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Abstract

Aerosol nanoclusters (AN), defined here as molecular aggregates suspended in a
gas with dimensions between 2 and 10 nm, are the link between substances that
we think of as molecules, or the “gas phase,” and those that we consider as par-
ticles, or the “condensed phase.” The ability to measure and model the physical
and chemical properties of size-resolved AN, which at present is rudimentary
at best, is crucial for understanding how particles form and evolve in a num-
ber of environments that are natural or influenced by human activities. This
review describes the current state-of-the-art for measuring and modeling the
size-resolved composition of atmospheric AN. We focus specifically on instru-
ments, many relying on mass spectrometry, that show promise for closing the
measurement gap under atmospherically relevant conditions by increasing the
size of measurable gas-phase clusters (bottom-up approaches) and by decreas-
ing the size of measurable nanoparticles (top-down approaches). Theoretical
methods for predicting AN composition have similarly relied on bottom-up ap-
proaches that extend the accuracy of quantum chemistry calculations to larger
molecular systems, as well as top-down approaches that correct bulk composi-
tion aerosol models for size-dependent properties such as viscosity and volatility.

Current measurement and modeling challenges that must be overcome in order
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to close the gap are discussed.
Keywords: aerosol nanocluster, nucleation, new particle formation,

nanoparticle composition

1. Introduction

Aerosol particles smaller than 10 nm in diameter, referred to here as aerosol
nanoclusters (AN, Figure, play a unique role in the processes that link atmo-
spheric chemistry to climate. Particles often begin their life in the atmosphere
as nanometer-sized clusters by a process known as nucleation (Seinfeld et al.|
. Instruments that directly measure the composition of ambient nucleated

clusters (Jokinen et al., 2012} |Junninen et al.,|2010; |Zhao et al., [2010)) up to sizes

of ~2 nm suggest important roles for acid—base chemistry involving inorganic
acids, such as sulfuric acid, methanesulfonic acid, and nitric acid, with ammonia
and amines (Xu et al.|, [2017; [Liu et al| [2018b; Wang et al. [2020; [Zhao et al.l
[2010; [Yao et all [2018)), and the direct condensation of low volatility halogen-

containing compounds (Sipild et al} 2016) and organics (Bianchi et al., 2016),

all of which are enhanced by ion-mediated processes (Wagner et al.,|2017; Rose|
2018). Once formed, these clusters can can grow into aerosol particles

with diameters exceeding tens of nanometers, thus potentially serving as cloud

condensation nuclei (CCN) (Kerminen et all 2018; Kuang et all 2009). Instru-

ments that directly measure the composition of particles larger than ~10 nm
in diameter (Voisin et al| 2003} [Smith et al., 2004} Wang et al. 2006), show

them to be a heterogeneous mixture of binary and ternary salts (Smith et al.|
2010) and complex organic compounds (Lawler et al. [2018)). Water is a key,

yet poorly understood, participant both in atmospheric nucleation and the sub-
sequent growth of clusters into nanoparticles . Between 2 and
10 nm, in the size range of AN; lies a theoretical and observational ”blind spot.”

Field measurements show why it’s important to understand the composition
of ambient 2-10 nm diameter AN. Figure [2| shows T, defined as the ratio of

observed particle growth rate to modeled growth rate from the condensation of
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Figure 1: Schematic of the formation and evolution of atmospheric aerosol nanoclusters and
definition of relevant size ranges. Precursor vapors are indicated accordingly: A: acid, B: base,

Ryowm: highly oxygenated molecules

H,S0, alone, for a new particle formation (NPF) event in Boulder, CO, at a site

located downwind of a coal-fired power plant (Kuang et al| [2011). The event

began with the production of 1 nm particles, and the z-axis represents the peak
of the nucleation mode during the NPF event, with the starting and ending
time of the growth event indicated on the plot. Overall, I' > 1, which means
that the observed growth rate of newly formed particles is greater than that
which can be explained solely by the condensation of H,SO,. This appears to
be generally true wherever NPF is observed: the exact species and mechanisms
that are responsible for this growth enhancement are not well understood. In
addition, there is a size-dependence to I', and that size dependence typically
occurs in the diameter range of AN.

Numerous other mysteries can be solved with measurements of AN compo-
sition. Recent observations of NPF in Chinese megacities concluded that the

theoretical survival probability of particles from 1.5-3 nm in diameter is practi-

cally zero due to high scavenging rates (Kulmala et al.,[2017) — indeed, the size

range between 1.5 and 10 nm has been referred to as the ”valley of death” for

nucleated clusters (Wang et al. [2020). Direct measurements of AN composition

are essential for understanding and ultimately predicting how nucleated clusters
grow on this treacherous path to climate relevance.
This review article presents the state of the science in closing the measure-

ment and modeling gap that currently exists for atmospheric AN composition.
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Figure 2: Size-resolved I' (GRops/GRH2s04) for a new particle formation event observed in
Boulder, CO, on 19 September 2010 starting at 12:40 and ending at 13:00, local time. Data

from |[Kuang et al.| (2012)), used with permission. I' = 1 also shown on plot for reference.

A related review reflects on the state-of-the-art in measuring size and concen-
tration of particles in this size range (Kangasluoma et al. [2020). We will not
focus on current understanding of atmospheric nucleation and NPF, both of
which have been the subject of several recent reviews (Kerminen et al.| 2018;
Kulmala et al.l [2014; Zhang et al., [2012)). We begin with the current state of
atmospheric AN measurements and continue with a similar discussion of the
state of AN modeling. Each section covers the size range of interest (2-10 nm)
from both directions: (a) from the bottom-up, in which we discuss the extension
of measurements and models above the 1 nm diameter that is already routinely
studied, and (b) from the ”top-down,” in which measurements and models are
applied to diameters smaller than 10 nm by optimizing particle sampling and by
introducing size-dependent corrections for properties such as volatility. Chal-
lenges and opportunities are discussed in each respective section. Finally, our
review concludes with a perspective on the future hope that this observation

and modeling gap may someday be closed.
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Figure 3: Overview of the diameter range for instruments that can perform size-resolved
AN composition measurements. Solid lines indicate the sizes the instrument has measured in
the field, while dotted lines indicate lab experiments. Instruments with asterisks (**) do not

measure composition, but measure physical properties of AN that can infer AN composition.

2. Atmospheric aerosol nanocluster measurements

Figure [3] provides an overview of the measurements that show promise for
obtaining size-resolved composition of atmospheric AN along with current size
ranges that have been reported in the literature. This section focuses specif-
ically on instruments that provide size-segregated composition with sufficient
sensitivity as to allow them to be applied to atmospheric conditions. Most of
these methods have already been used to make ambient observations. However
some have thus far been confined to the lab and we present these insofar as we

feel that their application to ambient measurements is possible.

2.1. Bottom-up approaches: Measuring super-nm atmospheric clusters

Bottom-up approaches take techniques traditionally used for sub-nm gas-
phase molecular or cluster identification and quantification and expand the mea-
sured size range to the super-nm. In order to characterize super-nm clusters,

these techniques must have detectors that can characterize composition at these
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larger sizes, and they should preserve cluster composition by reducing decompo-
sition or evaporation of clusters and fragmentation of individual molecules. Mass
spectrometry is frequently used to determine sub-nm atmospheric composition,
and with advances in instrumentation in recent years, super-nm clusters are
increasingly within reach. High sensitivity can be achieved by directly sampling
ambient ions and making inferences for ambient neutral molecules and clusters.
Alternatively, chemical ionization mass spectrometry has provided key mea-
surements of ambient neutral species. Additionally, mobility-based approaches,
often employing mass spectrometers as ion detectors, can reduce instrumental

artifacts and help preserve cluster composition during sampling.

2.1.1. Time-of-flight mass spectrometry (TOF-MS)

Time-of-flight mass spectrometry (TOF-MS) is the most widely used tech-
nique for determining cluster composition under atmospherically relevant con-
ditions. In particular, the atmospheric pressure interface TOF-MS (APi-TOF-
MS), first described in [Junninen et al. (2010)) and now a commercially available
instrument manufactured by Tofwerk AG, has been deployed to make ambient
measurements in numerous locations around the world (Jokinen et al., [2012;
Bianchi et al. 2016; Kiirten et al., 2016; [Sipila et al., |2016; |Sarnela et al.| 2015}
Yao et al., |2018). ANs are likely to be composed of an enormous number of
atmospheric constituents including multiple permutations with the same nomi-
nal mass. For this reason, the high mass resolution, high sensitivity, and large
mass range achievable by TOF-MS detectors make them invaluable for ambient
measurements compared to quadrupole mass spectrometers, which generally
feature similarly high sensitivity but lower mass range and resolution. The
APi-TOF-MS has been used to detect ambient compounds with mass as high
as 2 kDa (Sipila et al., 2016]), and this range has been extended to 20 kDa in
laboratory studies (Renzler et al.l [2017). There is not a uniform relationship
between atomic mass and diameter, since the shape and size of a molecule is
not directly related to its mass, but for globular molecules such as proteins 2

and 20 kDa correspond to spherical equivalent diameters of 1.5 and 3.6 nm,
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respectively (Ericksonl 2009).

The APi-TOF-MS is able to directly measure ambient ions in the atmo-
sphere, and inlet modifications including chemical ionization allow for direct
measurement of neutral clusters (Bertram et al. 2011). Chemical ionization
mass spectrometry (CIMS) introduces a reagent ion (e.g. NO5 , I, CoH;0, ",
H,0™) to the sampled air flow, which will form sample ions via reaction or clus-
tering according to their chemical properties. Often, this preserves molecular
composition without fragmentation. Application of CIMS using NO,~ reagent
ion to key atmospheric species such as sulfuric acid was first reported by |Eisele
& Tanner| (1993), and more recently this was optimized for detecting ambient
gas phase clusters in an instrument called Cluster CIMS (Zhao et all [2010).
Jokinen et al.| (2012)), adapted the Eisele and Tanner inlet design to the APi-
TOF-MS to create the CI-APi-TOF-MS, with a limit of detection on the order
of 10* molec cm™ and the high mass resolution necessary to separate larger
clusters of interest from interfering ambient compounds. These instruments reg-
ularly detect species like sulfuric acid, ammonia, amines, and highly oxygenated
molecules (HOMs). A few notable AN cluster composition measurements in-
clude a complex mixture of sulfuric acid, ammonia, HOMs, and iodic acid in
the free troposphere of the Swiss Alps (Bianchi et al.l 2016, the domination of
sulfuric acid-ammonia clusters in Antarctica (Jokinen et all |2012), and iodic
acid-containing clusters along the coast of Ireland (Sipilé et al., [2016). Figure
shows measurements of neutral cluster composition from the |Sipila et al.| (2016)
study, demonstrating the ability of the CI-APi-TOF-MS to resolve cluster com-
position to 2200 Th (equivalent to 2.2 kDa for these singly-charged ions).

2.1.2. Mobility-based approaches

Mobility-based approaches such as ion mobility spectrometry (IMS) or dif-
ferential mobility analysis (DMA) can be coupled to mass spectrometers for
mass detection and therefore are valuable bottom-up techniques for character-
izing AN composition. Separation by ion mobility is effective for a wide range of

size and composition measurements since it does not rely on chemical separation
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Figure 4: CI-APi-TOF-MS measurements of atmospheric composition during a NPF event
in Mace Head, Ireland. The measurements demonstrate the important role of iodine oxide
vapor partitioning in the production of AN in this locale. Data from |Sipila et al.| (2016]), used

with permission.

(e.g. interaction with solvents or a stationary phase). Ion mobility is sensitive
to molecular geometry, enabling it to separate isomers and other species that
are similar in mass, which is one of the challenges of mass spectrometry, espe-
cially as ion mass-to-charge ratios are increased (Krechmer et al.| 2016|). For
AN measurements in particular, DMA-based separation may provide an extra
advantage over typical IMS drift tubes since they operate at atmospheric pres-
sure, near room temperature, and with a variety of carrier gases (Oberreit et al.|
2015)), which can result in higher cluster stability under atmospherically-relevant
conditions.

IMS-MS and DMA-MS have been shown to be powerful tools for measur-
ing AN properties in laboratory experiments and an IMS-MS instrument has
also been successfully deployed in the field (Krechmer et al. [2016). Labora-
tory experiments using DMA-MS have characterized properties such as den-

sity, collision cross section, cluster stability, and extent of hydration for sulfuric
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acid-dimethylamine nanoclusters ranging from 2-8.5 nm (Ouyang et al., [2015;
Thomas et al 2016) as well as for smaller iodine pentoxide-iodic acid clus-
ters (Ahonen et al.,|2019). An IMS-MS with a NO5~ chemical ionization source
was deployed to make ambient measurements during the Southern Oxidant and
Aerosol Study (SOAS). AN measurements were not reported from this study,
due at least in part to the relatively high condensation sink at this site and
few new particle formation events (Lee et al., |2016). However, the authors
did perform collision-induced dissociation (CID) analysis, applied between the
IMS drift cell and TOF-MS, which allowed them to identify whether measured
Cy dimers were covalently bound or more weakly bound clusters. This analy-
sis demonstrates the ability of IMS measurements to provide size-separation of
AN, which combined with CID allows for mass spectrometers that operate over

a smaller mass range to still provide useful insights into composition.

2.1.3. Bottom-up measurement challenges and opportunities

The ability of mass spectrometry-based methods to detect super-nm at-
mospheric clusters is limited by the size-dependent detection efficiency of the
system as well as the extent to which the instrument preserves molecular com-
position. With regards to the former, expansion into the AN size range can be
achieved but requires instruments that combine high mass detection with an
exceptionally high resolution needed to resolve molecular composition based on
exact mass determination (Lossl et all |2014). This is an area of rapid progress
because of the interest in characterizing proteins, viruses, and other nanoscale
biological structures; however, it is important to stress that direct measurements
of AN mass are not likely to significantly close the measurement gap in compo-
sition. The latter point is discussed in detail in Section It is worth noting
that much of the foundational work in measuring ANs, including the earliest
atmospheric ion measurements and the development of the cluster CIMS inlet,
was done using a quadrupole mass spectrometer (Eisele, 1989; Eisele & Tanner|
1993; [Eisele et al., [2006]). As such, it may be beneficial to revisit some of those

original experimental ideas and measurement sites with today’s improved mass
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spectrometry approaches.

Quantification of cluster composition is a challenge for all mass-spectrometry-
based approaches. The use of chemical ionization can lead to charging-induced
fragmentation reactions, can create clusters within the ion source via ion-induced
nucleation, and can introduce biases due to variations in ionization efficiency
(Zhao et all [2010; Kurtén et all 2011} Ortega et al [2014; Hyttinen et al., 2018}
Iyer et al., 2016; Sipild et al., 2015; Kupiainen-Maatta et al., 2013). Computa-

tional chemistry has provided many insights into these effects, but additional
studies are needed given the diversity of sampled species and reagent compounds
currently in use. Additionally, many compounds, most importantly water, may
evaporate from the clusters during sampling and clusters themselves may de-

compose inside the vacuum of a mass spectrometer, leading to significant biases.

To study collision-induced cluster fragmentation, Zapadinsky et al.| (2019) devel-

oped a model that simulates the collision of a cluster with carrier gas molecules

as it moves through the chambers of a mass spectrometer under an electric field

and [Passananti et al.| (2019)) applied the model to an APi-TOF mass spectrome-

ter and systematically measured the effect of the applied voltages on the cluster
fragmentation. Such modeling studies could be essential in efforts to extend

bottom-up measurement techniques to super-nm atmospheric clusters.

2.2. Top-down approaches: Measuring sub-10 nm nanoparticle composition

Top-down approaches involve instrumentation that has been shown to effec-
tively measure size-resolved ambient nanoparticle composition and pushes the
size limit into the sub-10 nm range. Since mass scales as the particle radius
cubed, one of the main challenges for top-down measurements of AN is isolat-
ing them from larger particles or else the signal will be overwhelmed by even
a few large particles. Instrument sensitivity can also be a significant challenge
for the low sample masses typically encountered for AN in ambient air and the
potential contamination of samples from low-volatility gases. Currently, several
approaches have been developed for obtaining nanoparticle chemical composi-

tion by: a) offline collection and analysis techniques; b) real-time, online detec-

10
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tion using approaches that indirectly infer composition; ¢) using online detection
with mass spectrometry-based direct composition approaches. In this section,
these methods will be briefly described with emphasis on their ability to extend

to diameters smaller than 10 nm.

2.2.1. Offline nanoparticle collection and analysis

The earliest measurements of the composition of the smallest particles in the
atmosphere were made using offline approaches (Makela et al., [2001]), whereby
particles are collected on a substrate in a size-segregated manner for later offline
chemical analysis. As with all of the top-down approaches discussed, both
collection and analysis of ANs and nanoparticles present challenges for offline
methods.

Collection of nanoparticles and ANs in the atmosphere can be generalized
to two main approaches: low-pressure cascade impactors and growth tube col-
lection. The micro-orifice uniform deposit impactor (MOUDI) is perhaps the
most common cascade impactor used for size-resolved particle collection in the
atmosphere. The MOUDI is comprised of a series of rotating stages that sample
particles on the basis of their aerodynamic diameter (Marple et al.,[1991)). While
regular MOUDI collections typically do not extend below ~ 50 nm (Kulkarni
et al) 2011, the nano-MOUDI and similar low-pressure impactors (LPI) can
sample particles as small as ~ 10 nm aerodynamic diameter (Méakela et al.|
2001; Wang et al., [2007)), and another recently developed LPI was able to col-
lect particles down to 7.7 nm (Arffman et al., 2014). Growth tube collection
is another method that can help collect even smaller particles. The growth
tube collector (GTC) collects particles as small as 5 nm by amplifying parti-
cle size by water condensation followed by impaction onto a collection stage or
into a small volume of solvent (Hering & Stolzenburg, |2005). This technology
has been commercialized into the sequential spot sampler (S3, Aerosol Devices,
Inc.). The GTC on its own does not size-segregate collected particles, but can
be used downstream of devices that size-select particles, as has been done in

laboratory studies of 20 nm diameter particles |Chen et al.| (2018a). A class of

11
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devices related to the GTC are those that use water condensation to amplify
particle size and aerodynamic lenses to concentrate the larger particles. The
versatile aerosol concentration enrichment systems (VACES) is one instrument
in this class, which can be combined with a MOUDI to enhance collection of

sub-100 nm diameter particles (Geller et al., 2002} |2005)).

Sample analysis might involve extraction or direct measurements of the con-
stituents on the collection substrate. Solvent extraction can be paired with

analysis such as ion chromatography or inductively coupled plasma mass spec-

trometry (Mékeld et al| 2001). Additionally, illuminating the substrate with

a light source to investigate optical absorption or the study of isolated parti-
cles on the substrate by microanalytical techniques such as secondary ion mass

spectroscopy (SIMS) and Fourier transform infrared spectroscopy (FTIR) can

be employed (Kulkarni et al) [2011). Imaging microscopy paired with elemental

analysis has shown to be a key tool for offline analysis of ultrafine particles.
Analysis of both lab-generated and field-measured nanoparticles via transmis-

sion electron microscopy and energy-dispersive X-ray spectroscopy can give in-

sight into particle morphology and composition (Mékeld et all 2002). The

latter spectroscopic approaches, which do not require sample preparation prior
to analysis, have the benefit of minimizing sampling artifacts in measurements

of particle composition.

2.2.2. Indirect online analysis

Indirect composition measurements of atmospheric nanoparticles can be
made using tandem differential mobility analyzer (TDMA) techniques. Parti-
cles are size-selected and then exposed to a controlled environment, after which
the resulting size distribution is measured to observe any size changes (Rader &
. Most commonly, particles are conditioned with high relative
humidity (RH) to investigate their hygroscopic properties (McMurry & Stolzen-|
[1989), high temperature to characterize volatility (Rader & McMurry|
, or saturated organic vapor to investigate organic composition

isaari et al.l [2001; |(O’Dowd et al. 2002} [Vaattovaara et al.l [2005). Characteristic

12
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size changes resulting from the conditioning can be attributed to the presence of

specific compounds, or classes of compounds, in the particles (McMurry et al.|
11996; Kerminen, |1997)). Since these TDMA approaches rely on the ability to

size-select ambient particles, this approach has been successfully applied to ob-

tain insights into AN composition (Sakurai et al.l [2005; [2017). Figure

shows how the composition of particles larger than 3 nm was inferred through
the combination of hygroscopicity and volatility TDMA measurements by [Saku-|
rai et al.| (2005).

Another class of indirect composition measurements takes advantage of the
dependence of aerosol particle growth dynamics on composition within conden-
sation particle counters (CPCs), which also varies with the CPC working fluid.
For example, a nano-cloud condensation nuclei particle counter (nano-CCNC)
was developed to measure size-resolved hygroscopicity and thus infer chemical

composition for 2-10 nm particles by scanning the water saturator temperature

in a CPC (Wang et al) 2015). Growth characteristics within butanol-based

CPCs have been employed to infer AN composition using a pulse height anal-
ysis technique to size butanol droplets that grow onto sampled AN as small as

~1 nm in diameter (O’Dowd et al. 2002; |Sipila et al., [2009)). Pairs of CPCs

operated identically but with different working fluids have been used in a CPC
battery (CPCB) to infer 2-20 nm AN water and butanol solubility (Kulmala;

2007). New methods of particle counting and size selection (Kangaslu-

loma et al.| |2020) ensure that these methods will continue to provide valuable

information in the near-term.

2.2.3. Direct online analysis
The determination of molecular- or fragment-scale chemical composition for

size-resolved aerosol by established real-time techniques is limited to sizes above

around 40 nm for bulk measurements (Canagaratna et all [2007) and around

120 nm or larger for single particle measurements (Murphy et al., [2006; Gard|
1997). Therefore efforts to probe molecular composition down to sizes

on the order of 10 nm in a real-time or pseudo real-time manner have generally

13
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inferred from measurements. Diagram by H. Sakurai, used with permission.

relied on collecting picogram-scale particulate samples (over 1 million 10 nm
particles) and then subsequently analyzing them once enough mass has been
sampled for sufficient signal-to-noise.

Thermal desorption techniques comprise the majority of online instrumen-
tation for nanoparticle composition. The original such instrument is the ther-
mal desorption chemical ionization mass spectrometer (TDCIMS) (Voisin et al.)
2003; |Smith et al., 2004). TDCIMS employs unipolar particle chargers and

differential mobility analyzers (DMAS) to size-select ultrafine particles for col-

14
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lection by electrostatic deposition onto a metal filament. After a period of
collection, the sample is translated into a desorption and chemical ionization re-
gion, where the filament is resistively heated to volatilize sampled compounds by
evaporation or thermal decomposition, depending on the compound and heat-
ing profile. The compounds volatilized and detected depend on the maximum
temperature of the filament, melting and/or pyrolysis behaviors of the analytes,
reagent ion chemistry, and the mass resolution of the detector. Contributions
from low- and semi-volatile gas-phase species are accounted for and subtracted
by alternating collection and background cycles, which differ only by whether
high voltage is applied to the metal filament during the collection period.

The TDCIMS technique has been modified to adapt different sampling and
ionization strategies. The Chemical Analyzer for Charged Ultrafine Particles
(CACKhUP) differs primarily in its use of a 70 eV electron ionization source rather
than chemical ionization (Gonser & Held} [2013), with a smallest detectable
particle size of 25 nm. Other implementations have thus far been applied to
laboratory studies only. An ion drift (ID) tube was added to a TDCIMS-type
instrument to create the TD-ID-CIMS, which benefits by having a controlled
ion-molecule reaction time and thus a reduced need for chemical calibrations
but has not yet been configured to measure size-resolved composition (Zhang
et all 2009). A similar conceptual approach to TDCIMS called the thermal
desorption-differential mobility analyzer (TD-DMA) has been described recently
by (Wagner et al. (2018). The TD-DMA separates the sample volatilization
region from the chemical ionization region and, in the application described,
used a NO;~ CIMS reagent ion for detection of the desorbed compounds.

The smallest detectable particle size of the TDCIMS and similar techniques
is determined primarily by sample mass, but the cubic dependence of mass on
diameter and the higher diffusional loss rates of the smallest particles create
challenges in extending the method into the AN size range. Practically, the
smallest particle size that can be sampled by TDCIMS depends on the relative
intensity and persistence of the smallest particles within measured aerosol pop-

ulations. Size-resolved measurements of laboratory-generated particles can be

15
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resolution TDCIMS measurements of 20—70 nm particles at the same site (Lawler et al., |2018]).

Alkylammonium and SO3~ ions arise from thermal decomposition of the corresponding sulfate
or bisulfate salts. The other ions primarily arise from thermal decomposition of larger oxidized

organic molecules.

uo  routinely performed on particles as small as 5 nm (Perraud et al., 2020a; (Chen|
2018a)). Persistent sub-10 nm ambient events are rare, but 8 nm particles

have been analyzed in the Mexico City metropolitan area, and 10 nm particles

were sampled in a boreal forest (Hyytiéld, Finland) (Smith et al.| 2010). Figure[f]

shows data from the forest measurements made during a unique NPF event on

us 9 April 2007 consisting of high concentrations of 10 nm particles (> 10* cm™3)

16
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that grew very slowly (2.5 nm hr=!) and persisted in the air for 8 hrs. The
abundance of low molecular weight species is likely a combination of the lower
mass range and resolution of the quadruple mass spectrometer used at the time
as well as thermal decomposition of higher molecular weight species, the latter
of which remains a challenge for analysis of organic species.

Under special conditions, it may be possible to extend the diameter range of
thermal desorption techniques below 10 nm by bypassing size-selection and sam-
pling bulk aerosols, effectively letting the atmosphere dictate sampled particle
size. This is simply done in laboratory studies, where non-sized resolved instru-
mental approaches such as the filter inlet for gases and aerosols (FIGAERO)
have been employed (Lopez-Hilfiker et al., 2014]).

Laser desorption followed by mass spectrometry is another useful technique
to measure the composition of size-resolved nanoparticles. The Rapid Single-
Particle Mass Spectrometer (RSMS-II) measures composition of particles as
small as ~30 nm by employing a mechanism to selectively transmit a nar-
row particle size range into the focal point of a high-powered laser (Mallina
et al.l [2000). A successor to the RSMS-II, the nano-aerosol mass spectrome-
ter (NAMS), measures elemental composition of particles in the size range of
7-150 nm (Wang et al., [2006; [Horan et al., [2017b), though it has only been
used in field measurements down to 20 nm (Pennington & Johnston, [2012).
The NAMS charges particles with a unipolar charger and size-selection occurs
via a tunable quadrupole digital ion guide. Several field adjusting lenses opti-
mize particle capture in a downstream three-dimensional quadrupole ion trap,
where a high-power Nd:YAG pulsed laser is used to vaporize trapped particles
into singly- or multiply- charged atoms that are analyzed via reflectron time-
of-flight mass spectrometry. The resulting mass spectra yield the elemental
composition of individual sampled nanoparticles that is quantitative because
the vaporization/ionization process is not subject to sensitivity biases due to
molecular composition or matrix effects.

Although the NAMS has not yet made ambient measurements in the AN

size range, such measurements are feasible in principle, and previous ambient
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nanoparticle measurements have provided unique compositional insights. In-
dividual particle composition provides a snapshot of the internal vs. external
mixing of particles. For example Zordan et al.| (2008) shows evidence of both
internal and external mixing in co-located and co-temporal nanoparticles dur-
ing measurements in Wilmington, DE, indicative of diverse growth pathways
happening in parallel. The quantitative nature of the NAMS technique enables
mass-closure studies on gas-particle partitioning of key compounds such as sul-
furic acid (Bzdek et all |2012). The biggest challenge of elemental analysis for
atmospheric particles is that molecular composition can only be inferred, which
is especially difficult for organic species (Zordan et al.| [2008; |Bzdek et al.| [2014;
Stangl & Johnston, 2017]).

Other mass spectrometry-based approaches include mobility separation com-
bined with electrostatic precipitation-electrospray ionization mass spectrometry.
This is a very gentle approach for volatilizing and ionizing collected aerosol com-
ponents, but the detection limits are significantly higher than TDCIMS-type ap-
proaches (He et all [2015). A technique that shows promise for molecular-scale
composition analysis at roughly 10 nm sizes is mobility separation combined
with droplet assisted inlet ionization mass spectrometry (DAII) (Horan et al.|
2017a). Th the DAII inlet, sampled nanoparticles nucleate liquid water droplets
by exposure to supersaturated water vapor. Rapid heating of these droplets
causes molecular ions to form by a gentle, electrospray-like process, and the

resulting ions are detected by mass spectrometry.

2.2.4. Top-down measurement challenges and opportunities

The offline collection and analysis approach has a demonstrated potential
to provide information on the composition of atmospheric nanoparticles, but
several limitations would need to be addressed before this can be extended to
AN composition. Collection methods must be immune to contamination by both
low-volatility gases as well as from larger particles. Mobility-based separation,
e.g. a size-selecting differential mobility analyzer, is one of the few approaches

that can satisfy both requirements. Analysis of a 2002 NPF event in Atlanta,

18



410

415

420

425

430

435

GA, shows that 10 nm charged particles can be size-separated by low-resolution
mobility-based separation and delivered to a sampling device at a rate of 100—
200 pg hr=t (McMurry et al., 2009). If combined with water-based growth tube
collection, this approach could supply up to a nanogram of 10 nm particles for
the NPF event shown in Figure [6] This sample size, if extracted into 10 ul of
solvent, requires offline approaches that have picogram sensitivities that, while
challenging, can be achieved with electrospray mass spectrometry as well as a
variety of other approaches (Hu et al.| 2007; [Visser, 2002; |Fialkov et al., 2007;
Allen et all, (1994} Kalberer et all 2002). Research in improving the sensitivity
of chemical analysis instruments is rapidly progressing, thus offline analysis
should still be considered a viable approach for determining atmospheric AN
composition.

Indirect online analysis approaches have limitations relating to the fact that
chemical composition can only be inferred. Nonetheless, it is important to
note that this is the only measurement that has already been demonstrated as
capable of analyzing in the size-range of AN (2-10 nm diameter). Mobility-
based separation as well as particle counting have undergone many improve-
ments (Kangasluoma et al. |2020]) but these have not yet been transferred to
TDMA instruments. Thus we should not underestimate the potential contri-
butions of indirect online analysis in our efforts to close the measurement gap
from clusters to nanoparticles.

Direct online analysis has thus far been based on the mass spectrometric
detection of molecular or elemental ions. In the case of the former, it is im-
portant to note that the sensitivity of sampling, ionization, and detection of
molecular ions by chemical ionization mass spectrometry can vary considerably
over the range of compounds found in atmospheric aerosol particles (Hyttinen
et all 2018). Additional experimental and theoretical work is needed to quan-
tify detection biases in different chemical ionization approaches. In addition,
thermal degradation of desorbed compounds needs to be better understood and
mitigated in TDCIMS and related instruments. Both tasks are aided by the

smaller class of compounds that are likely to be relevant to AN formation and
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growth. Recently, TDCIMS sensitivity increases were reported in laboratory
measurements by replacing the radioactive foiled-based ion source design with
a new design based on soft x-ray ionization (Perraud et al.,|2020a)), which opens
up new opportunities for sub-10 nm measurements. The development of quan-
titative approaches such as NAMS should continue with a focus on sub-10 nm
composition, ideally together with approaches such as TDCIMS that are not as
quantitative but supply important molecular information. Finally, the ability
of both NAMS and TDCIMS to detect AN is limited by the low efficiencies
by which these small particles are charged. Unipolar particle chargers are typ-
ically employed, which produce a singly charged fraction of ~0.1 for sampled
5 nm diameter particles (Smith et al.l |2004). Attempts to increase the charged
fraction to 1 in unipolar chargers are underway (Chen et al., 2019). Additional
enhancement of charged AN has been reported using a ” NanoCharger,” a device
that enhances both the charging efficiency and concentration of sampled sub-10
nm diameter particles for analysis by TDCIMS (Kreisberg et all |2018]). The
combination of the NanoCharger and TDCIMS should be capable of efficiently
analyzing particles as small as 4 nm in diameter, which would require a sampled

flow rate of ~100 L min—".

3. Atmospheric aerosol nanocluster modeling

Aerosol nanocluster formation and growth are closely linked to gas-phase
chemistry, as the vapors that participate in these processes are typically oxida-
tion products of atmospheric gases such as sulfur dioxide and volatile organic
compounds. There exists a plethora of different condensable vapors and the par-
titioning of these depend on AN size, while condensed phase reactions that follow
uptake can irreversibly alter the vapor pressure of these compounds. Tempera-
ture and RH have significant, and often non-linear, impacts on AN composition.
This large parameter space creates significant challenges for process-level mod-
els that attempt to simulate AN formation and growth. In this section, we

summarize the main theoretical approaches used to investigate the formation
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and evolution of AN.

3.1. Bottom-up approaches: Modeling super-1 nm atmospheric cluster composi-
tion

Bottom-up modeling approaches address the question: What is the most
likely composition and structure of ambient molecular clusters? A proper answer
to this question requires two interrelated steps. First, properties such as free
energies must be solved for a set of clusters. This is made increasingly difficult
as cluster size increases. In addition, a cluster dynamics calculation must be
performed to determine its net formation rate under atmospherically relevant
conditions. Explicit treatment of all possible combinations of atmospheric acids,
bases, water, and oxidized organic compounds is not a reasonable goal, even with
the most powerful supercomputers. For example, the boreal forest atmosphere
can contain over 1000 possible pre-nucleating vapors and population dynamics
simulations require cluster properties of up to 10 molecules, which would make
an order of 1030 different cluster combinations. Because of this, most studies to
date have focused on a key set of clusters that provide some insights into AN
formation (Chen et al., [2012]). In this section we review the methods currently
in use for such simulations and assess their ability to be extended into the AN

size range.

8.1.1. Cluster thermodynamics calculations

Theoretical approaches to obtain cluster thermodynamic properties can be
classified into three categories depending on the scale at which the interactions
between the nucleating compounds are treated: classical liquid drop models,
force field methods, and electronic structure calculations. The simplest theoret-
ical framework, the classical liquid drop model, treats clusters as spherical bulk-
liquid droplets and requires as input only the liquid density, molecular mass,
surface tension, and saturation vapor pressure of the compound (Vehkamaki &

Riipinen, 2012). The free energy change in the formation of a one-component
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cluster with N molecules and saturation rate S can be written as
AG =Aoc —kgTNIn S, (1)

where A is the surface area of the cluster, o is the surface tension, kg is the
Boltzmann constant, and T is the temperature. The first term is the energy
cost of the surface formation and the second term represents the lowering of
free energy when the molecules go from supersaturated vapor to liquid. The
classical liquid drop model does not describe nano-sized systems well due to its
reliance on bulk liquid surface tension and cluster sphericity (Merikanto et al.|
2007, Vehkamaki, 2006)).

Methods based on force fields such as classical molecular dynamics (CMD)
are used to describe the interactions between molecules in terms of their func-
tional groups (Car & Parrinello, |[1985)). The basic premise of these methods is
that the interactions in a molecular system can be described in simple terms
without explicitly accounting for quantum mechanical effects. A typical CMD
force field includes bonded interactions (bond stretching, angle bending, and
torsional distortion) and non-bonded interactions (electrostatic and van der
Waals) (Lifson & Warshell [1968; |Allinger} [1977). CMD methods have been used
to simulate many physiochemical phenomena such as ice nucleation on silver io-
dide particles (Roudsari et al., [2020), interactions between sulfuric acid and
water in stable clusters and at a planar liquid—vapor interfaces (Toivola et al.|
2009)), and collisions between pre-nucleating vapors (Halonen et al.,[2019). Since
CMD methods do not allow for bond formation or breaking, their application
to describing the structure, energy and dynamics of atmospheric clusters is far
from straightforward. Most atmospherically important clustering processes in-
volve proton transfer reactions requiring quantum mechanical treatments. In
the most advanced ab initio molecular dynamics (AIMD) approaches, atomic
nuclei are treated according to classical mechanics while the electrons are treated
explicitly by quantum chemical methods and the energy is calculated on-the-
fly at each step of the simulation. As AIMD approaches allow the covalent
bond to break and form, they have been successfully applied to study proton
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transfer reaction dynamics and sample the potential energy surfaces of reactive

clusters (Loukonen et all |[2014; Xu et al., 2017; Kumar et al., 2018]).

The critical cluster size in atmospheric nucleation may be surprisingly small
and is thus treatable by high-level quantum chemistry methods. The actual va-
por concentration-dependent Gibbs free energies for each cluster can be obtained
from the quantum chemical Gibbs free binding energy and vapor concentrations
through the law of mass action:

AG(Py, Py, ..., P,) = AG(Pret) — kBTZNi In PZ , (2)

i—1 ref

where P; is partial pressure of component ¢ in the vapor phase, IV; is the number
of molecules of type ¢ in the cluster, and n is the number of components in the
cluster. Density functional theory (DFT) has been the dominant quantum chem-
istry method to study cluster formation due to its reasonable computational
cost. Commonly used density functionals in past atmospheric cluster studies
have included wB97X-D, PW91, M06-2X and B3LYP-D3 (Nadykto et al., 2011}

Xu et all 2018} [Gale et all, [2020; [EIm et all, [2012] 2016} [Zhang et all, 2017;
[Leverentz et all 2013} [Kumar et al. 2018} [Kurtén et al[2007). While DFT has

been shown to provide good structures and thermochemistry, electronic ener-
gies may be inaccurate (Elm & Mikkelsen| [2014} |[Elm et al., 2015} [Ortega et al.|
2008). A common solution to this is to perform optimization and frequency cal-

culations using DFT and use highly correlated wave function methods such as
Mgller-Plesset or coupled cluster theory to correct electronic energies. Different
multi-step approaches have also been used to investigate cluster formation and
gas-phase reactions (Ortega et al. 2008, 2012; Henschel et al. 2016} |Olenius|

Gt all 2077).

The recent development of reduced scaling approximations has significantly

increased the applicability of highly correlated quantum chemical methods such
as MP2, CCSD and CCSD(T) to modeling cluster composition. Those methods
have previously been restricted to benchmarking the smallest systems containing
a maximum of a few atoms or a few tens of electrons due to the high compu-

tational cost and poor scaling. One example to lower computational time is
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the resolution-of-identity approximation which reduces the total computational
cost by about an order of magnitude and only introduces minor errors into
the calculation, thus its use is strongly recommended . Perhaps
the main advance in gaining accurate energy description with low computa-
tional cost is the development of local electron correlation approaches. The
goal of local correlation methods is to reduce the scaling with system size, ide-

ally to linear scaling, without sacrificing the intrinsic accuracy of the calculation.

Riplinger et al.| (2013, 2016) developed a domain-based local pair-natural orbital

(DLPNO) approximation, which can result in linear scaling and still produce
the accuracy of their canonical counterparts. Benchmark studies have shown
the DLPNO-CCSD(T) method to be a reliable and affordable way to study

atmospheric processes such as the formation of salt particles, the hydration of

clusters and chemical reactions on cluster surfaces (Myllys et al) [2016a; Elm|

let all 2017a} Kildgaard et al., [2018aj; [Hirvonen et al [2018} [EIm & Kristensen)|,

20T7).

The determination of a global minimum cluster structure is a significant

challenge that can lead to an erroneous description of cluster composition and
stability. There is no foolproof method to locate a global minimum cluster
structure from a complex potential energy surface, thus many different sam-

pling techniques have been developed. Past atmospheric cluster studies have

employed, for instance, simulated annealing (Kirkpatrick et al.,|1983; |Loukonen|
et al., [2010; Day et al., [2000)), basin hopping (Hartke et al., [1998} Temelso et al.,
2018a)), artificial bee colony algorithm (Zhang & Dolg, [2015, [2016; [Zhang et al.|
2020} [Kubecka et al., [2019; [Li et all 2017), and Fibonacci sphere
2010} [Kildgaard et al. 2018alb). While the main task of a configurational sam-

pling technique is to find the global minimum structure, several local minima
can be used to obtain more accurate thermochemistry. The effect of accounting

for multiple minimum structures has been tested for sulfuric acid hydrates and

oxidized organic compounds containing clusters (Temelso et al., 2012; Parta-|

2016), and the error caused by the single structure approximation

is modest even for nanometer-sized clusters (lowering the free energy less than
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1 kcal/mol) (Partanen et al., 2016; Kubecka et al., 2019; Rasmussen et al.,
2020). Therefore, this correction is usually not worthy of additional computa-
tional time.

A common assumption is that the molecular clusters vibrate harmonically
about their equilibrium geometries and rotate rigidly as a single entity. This
rigid rotor-harmonic oscillator (RRHO) approximation may lead to large errors
in Gibbs free energy. As anharmonic calculations are limited to the small-
est clusters due to the computational restrictions, anharmonic scaling factors
can be used to at least partially correct errors caused by vibrational anhar-
monicity. |(Temelso & Shields| (2011) estimated the role of anharmonicity in
hydrogen-bonded water clusters by calculating scaling factors using the vibra-
tional perturbation theory, VPT2. They showed that intermolecular bonds are
normally more anharmonic than intramolecular bonds, which demonstrates the
importance of separating the modes into different classes. While the anhar-
monic effects lower the Gibbs free formation energy substantially, the energetic
ordering of different isomers remains the same (Temelso et al.| [2011)). Addi-
tionally, in weakly-bound molecular clusters, some molecules might experience
internal rotation. This high-amplitude motion leads to low-lying frequencies,
which may cause large errors to the entropy description. That error can be
partly corrected by removing or shifting frequencies below some cut-off value
or by the so-called quasi-harmonic approximation (QHA), in which the lowest
frequencies are treated as free rotors (Grimme, 2012). The difference between
RRHO and QHA increases nearly linearly with system size and it can be up
to several kcal mol~! for a nanometer-size clusters (Myllys et al., 2016b). In
addition, quantum chemistry programs might not be able to correctly recognize
molecular symmetry, which causes an error in the entropy calculation. The ef-
fect of including correct symmetry numbers is roughly equal but opposite to the
effect of QHA (Besel et al) 2020). Using anharmonic scaling factors, QHA and
correct symmetry numbers does not require additional computational power, so
they can be used for any cluster size.

Applicability of quantum chemical methods can roughly be divided into
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three parts: small dimers, medium-sized clusters and super-nm particles. To
accurately study dimer properties, canonical coupled cluster energies, such as
CCSD(T)-F12/cc-pVTZ-F12, can be used together with anharmonic thermo-
chemistry, which can for instance be calculated by VSCF at the MP2-F12/cc-
pVTZ-F12 level of theory to yield the most accurate properties, energy descrip-
tions, and even anharmonic potential energy surfaces (Partanen et al., 2012
2013). For clusters up to 1.5 nm in size, roughly 10 molecules, an increas-
ingly popular approach has been DLPNO-CCSD(T)/aug-cc-pVTZ//wB97X-
D/6-31++G**, and together with Elm et al.| (2020), we recommend this as the
standard level of theory in cluster calculations. The benefit of having a uni-
versally applied approach is to be able to compare results worldwide between
different research groups. When particle size increases, DF'T can be applied to
gain at least qualitative level information of particle formation and properties.
Benchmark studies have shown that wB97X-D has a superior performance for
hydrogen-bonded clusters and it is suggested to apply for system sizes for which
highly correlated methods are out of reach (Schmitz & Elml| [2020). A PW91
functional also offers a good compromise between cost and efficiency. [Elm|(2019)
used PW91/6-31++G** level of theory to study clusters containing sulfuric acid
and an oxidized organic compound, MBTCA, up to cluster size of 2.2 nm. Thus,
density functional theory can be applied to model the composition of the small-
est AN. For calculations that extend to systems several nanometers in size,
semiempirical approaches can be explored. However, one should be careful as
parameterized methods might lead to qualitatively wrong descriptions when the

studied system does not behave consistent to the empirical parameter space.

3.1.2. Cluster population dynamics simulations

There are two main approaches for relating cluster thermodynamics to the
cluster distribution under atmospheric conditions. The historical approach, clas-
sical nucleation theory (CNT), uses bulk liquid properties to predict cluster
thermodynamics and solves analytically the birth—death equation leading to a

net rate at which critical clusters are formed (Vehkamaki, |2006). A common
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example of the failure of CNT is that it predicts binary sulfuric acid—water nu-
cleation rate to be over 10 orders of magnitude lower than observations (Yue &
Hamilll [1979). Thus it is clear that a more sophisticated approach that relies on
thermodynamics derived from first principles is needed to accurately model nu-
cleation. Thermodynamics obtained from quantum chemistry provides insights
into cluster stability, but the prediction of AN formation and growth rates re-
quires modeling the kinetics of a population of interacting clusters. From a
kinetic perspective, high evaporation rates lead to thermodynamic barriers and
clusters that have not yet overcome the barrier and tend to evaporate faster
than the rate by which they collide with vapor molecules. The evaporation co-
efficients of the clusters can be obtained from the Gibbs free binding energies

of the evaporating cluster (i + j) and its products ¢ and j as

Peet (AGHJ- —AG; — AG]-) 5

Vits)ig = Piog P T
where P,¢f is the reference pressure, kg is the Boltzmann constant, T is the tem-
perature, and AG is the Gibbs free binding energy. The collision coefficients 3; ;
can be obtained most simply from kinetic gas theory or more accurately by tak-
ing into account long-range intermolecular forces. [Yang et al.| (2018) developed
a collision rate theory—molecular dynamics simulation approach and calculated
condensation and dissociation rates for gas phase metal clusters. Using molecu-
lar dynamics simulations, the effect on collision coefficients caused by molecular
interactions has been studied and found to be enhanced by 2.2 for neutral sulfu-
ric acid molecules compared with kinetic gas theory (Halonen et al.,|2019). For
collisions between charged and neutral species, the effect is much larger, on the
order of 10-fold compared with hard-sphere collision coefficients (Leppa et al.
2013)).

The time evolution of a cluster population is described by the birth-death

equation, i.e., discrete general dynamic equation (GDE), which is written for
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each cluster as

Jj<i J j<i

(4)

where C} is the concentration of cluster 4, 3; ; is the collision rate coeflicient
between i and j, 7(;+;)—,; is the evaporation rate coefficient of cluster (i4-j), S;
is an external source term, and L; is an external loss term corresponding to coag-
ulation onto pre-existing surfaces. The positive terms correspond to all collision
and evaporation processes that create cluster C;, and the negative terms to all
processes where the cluster is lost. The birth-death equations are implemented

in models such as the Atmospheric Cluster Dynamics Code (ACDC) and have

been widely used to study particle formation (McGrath et al., [2012). Applica-
tions have included the clustering of oxidized organic compounds ,
the role of various bases in sulfuric acid-driven particle formation
2013; Xie et al., |2017; Myllys et al 2018, [2019b; Ma et al., |2019)), the formation
of nitric acid-containing clusters (Liu et al. [2018b} |Chee et al., 2019)), the effect

of methanesulfonic and methanesulfinic acids in clustering (Shen et al. 2019;
Ning et al., |2020), and the role of hydration in particle formation (Henschel
et al 2016} [Olenius et all, 2017 [Liu et al., 2018a)). Figure[7]shows an example

of the step-by-step cluster growth pathways for a system containing compounds
A and B that can be achieved with ACDC. The system grows via an additions
of heterodimer AB to the cluster or sequential additions of compound A and
subsequently compound B. The compositions of steady-state clusters is close to
the A:B ratio of 1:1. It should be noted that the cluster composition might not

be same as AN composition and one should combine bottom-up and top-down

approaches to get insights of AN compositions (Chen et all [2018b; |Chee et al.,

2019) Cluster growth and composition are strongly dependent on participating

compounds, their concentrations and temperature.
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Figure 7: Illustrative example of the main cluster growth pathways for a two-component
system. The z- and y-axes give the numbers of compounds A and B in the cluster and the

color of the arrow indicates the relative flux at which each step is expected to proceed.

3.1.3. Bottom-up modeling challenges and opportunities

Cluster formation may also be hindered by kinetic barriers. This effect was

studied by Bzdek et al (2010alb), who investigated the exchange of amines for

ammonia in ammonium bisulfate and ammonium nitrate clusters using Fourier
transform ion cyclotron resonance mass spectrometry. They found that dis-
placement of the first few ammonia molecules by dimethylamine occurs with
near unit efficiency, but when the cluster size increases an ammonium ion can
be trapped in the center of the cluster, which hinders the base exchange. In
AN the volume-to-surface ratio is larger than in clusters, thus more molecules
will be trapped and only surface molecules are likely to undergo base exchange.
While the current quantum chemical approaches mainly focus on cluster for-

mation via global minimum structures, the actual clustering pathway might be

slightly different due to kinetic limitations (DePalma et al., 2014alb). Thus the

role of kinetic barriers in atmospheric clustering should be better understood.

While the substitution of ammonia by amines is showed to be a favorable
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reaction, the co-presence of ammonia and amines has been shown to enhance

jnucleation more compared to ammonia or amine alone (Yu et al., [2012; Glasoe|

let al, 2015} [Temelso et all [2018b} [Wang et all 2018} [Li et all, 2020} [Perraud
2020b). The reason for this synergistic effect is found in the cluster

structures, where ammonia is more likely to be protonated than amine and

likely to locate to the center of the cluster due to four possible hydrogen bonding

sites (Myllys et al.,[2019a). The atmosphere has many common emission sources

for ammonia and amines, and thus synergistic effects might significantly impact
nucleation and new particle growth, however this synergy is not well-understood
or implemented in models. Systematic studies involving multiple compounds are
needed to understand the role of synergistic effects in AN formation.

The atmospheric sources, abundance, and role of individual amines are rela-
tively well-studied, however their oxidation mechanisms and the role of oxidation
products in AN formation is a topic that can be explored further with compu-
tational approaches. It is known that amines undergo rapid oxidation in the
atmosphere and products such as imines and amine oxides might participate in

NPF (Angelino et al 2001} Silva et al., [2008; Nielsen et al.,|2011)). Recent sim-

ulations have shown that some possible oxidation products, e.g. trimethylamine
oxide, could play an important role even given the low levels expected in the

atmosphere (Myllys et al.l 2020).

In addition to the oxidized amines, another area that should be explored

further with the approaches described above is the role of oxidized organic com-

pounds. Xu & Zhang| (2012)) studied clusters consisting different dicarboxylic

acids with sulfuric acid, ammonia and water. Based on the Gibbs free for-
mation energies of the heterodimer and heterotrimer clusters, they suggested
that dicarboxylic acids can contribute to the clustering process by binding to
sulfuric acid and ammonia. Clustering mechanisms of several multifunctional
organic compounds have been studied together with acids, bases, water and
ions (Nadykto & Yu, |[2007; Elm et al., 2017c; |Arquero et all 2017; Zhang et al.,
[2018; [Myllys et al| 2017; Xu et al., [2010blla; Ortega et all 2016)). [Elm et al|
have found that carboxylic acids having at least three functional groups
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are the most likely candidates to be involved in clustering and that cluster for-
mation from oxidized organic compounds might be unconnected to acid-base
clustering pathways . It is particularly challenging to model the
role of large HOMs in particle formation. For instance, covalently-bound dimers
formed from monoterpene oxidation products contain ~70 atoms, which makes
clustering studies infeasible with accurate quantum chemistry methods
et al.,2019; Draper et al.,[2019). It has also been suggested that ions are needed

to stabilize clusters consisting only of oxidized organic compounds (Kirkby et al.,
2016). The large variability between results of different studies highlights the

importance of further studies using computational chemistry of oxidized organic
compounds in order to fully assess the role of these compounds in atmospheric
AN formation.

The abundance of water vapor in the atmosphere exceeds that of other con-

densable vapors by 8-10 orders of magnitude and water is known to affect the

particle formation process (Vaida et al., 2003; |Vaidal, [2011). However, water is

most likely evaporating rapidly from the ions under high-vacuum conditions in

mass spectrometers, so its connection to cluster formation is difficult to observe

directly (Schobesberger et al., [2013). This makes this research area ideal for

computational approaches, yet the treatment of water molecules is not straight-
forward. While as a small molecule water does not significantly increase com-
putational time of a single free energy calculation, an extra molecule in the

cluster structure presents an additional challenge to configurational sampling.

[Kildgaard et al.| (2018alb]) have developed a systematic hydrate sampling tech-

nique that aims at allowing water to be explicitly treated in clustering studies.

They have studied sulfuric acid—water clusters up to four sulfuric acid and five

water molecules (Rasmussen et al., [2020)).

3.2. Top-down approaches: Modeling sub-10 nm nanoparticle composition

Top-down approaches start with models that simulate the partitioning be-
tween gas and bulk phase and then account for size-dependent processes that

alter bulk phase activity. An example of the latter is the significantly elevated
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equilibrium vapor pressures above highly curved surfaces, also known as the
Kelvin effect. As stable clusters grow through the AN size range, they begin to
resemble macroscopic matter and evaporation decreases for some compounds.
From a theoretical point of view, top-down approaches begin with classical ther-
modynamics in which particles are treated as a continuous substance instead
of discrete clusters. Solving the coupled, discrete GDEs in Equation [] becomes
computationally infeasible so continuous GDEs are used. The main difference
between the discrete and continuous GDE approaches is that the continuous
equations do not include stochastic effects related to molecular collisions and
evaporation. Instead, condensational growth is given as a uniform flow of par-
ticles toward larger sizes determined by the growth rate, which becomes a jus-
tified approach as the particle size increases (Olenius et al., 2018]). The main
challenge in top-down modeling approaches relates to the treatment of this
growth. Figure [§| demonstrates that growth involves many different processes,
including evaporation as well as possible particle-phase reactions. Chemical
reactions at the particle surface or in the bulk, such as so-called accretion reac-
tions, can produce compounds that have a larger number of functional groups
and high molecular mass (Barsanti & Pankow, 2004} [2005| [2006]). These com-
pounds are less volatile and capable of forming more stable particles than their
reactants (Pankow & Asher, 2008; Hirvonen et al. |2018|). In addition, the
formation of organic salts via reactions of organic acids with base compounds
are potential mechanisms for lowering the volatility of particle-phase organic
compounds (Smith et al., [2010). An additional challenge is identifying the gas
phase precursors and reactants that control growth. Various approaches have
been used to model these processes by modeling them in a single, representative

particle. We describe these approaches in this section.

3.2.1. Process-level models
The compounds driving the initial clustering, which includes sulfuric acid
with various base compounds as well as organic vapors, may also be relevant to

growth in the AN size range. In many environments, a major fraction of parti-
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Figure 8: Schematic of the processes that control volume increase of a model particle. Acids
(A), bases (B), highly oxidized molecules (Rygy), and water, as well as other reactive species
such as light and oxidants, partition into particles. Diffusive mass transport brings theses
species into the bulk phase, where they may react by various mechanisms, three of which are
presented above. Unreacted species as well as bulk and surface reaction products may stay in

particles or evaporate.

cle growth is attributed to highly oxygenated molecules (HOMs), which may be
formed from biogenic or anthropogenic volatile organic compounds. Combining
a large diversity of precursors with a variety of possible oxidation pathways leads
to an enormous number of possible oxidation products, most of which have not
been confirmed by measurements. Therefore, alternative approaches to study-
ing specific molecules must be used. Atmospheric organic compounds are often
grouped by a volatility basis set (VBS), which is a simplified representation
used when detailed information of the vapor properties is not available (Lane
et al. |2008; [Donahue et al., 2011} [2012)). VBS describes compounds in terms
of saturation concentrations and oxidation states that can be measured even
if the compound is not known (Kroll et all [2011). Saturation concentration
is strongly dependent on temperature, meaning that a compound that mainly
exists in particle-phase at low temperature can be mainly in gas-phase at higher
temperature. In its simplest form, a single particle model incorporating the VBS

framework assumes reversible condensation. More sophisticated approaches al-
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low for particle phase reactions such as those shown in Figure [8, which create
new species that re-partition based on their estimated vapor pressures.

The Model for Acid-Base chemistry in NAnoparticle Growth (MABNAG)
utilizes detailed thermodynamics for calculations of particle-phase acid—base

chemistry based on the bulk properties (Yli-Juuti et all 2013). MABNAG

assumes the particles to be aqueous solution drops, with condensing vapors
that can contain both inorganic and organic compounds as well as water va-
por. MABNAG relies on bulk thermochemical properties calculated using the
Extended Aerosol Inorganics Model (E-AIM), with an assumption that the
particle-phase is constantly in equilibrium with respect to acid-base chemistry

during the particle growth (Clegg et all [1992). MABNAG has been used to

simulate sulfuric acid—dimethylamine—water particle growth and salt formation
jn multicomponent sulfuric acid-organic acid-base compounds particles (Ahlm]
et al) 2016; Yli-Juuti et al., 2013). Mohr et al| (2019) combined the VBS

parametrization with MABNAG and studied the role of oxizided organic com-
pounds with different saturation pressures in particle growth.

|Cappa & Wilson| (2012) have developed a Statistical Oxidation Model (SOM),

which simulates gas-phase chemistry and calculates the thermodynamic proper-
ties of HOMs. It explicitly takes into account multi-generational oxidation and
fragmentation processes and assumes equilibrium gas-to-particle partitioning.
The TwO Moment Aerosol Sectional (TOMAS) model uses a sectional approach
to track the number and mass moments of the particle size distribution and sim-
ulates nucleation, coagulation, condensation, and evaporation processes
[& Seinfeld, [2002). These approaches are combined in the SOM-TOMAS model,

where TOMAS models the kinetic condensation and evaporation of all SOM-
determined species for each TOMAS size section. SOM-TOMAS has been used
to simulate SOA formation (Akherati et al| 2020; He et al. 2020). TOMAS

can also be combined with VBS, and that approach is used to model particle

formation, condensation and coagulation of organic compounds (Hodshire et al.|
2018).

|Shiraiwa et al| (2010) have developed a kinetic multi-layer model of aerosol
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surface and bulk chemistry (KM-SUB), which explicitly resolves all steps of mass
transport and chemical reaction at the surface and in the bulk of aerosol parti-
cles. It includes adsorption and desorption, surface reactions and surface-bulk
exchange as well as bulk diffusion and reaction. Using KM-SUB, [Shiraiwa et al.
(2012) built a kinetic multi-layer model for gas-particle interactions in aerosols
and clouds (KM-GAP), which also includes heat flux, evaporation and con-
densation of semi-volatile species. KM-GAP treats explicitly all steps of mass
transport and chemical reaction of semi-volatile species partitioning between
gas phase, particle surface and particle bulk. It has been used as a link between
laboratory observations and molecular dynamics simulations, confirming that
the best estimate of the surface accommodation coefficient of water vapor on a
water droplet is close to unity. However, when the phase state of SOA is not
liquid but (semi-)solid, the accommodation coefficient might be far from unity.
Thus the phase state of atmospheric particles is highly relevant for chemical
transformation and aging. The KM-GAP model resolves the effects of surface
and bulk mass transport in particles undergoing condensation and evaporation,
providing insights into atmospheric aging and chemical transformations.
Roldin et al.| (2014) have developed the Aerosol Dynamics, gas- and particle-
phase chemistry model for laboratory CHAMber studies (ADCHAM), which
models non-equilibrium secondary organic aerosol (SOA) formation, evapora-
tion, and chemical transformation. ADCHAM contains an aerosol dynamic
module to simulate nucleation, coagulation, condensation and dry deposition,
a detailed particle-phase chemistry module to model chemical reactions such as
oligomerization, a kinetic multilayer module to treat the mass transfer limited
diffusion of compounds in the particle phase, and a detailed gas-phase chem-
istry module with the near explicit Master Chemical Mechanism (MCM) (Jenkin
et al., [1997). ADCHAM has been used to simulate, for instance, evaporation
of sulfuric acid from sulfate aerosol particles (Tsagkogeorgas et all [2017)) and
contribution of biogenic volatile organic compounds to particle formation during
photooxidation chamber experiments (Roldin et al., 2015). |[Roldin et al.| (2011))

have also developed a trajectory model for Aerosol Dynamics, gas and particle
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phase CHEMistry and radiative transfer (ADCHEM). The model has been used
to study the role of HOMs in particle growth over the boreal forest (OStrém
et al.l |2017)). In addition, it has been combined with cluster distribution simula-
tions to study aerosol-cloud—climate systems, which allows an explicit inclusion
of AN formation based on first-principles cluster data in the chemical transport
model instead of simple parametrizations (Roldin et al., [2019). The model was
used to reproduce the observed NPF, HOM gas-phase composition and SOA

formation over the boreal forest.

3.2.2. Top-down modeling challenges and opportunities

It is worth noting that models relying on bulk thermodynamics might not
fully capture the behavior of AN. This has been confirmed through modeling
as well as experiments. For instance, (Chen et al.| (2018al) showed that AN
acidity is dependent on particle size and the small ANs are not fully neutralized
as bulk thermodynamics would predict. Using thermodynamic modeling they
found that acid—base chemistry is less efficient in AN than in bulk and that
pK , values should be modified up to 3.5 units in order for modeled acid-to-base
ratios to agree with experimental observations. There is, currently, no way to
represent this size-resolved chemistry in models.

While volatility basis sets are commonly used as a simplified measure for
saturation vapor pressures, it should be noted that large errors might arise due
to specific molecular structures. Kurtén et al.| (2016) used the conductor-like
screening model for real solvents (COSMO-RS) (Klamt & Eckert] |2000; [Eckert
& Klamt, 2002), which combines quantum chemistry with statistical thermo-
dynamics, to compute the saturation vapor pressures for terpene autoxidation
products and compared the results with three different group-contribution meth-
ods. They found that group contribution methods are likely to underestimate
the vapor pressures of HOMs when they have intermolecular hydrogen bonds,
whereas COSMO-RS overpredicts the effect of hydrogen bonding and leads to
the overestimation of vapor pressures. [Krieger et al. (2018) confirmed that

COSMO-RS leads to overestimated vapor pressures compared to a validated set
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of measured vapor pressures for a homologous series of polyethylene glycols. By
performing exhaustive conformational sampling and selecting only conformers
with a minimum number of intermolecular hydrogen bonds, Kurtén et al.| (2018)
showed that computed vapor pressures can be substantially improved. COSMO-
RS can also be used to predict other bulk properties of complex molecules in
multicomponent mixtures, such as Setschenow constants, activity coefficients,
and solubilities (Toivola et al. [2017; Hyttinen et al., |2020)), but it should be
kept in mind that the accuracy might not be sufficient for process-level models.

The treatment of gas phase chemistry in these models is important for de-
termining precursors as well as for identifying possible particle-phase reactions.
Many models use MCM, but applying more sophisticated models that more ac-
curately predict HOM formation is necessary. Particle phase reactions such as
acid—base chemistry and accretion reactions are acknowledged but it is not clear
what the relative importance of these reactive uptake mechanisms is compared
to reversible condensation of HOMs. Clearly, advances in understanding of both
gas- and particle-phase chemistry will greatly benefit efforts to accurately model

atmospheric AN formation.

4. Closing the gap between clusters and nanoparticles

As this review has shown, significant challenges exist, both in measurements
and modeling, in understanding size-resolved composition of atmospheric aerosol
nanoclusters. We close this review with a brief discussion of some of the most
promising future directions that may lead to closing this gap.

With regards to measurements, opportunities already exist to close the
2-10 nm measurement gap by applying online, indirect approaches such as
V/HTDMA and CPC batteries. While these measurements do not provide
specific information on AN composition, their ability to provide insights into
the chemical properties of ambient AN is unique among current approaches;
such measurements are likely to be improved by recent advances in AN sizing

and detection, making measurements in remote regions as well as aloft possible.
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Online, direct measurements from the bottom-up have the potential to detect
clusters larger than 2 nm through the application of mass spectrometers with
extended mass range, but the cubic relationship of mass on diameter suggests
that only minor gains in closing the gap are possible by such approaches. Mobil-
ity separation combined with mass spectrometry can potentially play a role in
bridging the measurement gap. Since direct mass spectrometric detection over
the diameter range of 2-10 nm is not possible, a means must be found to dissoci-
ate mobility-separated AN into constituent species that can be detected by mass
spectrometry. There have been few attempts to perform mobility-based separa-
tion combined with ion dissociation using a traditional IMS-MS implementation
(e.g., Krechmer et al| (2016])), but opportunities exist. For example, one could
imagine an inlet in which high temperatures are applied to thermally decompose
mobility-separated aerosol nanoclusters, after which an ionization method (e.g.
chemical ionization or electron impact ionization) is applied to the products to
enable mass spectrometric detection. Elements of this approach already exist,
e.g. in an aerosol CIMS developed by Hearn & Smith| (2004) and an IMS-MS
with a secondary electrospray ionization source developed by |Crawford et al.
(2011)).

Top-down approaches that combine mobility separation with nanoparticle
dissociation followed by ionization and mass spectrometry possess a key advan-
tage that makes the extension of their minimum detectable size into the AN
size-range possible. Particle sampling losses in the 2-10 nm diameter range are
governed by diffusion but there is otherwise no theoretical lower size limit that
prevents these instruments from sampling AN. If atmospheric conditions allow
for long collection times, then it may be possible for an approach such as TD-
CIMS to sample particles to 5 nm and below but it will require further efficiency
improvements of inlets, ion sources, and mass spectrometers. The previously
mentioned NanoCharger, which combines charge enhancement with an aerody-
namic concentrator, has potential to dramatically improve sample delivery to
instruments such as NAMS and TDCIMS but this an area requiring further

attention from the community. Ideally the dissociation of AN into constituent
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compounds is both quantitative and descriptive, but in reality achieving both is
a major challenge. In current top-down approaches, NAMS has addressed quan-
titativeness by sacrificing certain aspects of descriptiveness, i.e. by measuring
elemental and not molecular composition. TDCIMS can be highly descriptive
through its ability to detect certain compounds such as mono- and dicarboxylic
acids as molecular ions (Smith & Rathbonel 2008), but quantitativeness can
be difficult to achieve for all but the simplest systems due to matrix effects
and limitations of chemical ionization. The ideal combination of quantitative-
ness and descriptiveness may not be accessible for top-down measurements, so
a combination of approaches is likely necessary.

With regards to modeling, machine learning might be an important tool for
selecting the best cluster combinations for detailed study. While group contribu-
tion methods have been used to predict thermodynamic properties of unknown
compounds based on existing molecular data, they suffer from lack of data es-
pecially for multifunctional, extremely low volatility compounds that are key
participants in AN formation. More work is needed in adding details of molec-
ular structure and non-linear interactions in order to improve the predictive
power of group contribution methods. Descriptors such as Many-Body Tensor
Representation, Coulomb Matrix and molecular fingerprints, which are used in
machine learning methods to represent molecular geometry, have been shown to
predict quantum mechanical properties of small neutral molecules within chem-
ical accuracy (Cereto-Massagué et al.| [2015; [Rupp et all 2012} Larsen et al.|
2017; [Himanen et al., 2020). While these descriptors have not been widely
adopted by the atmospheric AN community, they have been used for other
chemical systems. Low et al.[(2020) have studied the effect of descriptor choice
in machine learning models for ionic liquid melting point prediction with a ker-
nel ridge regression model. They found that the addition of quantum chemical
properties such as orbital energy and charge density to structural descriptors
increases the accuracy of surrogate models for melting point prediction com-
pared to using the structural descriptors alone. A similar approach, where the

kernel ridge regression model is used to predict vapor pressure, could possibly
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wo be applicable to atmospheric compounds, thus helping to sort multifunctional
organic compounds based on their AN formation ability. |[Pihlajamaki et al.
(2020) developed a distance-based machine learning method and applied it to
create a realistic atomistic interaction potential to be used in Monte Carlo sim-
ulations of metallic nanoparticles. Machine learning methods, once trained to

ws  model the system reliably, can speed up the simulations by several orders of
magnitude and make it possible to study larger systems. These methods should
be adapted to simulations of atmospheric AN formation and properties.

Another possibility to extend bottom-up approaches could be application of
the hybrid quantum mechanics/molecular mechanics (QM/MM) approach (Warghel

wo & Levitt], [1976)), which combines the accuracy of QM and the speed of MM. In
this approach, however, the user must know which part of a particle is active, i.e.
where bonds are forming and breaking, thus the approach is often not straight-
forward. The QM /MM approach is widely used in biological studies to predict
the activity of an enzyme against antibiotic agents (Hirvonen et al.| 2019) and

s to study proton transfer pathways in a redox-driven proton pump (Di Luca
et al., |2017)). One possible application to atmospheric AN could be a reactive
uptake of an organic compound on a salt particle, if it can be assumed that only
the closest species of a partitioned molecule react and the rest of the particle
remains unreactive. The QM/MM approach allows studies for larger particles

120 compared to traditional quantum chemistry methods and it would be a helpful
tool to study particles up to several nanometers.

While this review demonstrates the many measurement and modeling chal-
lenges that exist for determining 2-10 nm atmospheric aerosol nanocluster com-
position, it also highlights opportunities for closing this gap. We have chosen to

s separately discuss measurement and modeling approaches to AN composition,
but it is already apparent that collaborations between these two groups can lead
to significant advances. Models have already informed instrument development
that have led to improved sensitivity and specificity, e.g. in understanding
ion decomposition inside mass spectrometers and ion detection sensitivity of

w0 chemical ionization reagents. Measurements provide insights into which of the
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thousands of precursor vapors are most relevant to AN formation, significantly
reducing computational costs. Closer connections between those who make and
deploy instruments with modelers will be essential in making measurements of

atmospheric aerosol nanoclusters routine.
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