NO on the particle formation rates and the volatility distri-
bution of the OOM molecules are shown in figs. S6 and S7. The
effect of NO, on monoterpene oxidation has been shown previous-
ly, in which the formation of accretion products is suppressed in the
presence of sufficient NO,, resulting in more volatile OOM reduc-
ing particle formation rate and growth (36, 37). Hence, the observed
decrease in J; ; associated with NO, could possibly be attributed to
the dimer formation suppression for the mixture and, hence, a shift
in the distribution of the oxidation products toward higher volatil-
ities. However, we do not observe a clear decrease in the ULVOC
concentration. This is expected as the measurement of organoni-
trates using the NO; ™ -based CI-APi-ToF remains challenging and
the volatility basis set (VBS) model in the presence of nitrated mol-
ecules is subject to large uncertainty (36).

For the biogenic mixture, increasing temperature decreases the
particle formation rate as a function of increasing total OOM (fig.
S6). However, when plotting J; ; as a function of ULVOC (always
expressed for the actual temperature), we find that the ULVOC
abundance explains the variability in the formation rate regardless
of the temperature (Fig. 4D). The ULVOC to OOM fraction,
however, is substantially higher at lower temperatures; this is con-
sistent with the findings of Simon et al. (30) and Ye et al. (38), who
showed that the yield of ULVOC from pure a-pinene experiments
decreases with increasing temperature. The effect of RH is only ob-
served at +5°C (278 K), where J; ; may have been enhanced by as
much as a factor of 2 at 90% RH and suppressed by a factor of 2
at 5% RH. At +25°C (298 K), no difference in ], , is observed
when RH is increased from 40 to 65% (Fig. 4D).

Particle growth rates

In addition to causing more efficient particle formation, B-caryo-
phyllene oxidation is expected to cause faster particle growth (per
mole of carbon oxidized), consistent with its known high mass
yields of SOA (11, 39, 40). Here, we measured the growth rates of
particles in the size range between 2.5 and 8 nm for pure -caryo-
phyllene, a-pinene, a-pinene + isoprene, and the mixture of all 3
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BVOC:s (Fig. 5, A and B). We find that ELVOC and ULVOC com-
bined are capable of approximately explaining the growth of the
small particles between 1.8 and 3.2 nm, assuming kinetically
limited condensation (41), while LVOC are, in addition, needed
at larger sizes (3.2 to 8 nm) to obtain measured growth rates scat-
tered around the kinetic limit line (see also fig. S8). In addition, we
described the growth rate using the different bins of the VBS distri-
bution as shown in Fig. 5C (see fig. S4 for a comparison between
measured and modeled volatility results). We mapped the observed
vapors into a one-dimensional VBS and then calculated growth
rates as a function of size, following the procedure of Stolzenburg
et al. (32) (see also the "Particle formation and growth rates” section
in Materials and Methods). The calculated growth agrees well with
the observations, with growth rates accelerating over the observed
size range, even as the collisional (kinetically limited) growth rate
would decline. The gray contour lines and colors in the plot show
the 278-K volatility-class of each bin and its contribution to the total
growth rate. The least volatile (ULVOC and ELVOC) products con-
dense almost kinetically at all sizes and show a decreasing contribu-
tion with increasing size, whereas the somewhat more volatile
LVOC start to contribute substantially above 2 nm as the Kelvin
effect subsides, causing the overall growth rate to accelerate with
size. This illustrates the qualitative nomenclature for these classes
at our measurement conditions: ULVOCs drive nucleation;
ELVOCs drive growth of even the smallest particles, and LVOCs
condense progressively as the particles grow and the Kelvin effect
subsides.

Generalization of pure biogenic nucleation

Independent of the BVOC mixture studied; whether pure a-pinene,
pure B-caryophyllene, a-pinene + isoprene, or a mixture of a-
pinene + isoprene + -caryophyllene; and regardless of the NO con-
centration, temperature, or RH, we observe a strong correlation
between ULVOCs and J; 7, as shown in Fig. 3. In Fig. 6A, we
show that J; ; closely follows the 1% kinetic limit for ULVOC colli-
sions. The spread that is still observed can almost be entirely attrib-
uted to gas-phase measurement uncertainties. Such an observation
can be attributed to the instability of ULVOC-ULVOC clusters,
which could be structurally strained given their bulkiness, and
hence are subject to evaporation. On average, three ULVOC
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Fig. 4. NPF rates versus vapor concentrations and different atmospheric conditions. NPF rates at 1.7 nm (J; ;) versus oxygenated vapor concentrations: (A) total OOM
measured with NO5-CIMS and (B) ULVOC measured with NO5-CIMS. NPF rates are calculated for pure a-pinene (green), mixtures of a-pinene + isoprene (cyan), pure -
caryophyllene (orange), and mixtures of a-pinene + isoprene + B-caryophyllene (purple) at 5°C and 40% RH under galactic cosmic ray (GCR) conditions (see Materials and
Methods) and 40 ppbv Os. (C) Particle formation rates for a-pinene + isoprene + 3-caryophyllene mixtures versus NO concentration at 5°C, 40% RH, 40 ppbv O3, and GCR
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points colored according to RH. The experimental conditions are 40 ppbv O, 2- to 73-pptv NO, and GCR ionization.

molecules are needed to form a particle at 1.7 nm. It is also impor-
tant to keep in mind that ULVOC:s are not a single compound but a
group of compounds of varying structures, functional groups, and a
range of volatilities and likely do not behave the same during cluster
formation processes. While the experimental conditions and NO
concentrations affect the yield of the ULVOCs, once formed,
these compounds contribute to particle formation with high effi-
ciency (Fig. 6A). Particles from ULVOC nucleation form at atmo-
spherically relevant rates observed in rural and mountain locations,
where BVOCs are abundant (42). In particular, our results provide
an explanation for the observed intense NPF events in the outflow of
the Amazonian forest where a recent study estimates an ULVOC
mixing ratio of around 3 x 10" cm™ (0.01 ppbv) between 0 and 5
km with even greater values at higher altitudes (43).

We find that the ULVOC concentration formed from a certain
BVOC mixture (or single component) depends on the OOM pro-
duction rate (from monoterpene and sesquiterpene), the sesquiter-
pene fraction in the mixture, and the availability of isoprene.
Following expectations based on the ULVOC yields, pure B-caryo-
phyllene produces the highest ULVOC concentrations per OOM
production rate (from monoterpene and sesquiterpene), followed
by pure a-pinene (Fig. 2B). The addition of isoprene in a 10:1 iso-
prene to monoterpene ratio reduces the ULVOC production by a
factor of 1.5. However, the molar addition of only 1.8% p-
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caryophyllene (few 100 pptv) is capable of restoring ULVOC
levels close to pure a-pinene conditions (Fig. 2B), reversing the sup-
pression effect by isoprene. The same applies to predicting the pure
biogenic particle formation rate in which J; ; depends on the OOM
production rate (from monoterpene and sesquiterpene), the sesqui-
terpene fraction in the mixture, and the availability of isoprene
(Fig. 6B).

Atmospheric implications

We find that ULVOC:s, with saturation concentrations, C* (T) < 3 x
10~ ug m ™, are highly efficient nucleators, forming particles at 1%
of the kinetic limit. Our measured particle formation rates at 1.7
nm, J; 7, are determined by ULVOC concentrations alone, regard-
less of their origin, for all the mixtures of isoprene, monoterpene,
and sesquiterpene reported here. The ULVOC yields per oxidation
reaction are relatively small, below 1%, but they govern particle for-
mation. The ULVOC class was proposed on the basis of expected
saturation ratios to be the “nucleators,” but their quantitative con-
tribution to nucleation has not yet been quantified. Particle growth,
in turn, is driven by more abundant but more volatile ELVOC and
LVOC and tends to accelerate with particle size because of the
Kelvin effect. Given the longer carbon backbone compared to a-
pinene and isoprene, P-caryophyllene oxidation has higher
ULVOC yields. Once they are formed, ULVOC nucleation occurs
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fractions of between 0.019 to 0.03 for boreal, temperate, and tropical southern regions and 0.003 for tropical northern regions shown in the color bar axis.

near the 1% kinetic limit, explaining the particle formation in loca-
tions (e.g., Amazonian outflow) where intense nucleation occurs
but anthropogenic vapors are insufficient to explain the nucleation.
This is in contrast to total OOMs from different BVOC and differ-
ent atmospheric conditions, which do not explain the variability in
particle formation rate; ULVOCs, once formed, nucleate at the same
rate regardless of the initial BVOC or mixture introduced.

In the presence of multiple BVOCs, we observe OOM dimers
formed via RO,-RO, pathway including cross-dimer formation of
RO, from different BVOC. OOMs with longer carbon backbones
exceeding 20 carbons are formed from at least one 3-caryophyllene

Dada et al., Sci. Adv. 9, eadi5297 (2023) 8 September 2023

molecule. While the addition of isoprene to a-pinene reduces
ULVOC yields by introducing Cs-RO,, resulting in dimers with
shorter carbon backbones, the molar addition of only 1.8% (few
pptv) of B-caryophyllene to an a-pinene and isoprene mixture
results in a twofold increase of ULVOC concentration per total ox-
idation products and, thus, an enhanced particle formation rate, re-
versing the "isoprene suppression” effect. Therefore, atmospheric
particle formation rates from BVOC depend on the ULVOC con-
centration, which is dependent on the sesquiterpene fraction in
the mixture.
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Our observations could explain the intense nucleation events oc-
curring above of tropical rainforests and in their outflows (43, 44),
which cannot be explained by monoterpenes and isoprene alone.
The results also show that, irrespective of their low mixing ratios
in the atmosphere, sesquiterpenes may play a notable role in NPF
and early growth. This has been overlooked and therefore globally
underestimated. Therefore, we encourage the inclusion of sesquiter-
penes in global models to better estimate the BVOC contribution to
aerosol and CCN budgets in the past and future climate where bio-
genic emissions are expected to dominate or strongly contribute to
NPE. Given the increased emissions of sesquiterpenes due to envi-
ronmental stress that plants are subject to with the ongoing global
temperature increase (7), understanding the contribution of sesqui-
terpenes to NPF and growth in the atmosphere is thus also impor-
tant for a future affected by climate change. With future projected
decreases in SO, emissions, pure biogenic nucleation is expected to
play a more important role in the future. These results are equally
important for understanding the pristine preindustrial era and
present remote locations where biogenic emissions are dominant.

MATERIALS AND METHODS

The CLOUD experiment

The CLOUD chamber located at CERN, Geneva, Switzerland, is a
26.1-m? electropolished stainless-steel chamber with minimal con-
tamination ideal for studying NPF at molecular level and at atmo-
spherically relevant concentrations of precursors. The chamber is
supplied with synthetic air from evaporated liquid nitrogen and
oxygen. It can be supplied with around 25 trace gases at concentra-
tions as low as 1 pptv from concentrated sources via a flexible ultra-
clean gas system. Mixing inside the chamber is achieved by two fans
at the top and bottom of the chamber. The chamber is equipped
with a high-voltage mesh that, when turned on, removes all ions
from the chamber, allowing for experiments under “neutral” condi-
tions. Given the known role of ions in pure biogenic NPF (2), in this
study, we focus on experiments with ions formed naturally in the
chamber by galactic cosmic rays, referred to as “galactic cosmic
ray” (GCR) runs. Runs at increased ion concentrations were per-
formed using an adjustable i+ beam from the CERN Proton Syn-
chrotron (45). The m+ beam is defocused to a transverse size of
about 1.5 m by 1.5 m when it passes through the CLOUD
chamber. With the electric field set to zero, the equilibrium total
ion concentration (negative + positive ions) in the chamber due
to GCRs is around 1500 cm™>. With the m+ beam, this can be in-
creased to any value up to about 6000 cm™>. The chamber is
equipped with state-of-the-art instrumentation measuring gas-
and particle-phase concentration and chemical composition, de-
scribed in detail in the next section.

Instrumentation

Particle counters

The particle number size distribution in the size range between 1.2
nm and 1 pm was measured using a series of overlapping aerosol
instruments. First, the size distribution of particles in the size
range 1.2 to 3 nm was measured using a particle size magnifier
[PSM; Airmodus Ltd. (46, 47)] operated in scanning mode connect-
ed in series to a condensational particle counter. The total concen-
tration of particles with diameters equal or larger than 2.5 nm was
measured using a butanol condensation particle counter (CPC
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3776, TSI Inc.). The size distribution of particles between 1.8 and
8 nm was measured using a DMA-train (differential mobility ana-
lyzer train), which consists of six DMAs with a PSM or CPC as de-
tector operating in parallel (48). In addition, the particle size
distribution between 8 and 63 nm was measured using a commer-
cial nanoscanning mobility particle sizer (nSMPS 3982, TSI Inc.).
Last, larger particles with diameters larger than 50 nm were mea-
sured using a home-built long-SMPS system. The particle number
size distribution data was averaged to 5 minutes time resolution.
The negative and positive ion concentrations in the size range 0.8
to 45 nm were measured using a Neutral cluster and Air Ion Spec-
trometer [NAIS; Airel Ltd., Estonia (49)].

Nitrate ion chemical ionization mass spectrometer

Nucleating precursor gases and molecular clusters were measured
by a NO;-CIMS (50). The custom-built ion-source is based on
the design by Eisele and Tanner (51) creating nitrate reagent ions
(HNO3),, NO;~ with n = 0-2 by corona discharge, which are then
focussed towards the sample flow. The resulting sample ions were
analysed by a commercially available high-resolution atmospheric-
pressure interface time of flight mass spectrometer (APi-TOF,
Tofwerk AG, Thun, Switzerland). The nitrate ionization technique
is highly selective towards sulfuric acid, iodic acid, dimethylamine
and multifunctional OOMs. The instrument was calibrated for sul-
furic acid according to Kiirten et al. (52). Because of the lack of ap-
propriate standards and the high reactivity of OOMs, a direct
quantitative calibration of these compounds is not possible.
However, as shown in previous studies (53), we can assume a detec-
tion efficiency of OOMs with an O:C ratio > 0.6 by the nitrate
reagent ions similar to H,SO,, after correcting for the (measured)
instrumental mass dependent transmission efficiency (54). Because
of reduced presence of functional groups, such as hydroperoxy
(-OOH) or hydroxy (-OH) groups, required for clustering with
the nitrate reagent ion, OOMs with O:C ratio < 0.6 can be prone
to a lower charging efficiency and an increased thermal dissociation
of the ion-molecule cluster in the mass analyser (55). This leads to a
lower detection efficiency of OOM with O:C ratio < 0.6 compared to
sulfuric acid. In terms of quantity, the concentrations of these com-
pounds can therefore only be regarded as lower limits.

Proton transfer reaction mass spectrometer—time of flight
Volume mixing ratios of precursors and oxidized products were
monitored by the PTR3 TOF mass spectrometer (56) with limits
of detection down to several hundred parts per quadrillion
(ppqv). Protonated water clusters (H;O0+(H,0), with n = 1...3)
act as reagent ions in a drift tube with controlled collision energy.
This ensures fast ionization reactions with many OOMs close to the
kinetic limit. Sensitivity to precursors was calibrated regularly by
injecting known concentrations mixed from prepared gas standards
and zero air for most precursors. As with the NO;-CIMS, the sen-
sitivity to product compounds has to be estimated based on precur-
sor calibrations. Losses of low-volatility compounds due to
collisions with inlet line walls were corrected similar to Stolzenburg
etal. (32). PTR3 measurements cover VOC and SVOC (semivolatile
organic compounds), and complement CIMS measurements for
LVOC. The combination of these two instruments covers the
mass range suitable for our study (57). Measurements using PTR3
are only available for the runs when no NO, was added (runs 1 to
14; table S1), and hence we rely on the NO;~ CIMS for most of the
runs’ ULVOC estimation unless specified otherwise. See fig. S5 for
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comparison between ULVOC from NO;3; CIMS and PTR3 and
NO;~ CIMS combined.

Filter inlet for gases and AEROsols

We measured the chemical composition of particle-phase OOMs
and estimated their volatility via thermal desorption using an
iodine-adduct CIMS equipped with a Filter Inlet for Gases and
AEROsols (I” FIGAERO CIMS) (58). FIGAERO has two operation
modes. In the “sampling” mode, gases are directly sampled into a
150 mbar ion-molecule reactor while particles are concurrently col-
lected on a PTFE filter via a separate dedicated port. In the “desorp-
tion"” mode, the filter is moved to another port where a pure N, gas
stream is progressively heated before flowing through the filter to
evaporate the particles via temperature-programmed desorption;
the vaporized molecules are then introduced into the ion-molecule
reactor and analysed by the CIMS. We estimated the volatility of all
particle-phase OOMs based on the correlation between the vapor-
ization enthalpy and the distinct maximum desorption temperature
(Tmax) of the thermograms during thermal desorption (59). The
temperature—volatility calibration curve is established by correlating
the measured 1/ T, (K™') with the sub-cooled liquid vapor pres-
sure of a suite of standard carboxylic acids (60). It should be noted
that thermal decomposition of a dimer into two monomers can
occur during heating. This may lead to doublet-peaks in the ther-
mogram (61) and is thus a potential source of uncertainty in vola-
tility estimation.

Trace gas monitors

The ozone (O;) concentration was monitored using a Thermo En-
vironmental Instruments TEI 49C. The sulphur dioxide (SO,) con-
centration was monitored using a Thermo Fisher Scientific, Inc.
42i-TLE. Nitrogen monoxide (NO) was monitored using an ECO
PHYSICS CLD 780 TR and nitrogen dioxide (NO,) using a CE-
DOAS, University of Colorado Boulder; and a CAPS, Aerodyne Re-
search Inc.. The water vapor concentration in the chamber was mea-
sured using a chilled dew-point mirror (Edgetech Instruments) and
a direct tuneable diode laser absorption spectrometer (similar as the
APicT TDL hygrometer (62)). The in-chamber temperature was
monitored using multiple thermocouples, while the wall tempera-
ture was measured using multiple Pt100 sensors (63).

Data analysis

Definition of OOM

In this study, we consider all molecules that contain at least one
carbon atom, one hydrogen atom, and one oxygen atom as OOMs.
Volatility bin calculation

Direct volatility measurements for all compounds found in the gas
phase are not feasible because of low signals of many OOM:s in the
FIGAERO desorption profiles. Typically, parametrizations using
the oxygen and carbon number inferred from mass spectrometric
peak identification are applied to estimate the volatility of individual
compounds. To evaluate the capability of these parametrizations to
estimate the volatility of the OOMs from sesquiterpenes, we com-
pared the measured volatility of C;s compounds using an I~
FIGAERO CIMS (using calibrated thermal desorption to directly
determine the volatilities of individual components), the C;;
SIMPOL functional group—derived volatility using assumed molec-
ular structures (fig. $3), and the C;5 composition-volatility relations
adapted from the work of Stolzenburg et al. (32) for B-caryophyllene
monomers (Cys) and mixed-phase dimers (Cs,10; table S2). The
functional groups of B-caryophyllene oxygenated compounds
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used for running the SIMPOL model (64) are given in fig. S3.
The measured volatility is independent of the precursor identity
and agrees well with the composition-volatility relations by the
SIMPOL model (fig. S4). Our results show that monomer products
from -caryophyllene oxidation have very similar intrinsic volatility
to (cross) dimer products from a-pinene + isoprene. Our results
also validate using the parametrization adapted from the work of
Stolzenburg et al. (32) to estimate the volatility of the different
OOMs as long as the molecules with a carbon backbone up to 15
carbon atoms are treated as a monomer in the parametrization.

Because of the above confirmation of the parametrization of
Stolzenburg et al. (32), we use Eq. 1A and Eq. 1B and the carbon
(nic), oxygen (nﬁ)), and nitrogen (nf\,) number identified by high-
resolution mass spectrometry for all our volatility estimates. We ad-
justed the parametrization introduced by Stolzenburg et al. (32) for
non-nitrated biogenic (CHO) to also incorporate nitrated systems
(CHNO) as described by Stolzenburg et al. (65)

log;oC; (300 K)[ug m™°] = (ng — nf) X b, — njy X bo ;.

logioC; (300 K)[ug m™>] = (ng. — n) X b — (nf, — 3n})
X bO,adj4 -2

ng X (nf — 3n})

ne + (ng — 3ny)

i
—bNXl’lN

X b(;o

(1B)

Apart from the well-characterized effect of on average half a
decade in volatility per added carbon (b, = 0.475), the reference vol-
atility of 1 ug m™ for an alkene with 25 carbon atoms (n2 = 25), and
the nonlinearity term (bco = —0.3), the effect of oxygen on volatility
depends on the abundance of different functionalization (64, 66).
While using the “traditional” VBS, we find mostly equal ratios of
alcohols, carbonyls, and carboxylic acids in multigeneration oxida-
tion products with an average effect of by = 2.3 (60), the autoxida-
tion of biogenic precursors also results in a substantial amount of
hydroperoxides and hydroperoxyacids, which, on average, have a
weaker effect on reducing the volatility per oxygen atom than the
before-mentioned three groups (32, 64), resulting in a bg aqj. =
1.4. However, covalently bound dimers most likely have a peroxide
dimer bond with an even smaller effect on volatility per oxygen
compared to the more polar carbonyls, carboxylic acids, and even
hydroperoxides (67). Therefore, b aq5. = 1.17 is used for dimers (n¢
> 10 for a-pinene and nc > 15 for -caryophyllene). This presents a
challenge in the case of the mixture because molecules with C;;-C;5
cannot be unambiguously identified as monomers from p-caryo-
phyllene autoxidation or dimers from covalently bound a-pinene
and isoprene RO, radicals. Figure S4, however, shows, with direct
volatility measurements using the FIGAERO-CIMS, that the C;;
products in the a-pinene+ (-caryophyllene +isoprene mixture
follow closely the monomer volatility parametrization, which is
therefore applied in the following for all a-pinene+ 3-caryophyllene
+isoprene experiments. Last, by= 2.5 and accounts for the three
oxygen atoms within the nitrate group (68).
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The parametrization of Eq. 1A is then used to classify each mol-
ecule into volatility bins, separated by one order of magnitude in
saturation mass concentration C; at 300 K forming a so-called vol-
atility basis set (VBS model) (66). As the experiments were per-
formed at 5°C, the volatility distribution needs to be shifted, and
the temperature-dependent volatility at temperature T (in Kelvin)
can be calculated using the Clausius-Clapeyron equation

vap

logoC; (T)[ug m~*] = log,oC; (300 K) + -~

RIn(10)
1 1
>< —_— e —
(300 T)
where AH;™ is the evaporation enthalpy and can be approximated
according to Stolzenburg et al. (32) as

(2)

AH;™[K] mol™'] = —5.7 x log;oC; (300 K) +129  (3)

A broad classification of volatility can be done as follows:
SVOCs, 0.3 ug m™> < C* (T) < 300 ug m > LVOCs, 3 x 107° <
C*(T) < 0.3 ugm % ELVOCs, 3 x 1077 < C* (T) <3 x 107> pg
m™~%; and ULVOCs, C* (T) <3 x 107° ug m™>. This volatility clas-
sification can be broadly translated into units of saturation number
concentration assuming an average molecular weight of 300 Da, re-
sulting in SVOCs ranging from 6 x 10° cm ™ < Neg<6x 10" cm™,
LVOCs ranging from 6 x 10* cm ™ < Neg <6 X 10® cm™, ELVOC
ranging from 6 x 10° cm™ < Ngq < 6 x 10* cm ™, and ULVOC in-
cluding all substances with N.q < 6 x 10° cm™, indicating that
ULVOC compounds with abundances as low as a few tens per
cm > are eventually already in high gas-phase supersaturation,
driving nucleation.

The VBS can subsequently be used to dynamically model the
growth of a monodisperse aerosol population, indicative for the
growth observed in our chamber experiments. More details can
be found in the work of Stolzenburg et al. (65).

OOM yields
The production rate of OOMs can be calculated from the injection
and reaction rates as follows

d[P F
% =V x [Precursor]y — ko, % [O3] x [Precursor]

F
— kon % [OH] x [Precursor], — v

(4)

Here, F is the flow rate inside the CLOUD chamber, here cons-
tantat 0.225 m> min~", and V is the volume of the CLOUD chamber
(26.1 m®). Thus, % represents the dilution rate in the chamber
during these runs, which is ~0.5 hour™". The injected and measured
concentrations of a precursor (a-pinene, B-caryophyllene, or iso-
prene) are represented as [Precursor], and [Precursor],

respectively.
Let the production of OOM (Poonm) be

X [Precursor],

Poom = ko, % [O3] x [Precursor]; + koy x [OH]
(5)

x [Precursor],
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At steady state, we obtain

d[Precursor]

a0

F F
=7 X [Precursor]y — Pooum — v [Precursor]; (6)

which can be rearranged as

(7)

F F
Poom = v [Precursor]y — v [Precursor];

The production of ULVOCs can then be written as

d[ULVOC]

o~ Yuwoc X Poom — Kyan X [ULVOC] - CS

« [ULVOC] — ‘5/ « [ULVOC] (8)

where yurvoc is the yield of ULVOC, ki, is the wall loss rate, and
CS is the condensation sink.

At steady state, the yield of ULVOC (yyrvoc) can be calculated
as follows

{(kwall + CS + £) x [ULVOC]}

Poom

Yurvoc = ©)
Particle formation and growth rates

The particle formation rates were calculated at the cutoff diameter
1.7 nm via the balance equation described by Dada et al. (69) in
which the formation rate (], ;) is determined from the time deriva-
tive of the total concentration of particles with diameters larger or
equal to 1.7 nm and accounting for the particle dilution (S4;), co-
agulation (Scoqg), and wall (Sy,p) losses in the chamber (2, 69)

dN>1A7 nm
— ./ nm 1
I (10)

N., . is the total concentration of particles with diameters equal
to or larger than 1.7 nm measured and integrated using multiple
particle counters.

The dilution loss rate is

]147[51'1'1_3 S_l] + Sdil + Scoag + Swall

(11)

3 1
Sanlem™ s ] = Nx1.7 nm- kail

Flowsynthetic air

with kdil [Sil} = (12)

Vchamber

where kg is the dilution rate, Flowgynnetic air is the flow rate of clean
air, here, 0.225 m®> min™', and V_,amper is the volume of the
chamber, 26.1 m°.

The size distribution—dependent coagulation loss rate

Scoag(1.7 nm)[em ™ s7'] = JK(dp, d;)n(d;)dd;

[
dpfmax

= Y K(dy,dy)Ng [em™ s7'] (13)
d,=d,

where K(dp,dp/ ) is the Brownian coagulation coefficient for particle
sizes d,, and d,/ (70).
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The wall loss rate is

Swatt [em™ 57! = ZNdpi—dpi+l' Kan (14)
1

where dp;-dp;, refers to the size-dependent number concentration,
and k., in units of s™' is determined experimentally for the
CLOUD chamber at different temperatures using the diffusion of
sulfuric acid monomers (diameter, ~0.82 nm) to the chamber
wall. Under most circumstances, the experiments approach steady
state and J; 7 ~ = Sy, Uncertainty on particle formation rates from
systematic and statistical errors is approximated to be 30% based on
repeatability of measurements in the CLOUD chamber [see also the
work of Dada et al. (69)].

The particle growth rates were determined using the 50% ap-
pearance time method (69) in which we determined the 50% ap-
pearance time by a sigmoidal fit to the time evolution of the
signal at a specific diameter d,, and obtained the growth rate by a
linear orthogonal distance regression to the appearance time diam-
eter curve for serval channels using different size range method
(69). The uncertainty is calculated from the uncertainties of the
linear regression, which includes the fitting uncertainties in the de-
termination of the individual appearance times. Systematic effects
such as coagulation or wall losses on the growth rate are neglected
because of their minor influence at typical CLOUD conditions [see
also the work of Ozon et al. (71)].

Particle growth was modeled using a monodisperse organic
growth model as described by Stolzenburg et al. (65), which
solves the set of coupled ordinary differential equations of mass
transfer for each VBS bin

dCi,p Cihg 4O'OAM,' 0
At - NPkt,P l:cz,g Zi Ci,p exp (RTPOAdp> Ci]
where ¢; , is the mass concentration of each VBS-bin i in the particle
phase, c; . is the mass concentration of each VBS-bin i in the gas
phase, and ¢! is the saturation mass concentration of the bin at
the temperature of the experiment. N, is the monodisperse particle
population number concentration, which does not influence the re-
sulting growth rates of the model; k; , is the collision rate coefficient
for collision of a molecule of VBS-bin i with the growing particle
population (assumed to follow a hard-sphere collision kernel
based on bulk density and spherical assumptions). The driving
force of condensation is the difference between the gas-phase
mass concentration created by the continuous oxidation of the
organic precursors and the saturation mass concentration. The
latter is modified by the Kelvin term to account for the curvature
effect and the Raoult term, which accounts for the solution effect
of the different VBS-bins into each other. This ultimately couples
the differential equations for the different bins, requiring a numer-
ical solution. Particle-phase activity coefficients are assumed to be
unity in this study.
Kinetic model for ULVOC nucleation
A kinetic model based on the general dynamic equation (70) was
used to assess ULVOC nucleation; see the works of Xiao et al.
(72) and Marten et al. (73) for the acid-base model version. The
model considers neutral clusters containing up to 15 molecules
and then 50 geometric size bins between clusters containing 16
ULVOC molecules and 1000 nm and uses a constant production
rate (fig. S9). Note that a particle with a diameter of diameter

(15)

Dada et al., Sci. Adv. 9, eadi5297 (2023) 8 September 2023

contained three ULVOC molecules. The model was run at 12
initial ULVOC production rates between 100 and 10* cm® s™*. All
evaporation rates are set to zero for kinetic nucleation. A density of
1.2 g cm ™ was used in the calculations.

The change in concentration of clusters containing 1 to 15
ULVOC molecules (i = 1 to 15, j = 1 to 15) is defined as follows

dN; 1 =
dtl = EZK];HN]‘ Nij — Ni (kait + Kyani + ZKi,ij) (16)
j=1 j=1
Then, 150 geometric sized bins are applied with collision of the
particles distributed between the two nearest bins to allow for con-
tinuous growth
dN; 1 1
=5 D KNy NP+ > - Ky Ni(1 = Pg)
jtk—i jrk—i—1

- N,‘ (kdil + kwall,i + ZK’]NJ)
j=1

(17)

The collision rates are calculated as

1 1
3\¢ 6kBT 6kBT L 12
K,:.=|— 174 \%4
Y (4n) < m; + m; ) (Vi+ V)

(18)

Vi = Vi— Vi

Pip =
. Vi = Vi

(19)
where V; < V; + Vi < Vi,
The wall loss is calculated as

Kyl = C\/B (20)

C is a chamber specific constant and depends on chamber dimen-
sions and air mixing (fan speed). C = 0.77 cm ! s7% is used in this
study based on 0.002-s~" sulfuric acid wall loss rate. D is the diffu-
sion constant calculated as

kTC,
D =
3mnD,

(21)

where k, T, Cc, 1, and D, are the Boltzmann constant, the temper-
ature, the Cunningham slip correction factor, the gas viscosity, and
the particle diameter, respectively.

Supplementary Materials
This PDF file includes:

Figs. S1 to S9

Tables S1 and S2
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