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ABSTRACT: New particle formation and growth in the

o
atmosphere critically influence cloud properties and climate, as on
well as human health through the presence of ultrafine particles. OH @

While the early stages of particle nucleation are increasingly

understood, the mechanisms driving the subsequent growth of o010 06
nanoparticles, particularly the role of organic compounds, remain 008 105
unclear. This study investigates the heterogeneous ozonolysis of 5- 5, o et 045
norbornene-2-endo,3-exodicarboxylic acid (NDA) in size-selected § Dimerization +0, ;_.""' Decomposition _lo3 §
aerosol particles (30—110 nm) under varying relative humidity and $ oot i 028
ozone conditions. NDA serves as a model compound representa- 0.02 A g 3 0.1
tive of unsaturated monoterpene derivatives with low volatility and =~ 00 —o o P T T

high particle-phase partitioning. Using real-time mass spectrome- reaction time / s reaction time / s

try, we explore how particle size influences both reactivity and

product distribution. Our results reveal pronounced particle-size and humidity dependencies: smaller particles favor dimerization
and oligomer formation, likely due to increased Laplace pressure, whereas larger particles promote hydrolysis and decomposition
reactions. The findings suggest that nanometer-sized particles provide a distinct chemical microenvironment that alters the course of
multiphase reactions, thereby affecting particle aging, volatility, and growth potential. These results underscore the importance of
considering particle-size-dependent chemistry in models of atmospheric aerosol formation and evolution.

KEYWORDS: particle-size-dependent chemistry, heterogeneous ozonolysis, size-selected aerosol nanoparticles, relative humidity effects,
multiphase reactions, particle aging, laplace pressure, chemical ionization mass spectrometry (CIMS), particle evaporation

B INTRODUCTION units (oligomerization)."' ~"* Today, the nucleation process is
mainly discussed on the basis of the first pathway, the
formation of low-volatile substances from oxidation reactions
in the gas phase with additional functional groups and their
phase transition through condensation.'® However, evidence
also suggests that accretion reactions, in which SOA
components combine to form higher-molecular-weight prod-
ucts, occur in the particle phase. This provides a pathway for
the formation of extremely low-volatility compounds.'”~"" If
particle-phase chemistry is size-dependent (i.e., more favorable
in smaller particles), this process could be particularly
important, as it may critically affect the balance between
survival and loss of freshly formed particles. Such reactions
could enhance particle growth and help counteract the

The formation of new particles in the atmosphere is the source
of about half of cloud condensation nuclei (CCN) and thus
influences the properties of clouds and the Earth’s energy
balance.'™ Ultrafine particles in the atmosphere (<100 nm)
also pose a health risk because they can penetrate deep into the
respiratory tract.’ Although new insights into the chemical
compounds involved in the initial stages of particle formation
have been obtained in recent years,”’ there are still
considerable gaps in our knowledge regarding the growth
processes of nanoparticles.*”'" An open question is which
substances drive the further growth of particles in the
nanometer range after the formation of the first molecular
clusters. Although it is generally accepted that organics make
the greatest contribution during this growth phase, it is not
known which compounds and through which mechanism the Received: May 19, 2025 58
organic substances actually contribute. Since sufficiently low Revised:  September 24, 2025 ;
volatility is a necessary prerequisite, potential candidate Accepted:  September 25, 2025
molecules must either be highly oxidized multifunctional Published: October 2, 2025
products (so-called HOMs) or have higher molecular weights

formed by accretion reactions of ubiquitous smaller molecular
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Figure 1. Schematic of the experimental setup. The SMPS was used as the detection system only in experiments dedicated to determining particle
evaporation efficiency. In the experiments listed in Table 2, the CI-Orbitrap served as the detection system.

tendency of small particles to be lost through Brownian
coagulation. Size-dependent particle-phase chemistry may even
proceed more rapidly than gas-phase pathways that generate
low-volatility compounds.”

An obvious difference in the properties of aerosol particles
that is strongly dependent on particle size is the surface-to-
volume ratio. In particular for heterogeneous reactions, when
one of the reaction partners from the gas phase comes into
contact with reaction partners in the particle phase, as is the
case in the heterogeneous ozonolysis of particle-bound olefins
carried out here, smaller particles with a correspondingly larger
surface area result in an increased conversion at the same mass
concentration. However, it is more interesting to ask whether
there are other size-dependent differences besides the purely
geometric ratio of surface area to volume, especially those that
can influence product formation itself (i.e., resulting in
different products in particles of different sizes). In connection
with aqueous aerosols, special properties of the air—water
interface have been discussed recently. For example, molecular
dynamics simulations suggest that although the pH value in
aqueous aerosol particles is uniform on average (i.e., not size-
dependent), the hydronium and hydroxide ions within a
particle exhibit significant concentration gradients which
extend from the outer molecular layers to the interior of the
particles, with the interface being enriched with hydronium
cations and depleted with hydroxide anions.”’ In small
aqueous aerosol particles in particular, this leads to different
conditions prevailing inside the particles than in the surface
layers. In fact, there have been a number of recent studies in
this field of research dealing with nano- and microdroplets,
which focus on the question of whether chemical reactions
proceed differently here than in a homogeneous phase.””** In
particular, the massive influence on a number of redox
reactions has attracted considerable attention and is currently
being discussed from various perspectives.”*™>¢

In addition to the current discussions on size- or curvature-
dependent reactivity of aqueous aerosols, there are undoubt-
edly other particle size-dependent phenomena that may be
directly related to chemical reactions in the particle phase, such
as the viscosity of aerosol particles, which can have a direct
influence on the course of reactions, particularly in
heterogeneous chemical processes.”’ Another strongly size-
dependent phenomenon is the rise in internal pressure, known
as Laplace pressure, as particle diameter decreases.”® This
pressure difference between the particle interior and exterior
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arises from the interplay of surface tension and curvature,
increasing significantly with smaller radii.””~*" Since bond-
forming chemical reactions (e.g., oligomerization) are favored
at higher pressures, such reactions gain importance in the
smallest particles.

Real-time studies of the chemical composition of nanometer
particles are challenging.>** For this work, we use a self-built
particle evaporator coupled to a CI-Orbitrap mass spectrom-
eter with upstream particle size selection. As a chemical system,
we investigate the heterogeneous ozonolysis of S-norbornene-
2-endo,3-exodicarboxylic acid (NDA) in aerosol particles of
different sizes. NDA combines the high ring strain of a bicyclic
monoterpene system, similar to a-pinene,”* with two addi-
tional polar carboxylic acid groups, resulting in a lower vapor
pressure and enhanced particle-phase partitioning. Due to its
structural characteristics, NDA serves as a proxy for
unsaturated monoterpene derivatives, which are known to
contribute to secondary organic aerosol (SOA) formation.
Although previous studies have shown that oxidized unsatu-
rated monoterpene derivatives (e.g, limononic acid) in the
condensed phase undergo further oxidation and thereby
influence aerosol formation during atmospheric aging,***°
indicating that the reactions investigated here are also relevant
to atmospheric aerosol formation, NDA was primarily chosen
for this study because it serves as a suitable model compound.
Specifically, NDA enables the generation of a stable aerosol
population within the targeted size range (30—110 nm) and
facilitates real-time investigation of the particle phase using
mass spectrometry. Special emphasis is placed on how particle
size influences not only the overall reactivity but also the
chemical composition and evolution of the reaction products.
By systematically varying particle sizes and environmental
conditions (relative humidity and O, concentrations), we
provide mechanistic insights into particle-size-dependent
chemistry, contributing to a better understanding of the
molecular-level processes that govern the aging of organic
aerosols in the atmosphere. The purpose of this publication is
to present experimental results that seek to answer the
question of whether very small organic aerosol particles
provide a unique chemical environment in the nanometer
range that can influence the course of chemical reactions.

B MATERIALS AND METHODS

Flow Tube Experiments. For particle generation, a
solution was prepared using a 9:1 (v/v) mixture of deionized
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water (18.2 MQ-cm) and isopropanol (>98%, Fisher
Chemical) containing 540 mg L™' S-norbornene-2-endo,3-
exodicarboxylic acid (NDA) (97%, Sigma-Aldrich) and 60 mg
L™ tricarballylic acid (TA) (98%, Alfa Aesar) as internal
standard. This solution was then nebulized using a Model 3076
Constant Output Atomizer (TSI Incorporated, Shoreview,
MN) with purified air (2 L min™") at a flow rate of 350 uL
min~" supplied by a syringe pump. The experimental setup is
illustrated in Figure 1. The experiments were conducted at
three different relative humidity (RH) conditions. These were
adjusted by passing the aerosol either through no silica
denuder (85 + 3%), one silica denuder (50 + 3%), or two
silica denuders (35 + 4%) after nebulization. Under these
conditions, the resulting particle-size distributions peak at
around 40 and 50 nm, with most particles falling within the
20—120 nm range (Figure S1). The polydisperse aerosol was
subsequently size-selected using an Electrostatic Classifier
Model 3082 with an Advanced Aerosol Neutralizer Model
3088 and a Nano-DMA (TSI Incorporated). Particles with
diameters of 30, 50, 80, and 110 nm were investigated. The
particle concentration was controlled via a valve and an inline
HEPA filter. Based on the TA signal from the mass
spectrometer, the volume concentration in the flow tubes
was maintained nearly constant across particle sizes. The
resulting particle concentration was measured using a water-
based Condensation Particle Counter (CPC) Model 3789
(TSI Incorporated) operating in 2 nm mode, with an aerosol
sample flow of 0.1 L min~'. The remaining monodisperse
aerosol flow (1.9 L min™"') was mixed with 0.1 L min™" ozone-
containing air. Ozone was generated using a modified ozone
generator (Dasibi 1008-RS) and subsequently diluted to the
desired concentrations. To investigate the reaction system at
different reaction times, the reaction mixture was analyzed
either immediately after mixing or after passing through four
different flow tubes of varying volumes under dark conditions.
The dimensions of the flow tubes and the corresponding
reaction times are provided in Table 1. Table 2 summarizes the
experimental conditions for each experiment.

Table 1. Length and Volume of the Utilized Flow Tubes and
the Corresponding Reaction Time With a Flow Rate of 2 L
min~?

reaction time (s)

length (cm) volume (mL)

- - 13 £05
45 264 £ 5 9.3 £ 07
67 610 +£ 5 19.6 + 0.7
82 1334 £ 5 413 £ 0.7
120 3514+ S 106.8 + 0.7

Because at a given classifier voltage not only singly charged
particles but also larger, multiply charged particles can pass the
DMA, there is a risk that the measured signal is dominated by
the latter due to their greater volume. To assess this effect, we
performed tandem-DMA measurements using a butanol-based
condensation particle counter (CPC, Model 5416) down-
stream of a long DMA (L-DMA, Model 55-U; both Grimm
Aerosol Technik).”” These measurements indicate that doubly
and triply charged particles contribute only marginally (Figure
S2). The cumulative particle-volume distributions show that,
for all investigated set point diameters, the majority of the
signal arises from particles within the target size range (Figure
S3).
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Table 2. Experimental Conditions for the Different
Experiments”

particle volume (um®  TA signalb (-
-3 10-2)

(O]
experiment  (ppm) RH (%)

cm
1 10 32-35 2.7 +£03 1.38 + 0.08
2 1 32-35 29+ 0.1 1.26 + 0.03
3 0.1 35-37 2.5 +£02 1.24 £+ 0.07
4 10 49-51 3.1 +£02 1.22 £+ 0.0S
S 1 48-51 34+03 1.17 £ 0.04
6 0.1 50-S53 33+£03 1.22 + 0.08
7 10 83—-86 6.9 + 0.4 2.18 + 0.08
8 1 83—-87 6.4 + 0.7 1.92 + 0.08
9 0.1 83-87 6.5 £ 0.5 2.07 £+ 0.07

“In each experiment, particles with diameters of 30, 50, 80, and 110
nm were examined at the reaction times listed in Table 1.
bNormalized to the reagent-ion signal.

Particle Evaporation. After the flow tubes the aerosol was
first passed through an activated carbon denuder to remove the
gas-phase components. The aerosol particles were then
evaporated in a commercially available nozzle heater cartridge
(HS Heizelemente) at 285 °C. This cartridge consists of a 20
cm long stainless steel tube with an inner diameter of 8 mm,
tightly wrapped with a resistive heating element. A NiCrNi
thermocouple is mounted on the surface to monitor the
evaporator temperature, and the tube is thermally insulated
with mineral wool. The nozzle heater cartridge is controlled by
a W-35/M temperature controller with a PID control loop,
allowing precise temperature adjustments in the range of 50—
400 °C. At the applied flow rate of 2 L min~', the residence
time of the particles in the evaporator is 0.3 s. The
completeness of evaporation was assessed in a separate
experiment using a butanol-based Condensation Particle
Counter (CPC) Model 5416 with a preceding L-DMA
Model 55-U (both Grimm Aerosol Technik). For this purpose,
the evaporator temperature was varied between 25 and 325 °C,
and the resulting particle-size distributions were measured. It
has been shown that thermal decomposition reactions
(primarily dehydration and decarboxylation) in other thermal
aerosol evaporators can lead to measurement artifacts.”” In
our inlet, the short residence time and the use of a cooling-gas
unit reduce such effects. To test this, several organic polyacids
were nebulized at identical conditions and evaporated at 285
°C and the fractions of decomposition products determined
(Table S1). For all acids investigated, the fraction of
dehydration products was <4%, substantially lower than for
other thermal aerosol evaporators.”” The influence of thermal
decomposition is therefore expected to be minor under our
conditions.

ClI-Orbitrap Measurements. The ion source of the CI-
Orbitrap used in this study is an Eisele type Cl-inlet modified
for a high-resolution Orbitrap mass spectrometer.””*' The
mass spectrometer used is a high-resolution Q-Exactive
Orbitrap and HNO; was used as reagent gas. Initially, the
particle evaporator was directly connected to the CI-Orbitrap.
However, even at low evaporator temperatures below 100 °C,
a significant decrease in both reagent gas and analyte signal was
observed. A possible explanation for this could be the
formation of turbulence within the ionization source, as
Eisele—tyg)e inlets are known to be highly sensitive to flow
changes. 2 To address this issue, a gas cooling unit was
developed and placed between the evaporator and the CI-
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Figure 2. CI-Orbitrap mass spectra for the ozonolysis of NDA using nitrate as reagent gas. Molecular formulas of the most intense signals are
indicated. For comparisons at the product level, we sum the intensities of the nitrate adducts and deprotonated ions that have the same elemental
composition and then refer to the corresponding neutral species throughout. For example, the two dominant peaks (CoH,,0;(N™ (nitrate adduct);
CoHyO,~ (deprotonated ion)) both originate from the same neutral species, CoH;(O;.
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Figure 3. Proposed reaction pathways for the ozonolysis of NDA and the subsequent reactions of the SCI to form first generation oxidation
products. All molecular formulas in this figure were observed in the mass spectra; structures are assigned based on established mechanisms.

Orbitrap (Figure S4). This unit cools the hot gas in two stages.
First, 8 L min~! of clean air is flushed around the hot stainless
steel tubing coming out of the evaporator, passively cooling it
and adjusting the temperature of the cooling gas to that of the
analyte gas stream. Subsequently, this cooling gas serves as a
sheath gas, reducing wall losses, further cooling the gas stream
through mixing, and minimizing the renucleation of the
cooling analyte by dilution. Implementation of the gas cooling
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unit reduced the loss of reagent ion signal at 320 °C from over
90% to less than 40% (Figure S5). Data analysis was performed
using Orbitool, a program specifically developed for the
analysis of online Orbitrap data.*

B RESULTS AND DISCUSSION

Characterization of Reaction Products. Typical for the
ozonolysis of unsaturated compounds, the reaction of NDA

https://doi.org/10.1021/acsestair.5c00189
ACS EST Air 2025, 2, 2491-2503


https://pubs.acs.org/doi/suppl/10.1021/acsestair.5c00189/suppl_file/ea5c00189_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestair.5c00189/suppl_file/ea5c00189_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsestair.5c00189?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestair.5c00189?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestair.5c00189?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestair.5c00189?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestair.5c00189?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestair.5c00189?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestair.5c00189?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestair.5c00189?fig=fig3&ref=pdf
pubs.acs.org/estair?ref=pdf
https://doi.org/10.1021/acsestair.5c00189?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS ES&T Air pubs.acs.org/estair
0O HOo__ O HO . O, -OH
/0 OHO\O O, OH 7 o o OH /O o ~o0 o
OH OH
O . O N O o
(0]
OH o OH o —0
o= =0 (¢} =0
0 OH (o] HO\o o]
Cy5H2005 (XI1) C,5Ha0014 (XI11) Cy5H00,4 (XIV)
B: oxidized monomer
R O
R.__O R.__O o HO.__O _0._0O
0 o 0 HO o
hydroperoxide OH + H,0,
OH ———  —> OH + —— OH
Baeyer-Villiger OH
OH HO OH Q R OH R OH
\ > o
O o 0O O O/ 0O O O O
CoH1904/7 CoH 19075 (XV) CoH ;075 (XVI) CoH ;0075 CoH ¢Og/9 (XVII)
R O Ot e
C: carbon loss D: Dehydrogenated o HQ,
(o]
(o]
R o) R._P° Q 0
0 P HO
OH +H,0 o OH
2 OH o] . CoHgO5 (XX)
oH o o _ CPHA
o] - OH formation
(§ HO Q HO
> 0 oH I _0 o)
O/ o OH (o)
CgHgOg/7 (XVIII CoH,05 (11)
CoH 10045 (XVI) seen ) e Q P
R =H or OH
(¢]
XIX CoHgOg (XXI)

Figure 4. Proposed particle-phase reactions that lead to (A) oxidized dimers, (B) oxidized monomers, (C) carbon loss products and (D)
dehydrogenated products. All molecular formulas in this figure were observed in the mass spectra; structures are assigned based on established

mechanisms.

with ozone produces a wide range of products. Figure 2 shows
a typical mass spectrum in negative ion mode recorded in this
study using the CI-Orbitrap. Due to the high resolution of the
Orbitrap, the elemental composition of the detected m/z can
be directly assigned. The products are detected either as NO;~
adducts or as deprotonated ions. For simplicity, the products
are referred to as neutral species throughout this study. The
signals of nitrate adducts and deprotonated species with the
same elemental composition are summed, where applicable,
and considered as a single products.

Similar to other unsaturated compounds, the reaction of
NDA with ozone is expected to follow the Criegee mechanism
(Figure 3).***> We therefore attempt to derive the structures
corresponding to the detected molecular formulas based on
established reaction pathways of comparable unsaturated
hydrocarbons. The neutral losses observed in the MS/MS
measurements for the various reaction products further
support the proposed structural assignments (Figures S6 and
S7). The stabilized Criegee intermediate (SCI) formed in this
process can undergo various reaction pathways, leading to the
formation of a diverse set of product molecules. The two most
intense product signals correspond to the elemental
compositions CoH ;04 and CoH,,O,, with the latter typically
accounting for 50% of the signal attributed to NDA-ozonolysis
products. Since NDA has the molecular formula CyH,,0,,
these products formally represent molecules in which two or
three oxygen atoms have been added to the NDA structure.
The molecular formula CyH,;;0, probably corresponds to
multiple structural isomers, including a secondary ozonide

(SOZ) (I) or an a-acyloxyalkyl hydroperoxide (AAHP) (II)
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formed via an intramolecular reaction with one of NDA’s
carboxylic acid groups.* = However, it could also represent a
tricarboxylic acid (III), formed through isomerization of the
SCI. The reaction of SCIs with water leads to the formation of
a-hydroxyalkyl hydroperoxides (HAHP) which would in our
case correspond to the molecular formula CyH,,0O4
(Iv).*>*7** HAHPs decompose by elimination of H,O or
H,0,.*”*° The latter would lead to the formation of the
dialdehyde CoH,(Oy4 (V). Alternatively, HAHPs can isomerize
to yield a cyclic peroxyhemiacetal (VI).>"** In addition to
these unimolecular products, signals from bimolecular
reactions forming several first generation dimers are also
observed. AAHPs can also form through the reaction of the
SCI with carboxylic acid groups of other molecules. This
would lead to the formation of C;sH;sO0,; (VII) from the
reaction with the internal standard TA and C,sH,,0,; (VIII)
from the reaction with NDA. Similarly, an a-alkoxyalkyl
hydroperoxide C;,H;30;3 (IX) is produced via the reaction of
the hydroxy group of isopropanol, which is added to the
nebulized solution to increase particle number concentration,
with the SCL

In addition to these first-generation products, a series of m/z
signals observed in the mass spectrum are likely to originate
from subsequent reactions. The possible formation pathways of
these compounds are depicted in Figure 4. C;gH,,O;; and
CisH,00,4 are probably aged dimers formed through the
reaction of the unreacted double bond of the bimolecular
AAHP C,gH,,0;; (VIII) with ozone, initially generating a new
SCL* Similar to the monomeric SCI, this dimeric SCI can
react to form an aldehyde (XII), a carboxylic acid (XIII), or an

https://doi.org/10.1021/acsestair.5c00189
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AAHP (XIV). However, alternative formation pathways for
these highly oxidized dimers are also conceivable, such as the
formation of a SOZ (X, XI) via the reaction of a monomeric
SCI with carbonyl functionalities of CoH,,O4 or CoH,,0,.*
Another group of detected products has additional oxygen
atoms in the molecule, including the molecular formulas
CoH (O CoH,0y, and CgH,;0;5. In the gas phase,
autoxidation is the primary mechanism leading to highly
oxygenated organic molecules (HOM:s). This process involves
isomerization of the SCI to a vinyl hydroperoxide, followed by
the loss of an OH radical. The resulting carbon-centered
radical can undergo oxygen addition to form a peroxy radical,
which can further isomerize and incorporate additional oxygen
atoms.”® The formation of CoH Oy could proceed via this
mechanism at the particle surface. Since this reaction pathway
leads to the formation of OH radicals, we would expect to
detect reaction products resulting from radical chemistry. In
particular, products from the reaction of TA with OH radicals
should be readily identifiable.”® However, no such reaction
products from the interaction of TA with OH radicals were
observed. The MS/MS spectrum of CoH;Og shows the
neutral loss of H,0, (Figure S7), suggesting that it could be a
hydroperoxide resulting from the reaction with oxygen.
Another potential pathway for the formation of highly oxidized
aged products involves reactions with hydrogen peroxide or
hydroperoxide species formed during ozonolysis. H,0, is
known to oxidize carboxylic acids to peroxy acids.”* CoH;(Oy
may therefore represent a corresponding peroxy acid (XVII)
formed via the reaction of CyH;,0, (III) with H,O,.
Additionally, both H,O, and hydroperoxide compounds can
react with aldehydes via a Baeyer—Villiger oxidation. This
reaction has been suggested to play a role in SOA particle-
phase chemistry and may contribute to the aging of oxidation
products within particles.”>*® H,0, is released through the
reaction of the SCI with water and should therefore be present
in the particle phase along with various hydroperoxide species.
Zhao et al. demonstrated through comparison with a reference
standard that 4-cyclohexene-1,2-dicarboxylic acid undergoes
oxidation to the corresponding tetraacid in a heterogeneous
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ozonolysis reaction, with peroxide-mediated oxidation being
the most likely pathway.*® Although the formation of
carboxylic acids from aldehydes is often emphasized as the
principal outcome of Baeyer—Villiger chemistry, the product
distribution is shown to depend strongly on the oxidant, the
solvent, and the substrate structure.’’ >’ Baeyer—Villiger
oxidations of terpenoid aldehydes have been reported to
produce formate ester in yields of 80—90%.°" Lehtinen et al.
and Marteau et al. demonstrated that substitution at the a-
carbon significantly increases the likelihood of formate ester
formation, with bulkier substituents enhancing this effect.”®'
It is therefore plausible that the ozonolysis product CoH,,Og
could also correspond to the tetraacid(XV) and the formate
ester (XVI). This being the case would further suggest that a
portion of the CoH 4O, signal probably also results from the
Baeyer—Villiger oxidation of one of the aldehyde groups of
CoH 406 (V).

Another group of signals in the mass spectrum exhibits a loss
of carbon in their molecular formula. The most prominent
representatives are CgH;(O4 and CgH;,0,. We propose that
these compounds could be formed through the hydrolysis of
the formate esters (XVI) generated via the Baeyer—Villiger
reaction.”® This pathway would lead to the formation of
alcohols (XVIII) and formic acid. Formate esters exhibit high
carbonyl reactivity due to the absence of an alkyl group,
making them highly susceptible to a nucleophilic attack by
H,O or other nucleophiles. Therefore, rapid hydrolysis of these
esters in the aqueous particle phase would not be unlikely.

The final group of detected products is characterized by a
reduced amount of hydrogen in their molecular formula. This
could be explained by the elimination of molecular hydrogen
or water from the molecule. The main product in this category
is CoH,Og, which could be an anhydride. Since the precursor
molecule, NDA, already contains two carboxyl groups,
anhydride formation could, in principle, occur prior to
ozonolysis. However, due to the steric hindrance of the
bicyclic structure and the fact that the two carboxyl groups are
positioned in endo and exo conformations, this scenario
appears unlikely. It is therefore more plausible that a carboxyl
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group formed during the ozonolysis process contributes to the
formation. Several potential reaction pathways could lead to
the formation of such an anhydride. Durham et al.
demonstrated that hydroperoxides can react with aldehydes
to form peroxyhemiacetals, which may decompose with the
elimination of either molecular hydrogen or water.”> It has
already been proposed that this type of reaction could also
occur in aerosol particles.ss’é3 In our system, such a
transformation could proceed via an intramolecular pathway,
resulting in the formation of a cyclic peroxyhemiacetal (XIX).
These cyclic intermediates are believed to decompose more
rapidly than their acyclic counterparts.* The decomposition of
a cyclic peroxyhemiacetal could, depending on the elimination
step, yield either an anhydride and an aldehyde (XXI) if H,O
is eliminated, or an anhydride and a carboxylic acid (XX) if
molecular hydrogen is eliminated. A bimolecular variant of this
reaction, involving a hydroperoxide and a carbonyl compound
forming an acyclic peroxyhemiacetal, is also conceivable,
although it is likely to proceed more slowly, as mentioned
above. An alternative formation mechanism could involve the
direct decomposition of an AAHP into an anhydride and
water.”® This reaction likely occurs in the gas—ghase ozonolysis
of ethene in the presence of formic acid.® However, this
pathway appears to be negligible in the decomposition of
AAHPs derived from the ozonolysis of a-pinene SCI with
pinonic acid or adipic acid in aqueous phase systems.’’
Another proposed pathway leading to a dehydrated product
involves an aldol condensation followed by dehydration.”® In
this mechanism, a CH-acidic carbon would act as a nucleophile
and attack an aldehyde, forming a p-hydroxy carbonyl
intermediate, which subsequently eliminates water to form
an o f-unsaturated carbonyl compound. However, in the
reaction system studied here, such a mechanism is highly
unlikely. All potentially nucleophilic carbon centers are part of
the cyclopentane ring structure of NDA, and any bond
formation would necessarily lead to the generation of a
sterically hindered bicyclic structure. Furthermore, the
resulting ring system would correspond to a cyclopropane or
cyclobutane structure, both of which are energetically
disfavored due to pronounced ring strain and significant steric
hindrance.

Particle Evaporation Efficiency. Due to the varying
surface-to-volume ratios, the investigated particles do not
evaporate at the same rate in the vaporizer. The larger the
particle volume, the higher the temperature required for
complete evaporation within the same residence time in the
vaporizer. As shown in Figure SA, at a very short reaction time
of 1.3 s, the intensity maxima of the sum of all particle-derived
ions follows this expected trend. As the reaction progresses, the
volatility of the particles decreases because the resulting
ozonolysis products have significantly lower vapor pressures
than the precursor compound NDA. Notably, the maximum
evaporation temperature for 30 nm particles shifts significantly
toward higher temperatures, making them comparable in
volatility to 110 nm particles. To ensure complete gas-phase
transfer of all particles, the particle size distribution of the
residual particles after the vaporizer was determined at
different temperatures using an SMPS, and the fraction of
evaporated particle volume was calculated. Figure SB presents
this data alongside the corresponding CI-Orbitrap thermo-
gram. The highest ozone concentration used in this study (10
ppm) and the longest reaction time (106.8 s) in the flow tube
at 50% RH were selected for these measurements to ensure
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representativeness across all experiments. The data show that
all examined aerosol particle sizes are completely evaporated at
temperatures above 275 °C. Unlike the CI-Orbitrap signal, the
particles evaporate in the expected order from 30 to 110 nm
particle diameter. However, the differences in the temperature
curves are small. The SMPS measurements indicate that the
particles already appear to shrink at lower temperatures than
expected from the CI-Orbitrap signal. This is likely due to the
evaporation of H,O from the particle phase, which is not
detected by the CI-Orbitrap. Overall, the particle evaporation
profile closely follows the trend of the thermogram at
temperatures above 200 °C, indicating that the transition of
the particle-phase molecules into the gas phase is proportional
to the increase in signal intensity. We therefore assume that no
significant signal loss occurs due to particle evaporation.
Therefore, a vaporizer temperature of 285 °C was chosen for
the ozonolysis experiments to ensure complete evaporation
while maintaining maximum signal intensity.

We were not able to jonize the precursor NDA using nitrate
reagent ions, which is likely due to steric hindrance of the
polycyclic structure and the oppositely oriented endo and exo
carboxyl groups. As a result, the reaction progress with ozone
cannot be directly monitored. To ensure a constant aerosol
mass in the flow tubes during the experiments, to maintain a
consistent ratio with ozone and to enable comparison of
absolute signal intensities, TA was used as an internal standard.
TA was nebulized together with NDA at a fixed mass ratio;
consequently, the TA signal and the signals of the NDA
ozonolysis products are subject to the same fluctuations in
particle concentration and in the ionization process. Accord-
ingly, the normalization commonly used in CIMS was
performed with respect to the TA signal rather than the
reagent-ion signal. The relative signals shown are therefore
calculated as the quotient of the respective product signal
divided by the signal of the internal standard. The mass traces
of the ozonolysis products exhibit the same temporal evolution
in signal intensity as the TA signal (Figure S8). Thus, the
internal standard not only facilitates the correction for signal
fluctuations but also enables the differentiation between true
signals originating from the reaction system and potential
background signals not associated with particle-phase mole-
cules. To verify that TA and the NDA ozonolysis products
remained in the particle phase, we also operated the system
without the activated-carbon denuder and without the particle
evaporator. No gas-phase molecules were detected, indicating
that gas-phase partitioning is not significant under the used
conditions. It should be noted, however, since TA is a triacid, it
can also react with Criegee intermediates formed during
ozonolysis reactions, leading to the formation of a TA-AAHP
(Figure 3). Although this reaction is observed, it does not lead
to a noticeable reduction in the internal standard signal. With a
measured maximum contribution of only 1.5% of the total
product signal, TA-AAHP is not a significant reaction product.
Nevertheless, we have decided to take it into account so that
the sum of the internal standard signal and TA-AAHP is used
for correction.

Humidity-Dependence of the Reaction Rate. To
monitor the progress of the reaction, we examine the total
signal, defined as the sum of the detected and normalized
ozonolysis product signals. The molecular formulas included in
this sum are listed in Table S2. Figure 6 shows the TA-
normalized total signal after 106.8 s of reaction, plotted as a
function of relative humidity for three ozone concentrations
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Figure 6. Sum of product signals of the heterogeneous ozonolysis of
NDA as a function of RH at a reaction time of 106.8 s, for particles
with diameters of 30, 50, 80, and 110 nm and ozone concentrations of
0.1, 1, and 10 ppm. The molecular formulas included in the sum are
listed in Table S2.

and four particle sizes. A clear dependence on relative humidity
(RH) is observed, with higher humidity leading to higher
product signals. Both NDA and TA, as di- and triacids,
respectively, are hygroscopic. It therefore suggests that the
results can be attributed to the water content and thus the
changing phase state of the organic particles. The phase
transition from an amorphous solid state under dry conditions
to a semisolid state and finally to a liquid state has a major
influence on the diffusion coefficients of the reaction partners.
At high RH, ozone uptake is driven by reactions throughout
the particle volume; at low RH, it is limited to reactions near
the particle surface and kinetically limited by slow diffusion
and replenishment of unreacted organic molecules.’” Beyond
RH, a dependence on particle size is also evident, particularly
under dry conditions at ozone concentrations of 1 and 10 ppm.
At the highest ozone concentration, the total signal for 30 nm
particles is nearly three times higher than that for 110 nm
particles. In general, it can be expected that smaller particles

react more rapidly with ozone due to their larger surface-to-
volume ratio. However, an additional effect seems to influence
the observed kinetics, as illustrated in Figure 7A. This figure
illustrates the evolution of the total signal at 35% RH and 10
ppm ozone. After a rapid initial product formation within the
first 10 s, the rate of product accumulation slows significantly
for the remainder of the reaction period, independent of
particle size. One possible explanation for this could be the
formation of a crust on the outer particle surface due to lower
diffusion rates in dry particles. This crust could hinder the
further diffusion of ozone into the particle core and thus
effectively limit the reaction to an outer shell region. Such a
mechanism would also account for the greater extent of
precursor conversion in smaller particles. For instance, if a 4
nm thick crust were to form, approximately 60% of the volume
of a 30 nm particle would be affected, whereas only 20% of a
110 nm particle would react. This crusting effect appears to be
less pronounced at lower ozone concentrations. At 0.1 ppm of
O3, the relative total signal across all particle sizes is almost
identical, and at 1 ppm of O;, the differences are significantly
smaller.

The situation at a relative humidity of 85% is quite different,
as can be seen in Figure 7B. Here, particles with a size of 30
nm react the fastest, which was to be expected due to their
highest surface-to-volume ratio. However, after a reaction time
of 106.8 s, all particle sizes show approximately the same
overall signal in the CI Orbitrap. Since the overall signal does
not change significantly between the second longest and
longest reaction times, with the exception of the 110 nm
particles, this suggests that the starting material NDA has
already reacted completely with O; at this point. This indicates
that the higher water content in the particle causes faster
diffusion into the interior of the particle and no crust forms.

Particle-Size-Dependent Chemistry. Although all par-
ticle sizes show similar total signals at 85% RH, there are still
significant deviations in the product distribution of the
resulting ozonolysis products. This is illustrated by a few
exemplary products in Figure 8. Time profiles of all the signals
corresponding to the major NDA ozonolysis—derived
molecular formulas are shown in Figures S9—S17. The carbon
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Figure 7. Evolution of the relative total signal of ozonolysis products over the reaction time at 35% RH (A) and 85% RH (B) at 10 ppm of O, for
particles with diameters of 30, 50, 80, and 110 nm. The molecular formulas included in the total signal are listed in Table S2. The schematic particle
illustrations represent the hypothesized formation of a surface crust under dry conditions and unimpeded diffusion under humid conditions.
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Figure 8. Temporal evolution of selected ozonolysis product signal intensities exhibiting pronounced particle-size-dependent differences (10 ppm

of O, 85% RH).

loss product with the formula CgH,,04 (XVIII) forms
significantly faster and in larger quantities in larger particles.
In contrast, the water addition product CyH,,0; forms more
abundantly in smaller particles. The first-generation dimer
C,3H,00,; (VIII), on the other hand, shows an unusual trend.
The signal of this compound increases sharply at short reaction
times, but then drops almost as quickly. The time required to
reach the maximum signal intensity increases with particle size.
In the 30 nm particles, the formation and subsequent
decomposition of this dimer are so rapid that the signal
already drops even at the shortest reaction time observed. The
most likely products formed from this decay are further
oxidized aged dimers through reaction with an additional
ozone molecule, as well as NDA and CoH,,0, (II) as
decomposition products, or NDA and C,H;,0; (IV) through
hydrolysis.® The signal evolution of the aged dimer C;sH,,0,
exhibits the most pronounced particle-size-dependent differ-
ences among the compounds shown. The relative signal
intensity for 30 nm particles is almost eight times higher than
for particles with a diameter of 110 nm. While the particle-size
dependency for carbon loss and hydrated products shows an
approximately linear trend, the effect for the dimer becomes
more pronounced with decreasing particle size. In summary, it
can be concluded that smaller particles favor the formation of
higher molecular weight products, while decomposition
reactions proceed more slowly. This could be due to the
higher internal pressure in smaller particles caused by the
Laplace pressure.30 In general, bond-forming reactions, i.e.,
reactions in which the product side has more bonds than the
reactant side, have negative activation volumes. This is due to
shorter atomic distances in covalent-bonded molecules
compared to van der Waals interactions, a property that is
also exploited in high-pressure synthesis.”® If smaller particles
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have higher internal pressure due to Laplace pressure, this
would explain the significantly higher proportion of com-
pounds with higher molecular weight. Another explanation
could be the influence of the pH in the particles, although the
data here is somewhat contradictory. Studies have shown that
smaller aerosol particles are more acidic and have a higher pH
gradient between the surface and the bulk.°**” Other studies
suggest that the degradation of HAHPs is favored by lower pH
values, while the degradation of bimolecular AAHPs occurs
more rapidly at higher pH values.”>®* The latter could explain
the lower proportion of bimolecular AAHPs in the larger
particles, as these should be less acidic than the smaller
particles. However, this is not consistent with the results found
here, which show that more hydrated product is present in the
smaller particles. This would have to be the opposite if the
decomposition of HAHPs occurs faster under acidic
conditions. In conclusion, our results provide direct evidence
for particle-size-dependent chemistry in the studied heteroge-
neous reactions. The mechanistic origins of these size
dependencies, however, are not yet fully resolved, and further
studies specifically designed to address these questions are
warranted.

Influence of Relative Humidity on the Product
Distribution. The particle-size-dependent differences ob-
served at 85% RH are also found at the other investigated
humidities (Figure 9). This figure presents the distribution of
the various product groups for 30 and 110 nm particles after
106.8 s of reaction time across three RH conditions at 10 ppm
ozone. As previously noted in Figure 8, the most pronounced
differences in product signals between particle sizes occur
between those with the largest diameter disparity. This trend is
consistent across all examined RH levels and ozone
concentrations. Consequently, only the data for 30 and 110
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Figure 9. Product distribution of the total signal from the
heterogeneous ozonolysis of NDA after 106.8 s at 10 ppm of O;
for particles with diameters of 30 and 110 nm and relative humidities
of 35%, 50% and 85%. The molecular formulas included in the total
signal, and their assignments to the different product classes, are listed
in Table S2.

nm particles is displayed, with signals for 50 and 80 nm
particles falling intermediate to these values.

The proportion of hydrated products, with the main product
being CoH,,Oy, is consistently higher in the 30 nm particles.
Across all particle sizes, the proportion decreases with drier
reaction conditions, which is expected since we assume these
are reaction products involving H,O. Therefore, the size-
dependent differences could also stem from varying water
content within the particles depending on the particle
diameter. However, this is contradicted by the measured
signal of the first-generation product CoH;,0¢4 (V). Previous
studies have demonstrated that the proportion of this
ozonolysis product increases with higher humidity levels,**”°
which is anticipated since its formation in the particle phase
likely involves water. This influence is also evident in our
results, as the proportion is much higher at 85% RH than
under drier conditions. However, there is no clear size
dependence for CoH;(Og. Therefore, a varying water content
in the particles is unlikely to explain the observed differences.

The dehydrogenated products show the opposite depend-
ence on RH as the hydrated products. As depicted in Figure 4,
these products likely form either through the elimination of H,
or H,O from the AAHP C,H,,0, (II) via the formation of a
cyclic peroxyhemiacetal (XIX). Therefore, if water is
eliminated during the reaction, it is reasonable to expect
higher product formation under dry conditions. Moreover, the
decomposition pathway likely involves the formation of
anhydrides, which are expected to rapidly hydrolyze back to
their corresponding acids under humid conditions. Interest-
ingly, the proportion of these decomposition products, similar
to the carbon loss products, is higher in larger particles. As with
the hydrated products, the formation of the cyclic intermediate
appears to play a crucial role. The effect of particle size is less
pronounced here compared to other products, possibly
because the decomposition reaction likely proceeds through
the formation of the cyclic peroxyhemiacetal, which we suspect
is preferentially formed in smaller particles (Laplace pressure).
Thus, two opposing particle-size-dependent effects may be at
play: the formation of the cyclic peroxyhemiacetal, favored in
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smaller particles, and its decomposition, favored in larger
particles.

The particle-size dependency of the carbon loss product
CsH,004 (XVIII) at 85% RH was previously shown in Figure
8. This dependency of higher amounts in larger particles is also
observed for the entire carbon loss product group across all
investigated RH levels. However, these products exhibit a
particular dependency on RH, being most abundant under
moderate conditions of 50% RH. We hypothesize that these
products are alcohols resulting from the hydrolysis of esters
formed during the Baeyer—Villiger oxidation. Typically, ester
hydrolysis should be more favorable under humid conditions,
whereas Baeyer—Villiger oxidation is anticipated to be more
intensive under dry conditions.’® Therefore, the moderate
humidity range could be the ideal condition where enough
esters are formed, but there is also sufficient water in the
particle phase to enable rapid hydrolysis. This hypothesis is
further supported by the observation that the aged monomer
group in Figure 9 also exhibits the highest proportions at 35%
and 50% RH. The proposed products of the Baeyer—Villiger
oxidation, the tetraacid (XV) and the formic acid ester (XVI),
both with the molecular formula CgH,;;,Og, constitute the
largest fraction of this aged monomer group. Furthermore, this
group exhibits the inverse particle-size dependence, with higher
fractions of aged monomers observed in smaller particles.
Preferential hydrolysis of the esters within this group in the
110 nm particles could explain the observed differences.

A clear particle-size dependence is also evident for the
bimolecular reaction products (green product groups in Figure
9) across all investigated RHs. This effect is most pronounced
for the highly oxidized aged dimer group, whose contribution
in 30 nm particles is consistently at least three times greater
than in 110 nm particles. One possible cause for the high
fraction of bimolecular reaction products could again be the
effect of increased internal pressure within smaller particles,
favoring dimer formation. An increased formation of first-
generation dimers would consequently lead to higher levels of
aged dimers.

B CONCLUSION

The heterogeneous ozonolysis of NDA leads to a complex
series of reaction products that depend heavily on relative
humidity, particle size, and reaction time. The tentatively
assigned first-generation products include a dialdehyde, a
tricarboxylic acid, and a monomolecular and a bimolecular a-
hydroxyalkyl hydroperoxide, which appear to undergo further
oxidation, decomposition, and hydrolysis reactions. Particle-
phase aging mechanisms such as Baeyer—Villiger oxidation,
hydroperoxide-driven oxidation, and decomposition of AAHPs
could play a crucial role in the formation of the final product
distribution. Our results show that relative humidity strongly
influences the proposed reaction pathways. Higher relative
humidity promotes hydrolysis reactions, leading to an
increased formation of hydrated species and a lower dimer
fraction. Lower relative humidity, on the other hand, favors the
formation of anhydrides and slows down decomposition
reactions. The observed strong particle-size dependence of
several product groups motivates the hypothesis that Laplace
pressure could play a role in influencing chemical reactivity. In
smaller particles, dimerization is enhanced, leading to a higher
proportion of oligomeric species. This trend could be caused
by the increased internal pressure in these particles, which is
known to favor bond-forming reactions, as these often have
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negative activation volumes. Conversely, larger particles exhibit
higher proportions of decomposition products, especially those
formed by hydrolysis and leading to carbon loss products, as
well as dehydrated products due to the loss of H, or H,O.

Overall, our results highlight the importance of particle size
and humidity for the chemical processing of organic aerosol
particles. The interaction of these factors influences not only
the volatility and chemical composition of the particles, but
also their potential to form highly oxidized and low-volatile
products, an observation that may be particularly relevant for
understanding the early growth phase of aerosol particles in the
nanometer range—and thus their survival probability. The
results underscore the need for further studies that explicitly
consider particle-size effects and multiphase processes in order
to better understand the role of organic substances in
atmospheric new particle formation.
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