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Abstract

Aromatic compounds are abundant in urban and industrial environments and potentially
serve as one of the primary precursors for new particle formation (NPF). Pi-pi stacking
is a distinctive weak interaction observed between aromatic compounds. Aromatic oxy-
genated organic molecules (AOOM) are key products of atmospheric oxidation of aromatic
compounds; however, the role of pi-pi stacking in their involvement in atmospheric new
particle formation (NPF) remains unclear. This study used quantum chemical calculations
to reveal the nucleation mechanism of AOOM through pi-pi stacking and hydrogen bond-
ing. The results indicate that the contribution of pi-pi stacking to nucleation in aromatic
compounds is primarily determined by the stacking area. For aromatic hydrocarbons with
1-2 phenyl groups, the Gibbs free energy (AG) of dimolecular clusters formed solely by
pi-pi stacking is positive. In contrast, for polycyclic aromatic hydrocarbons with three or
more phenyl groups, the AG of these clusters decreases significantly and becomes negative.
Single-phenyl AOOM primarily participates in the NPF process through hydrogen bonding
with sulfuric acid molecules. In this work, an explanation is provided for observations and
laboratory findings of the appearance of aromatic-ring-retaining species in nanoparticles.
The discovery of pi-pi stacking also completes the variety of atmospheric nucleation weak
interactions. The oxidation and nucleation mechanisms of aromatic compounds should
be reassessed, considering the effects of pi-pi stacking, especially polycyclic aromatic hy-
drocarbons. These findings have important implications for sustainable urban air-quality
management. By clarifying the role of pi-pi stacking, particularly in polycyclic aromatic
hydrocarbons, this study may improve predictions of new particle formation, refine sec-
ondary organic aerosol modeling, and inform targeted emission-control policies to protect
public health and mitigate climate impacts.

Keywords: pi-pi stacking; new particle formation; aromatic compounds; oxygenated
organic molecules; nucleation mechanism; urban aerosol sustainability

1. Introduction

New particle formation (NPF) events are frequently observed in densely populated
areas, such as cities and industrial zones, and strongly impact the formation of atmospheric
aerosols, air quality, and public health [1-9]. New particle formation proceeds by nucle-
ation and growth, where sulfuric acid (SA) is recognized as a crucial precursor for the
nucleation process [10-12]. Oxygenated organic molecules (OOMs) are considered to be

Sustainability 2026, 18, 5375

https://doi.org/10.3390/sul18115375


https://crossmark.crossref.org/dialog?doi=10.3390/su18115375&domain=pdf&date_stamp=2026-05-27
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://doi.org/10.3390/su18115375

Sustainability 2026, 18, 5375

2 of 14

effectively nonvolatile and, in conjunction with SA, contribute to the nucleation and growth
of new particle formation [13,14]. Highly oxygenated organic molecules (HOMs), a type of
OOMs, typically contain multifunctional groups. HOMs with extremely low volatilities
can irreversibly condense on nanoparticles [14-17]. However, there is no direct evidence of
OOM participation in the initial nucleation stage [18].

Oxidation reactions initiated by OH radicals, O3, and NOj3 radicals in the atmo-
sphere rapidly transform volatile organic compounds (VOCs) into abundant quantities
of OOMs [19-21]. These OOMs and other stabilizers (e.g., SA, nitric acid (NA), bases
and ions) form stable clusters through weak interactions, promoting NPF [22,23]. The
various organic functional groups in OOMs, such as carboxyl, peroxide and hydroxyl, act
as donors/acceptors as well as bridges for cluster stabilization [19]. Previous theoretical
studies on weak interactions among atmospheric OOM clusters have primarily focused
on electrostatic interactions, including hydrogen bonding, proton transfer, and halogen
bonding [24-28]. This emphasis results from electrostatic interactions typically prevailing
over van der Waals forces between polar (or locally polar) OOMs and other molecules
involved in the formation of clusters. Thus, the role of van der Waals forces in cluster
formation has been neglected.

Nie et al. [29] found that the oxidation of anthropogenic VOCs was the primary source
of OOMs in major cities across China, including Beijing, Shanghai, Nanjing, and Hong Kong.
The formation of approximately 40% of OOMs was attributed to the oxidation of aromatic
compounds. Aromatic hydrocarbons, through atmospheric oxidation, can produce both
open-ring OOMs and aromatic ring-retaining OOMs [30]. Zheng et al. [22] observed that
aromatic ring-retaining OOMs, collectively known as AOOM, comprised more than 6% of
the total OOM concentration in ambient measurements conducted in South China. The
pi-pi interaction is a distinctive feature of aromatic compounds. Aromatic compounds
can aggregate not only through hydrogen bonds, electrostatic interactions, etc., but pi-pi
stacking can also promote the condensation of clusters [31]. The more aromatic rings in the
cluster molecules, the more pronounced the pi-pi stacking effect. When polycyclic aromatic
hydrocarbons contain four rings, the binding energy of the resulting bimolecular cluster is
approximately —17 kcal/mol [31]. Aromatic OOMs generally exhibit higher toxicity than
open-ring OOMs, posing greater harm to human health when incorporated into particulate
matter [32]. Abundant aromatic compounds in the atmosphere, such as alkylbenzenes,
oxidized aromatic hydrocarbons, and polycyclic aromatic hydrocarbons, can undergo
oxidation processes initiated by OH radicals to produce AOOM [33-35]. There is no clear
understanding of the mechanism of oxidation of aromatic compounds in the atmosphere of
cities and industrial areas to generate AOOM that participate in the nucleation and growth
of new particles via pi-pi stacking.

The photooxidation of atmospheric VOCs produces a wide variety of OOMs with
complex and trace structures [36-38]. It is extremely challenging to determine the exact
functional groups and arrangement of OOMs and to distinguish the different roles they
play in nucleation and growth. Quantum chemical calculations can be employed to investi-
gate the mechanism of OOM formation from VOCs and assess the capacities of different
given OOM structures to form clusters [39-42]. Common density functional theory (DFT)
approaches include B3LYP, range-separated hybrid functionals such as wB97X-D, and meta-
hybrid functionals such as M06-2X. B3LYP is efficient for initial conformational searches,
but it can underestimate dispersion forces that are critical for pi-pi stacking. wB97X-D pro-
vides reliable geometries with moderate-cost dispersion correction, whereas M06-2X offers
higher accuracy for non-covalent interactions in organic clusters, although it is computa-
tionally more demanding. These methods are widely used because they provide a practical
balance between computational efficiency and reliability for systems containing up to ap-
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proximately 50 atoms. However, they may still produce errors of 1-3 kcal/mol in binding
energies and Gibbs free energies, especially for dispersion-dominated oxygenated organic
molecules that retain aromatic rings. Wavefunction-based methods, especially DLPNO-
CCSD(T)/aug-cc-pVTZ calculations or complete-basis-set extrapolation, are considered
the current gold standard for final electronic energies. They provide benchmark-level
accuracy for weak interactions while remaining computationally feasible when combined
with DFT-optimized geometries [43,44]. The nucleation mechanism of AOOM produced
by the oxidation of different aromatics via pi-pi stacking was investigated in this study.
Thermodynamic and topological analyses were performed to determine the influence of
functional groups on the benzene ring and branched chain on the nucleation of AOOM.
The effects of NA on the formation of AOOM clusters were investigated. Our studies of
pi-pi stacking have contributed to elucidating the weak interaction mechanism of organic
vapors involved in atmospheric nucleation and growth.

2. Methods
2.1. Quantum Chemical Calculations

The initial geometries of clusters and molecules were generated by the basin-hopping
Monte Carlo method. The AMPAC program was then used to perform simulated annealing
for further generation of clusters and molecules. The resulting rational configurations were
optimized at the B3LYP/6-31g(d,p) level. The simulated annealing and DFT calculations
were iterated until the conformer with the lowest energy between iterations reached a
single-point energy below 2 kcal/mol. In these iterative calculations, all the lowest energy
configurations within a 5 kcal/mol range were optimized at the more accurate M06-2X/6-
31+G(d,p) level, and their corresponding harmonic vibrational frequencies were calculated
at the same level. All calculations using the B3LYP and M06-2X methods were performed
at 298 K and 1 atm. The corresponding single-point energies were further computed at
the DLPNO-CCSD(T)/aug-cc-pVTZ level using the ORCA program (4.2.1 Version) [45].
The M06-2X/6-31+G(d,p)/ /DLPNO-CCSD(T) /aug-cc-pVTZ method excels in accurately
predicting weak intermolecular interactions in organic systems [27,46]. All the DFT cal-
culations were carried out using the Gaussian 16 program (Revision A.03) in a vacuum
environment [47]. The lowest energy configurations and Cartesian coordinates of all the
clusters and molecules are shown in Figures S1 and S2 and Table 54, respectively.

The binding energy of the system is determined by computing the electronic energy
difference between the system and its constituent monomers, employing the Counterpoise
Correction method to mitigate the basis set superposition error (BSSE), otherwise resulting
in a lower total energy of the system calculated and an overestimation of the interaction
energy due to the overlap of basis functions, causing the basis set used in the calculation
to be larger than that used in the individual calculation [48]. The Gibbs free energy of the
cluster is derived from the energy difference between the reactants and products, with
thermodynamic corrections, including vibrational frequency analysis, applied to precisely
capture temperature-dependent effects.

2.2. IRI Analysis

The weak interactions of clusters were analyzed using the interaction region indicator
(IRI) function [48], which is defined as

IRI(r) = |Zp Ul (1)

where p is the electron density and a is an adjustable parameter (usually set to 1.1). The
sign(A;)p function is used to determine the strength and character of the interactions in the
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different regions by projecting onto IRI isosurfaces in different colours. Green represents
weak interactions, red indicates strong site resistance, and blue indicates very strong weak
interactions, such as hydrogen bonding (Figure 1).

p>0 L sign(A,)p p>0
0 <0 sign(4,)p decreases p~0 increases -
004 _ - +0.02
p>0 =
chemical bond notable attraction: vdW notable repulsmn_
H-bond, halogen-bond... interaction Steric effect in ring
and cage...

Figure 1. Standard coloring scheme and corresponding chemical interpretation of the sign(A;)p
function on the IRI isosurface. On the IRI isosurfaces, regions with van der Waals interactions are
shown in green, regions with sites offering spatial resistance are shown in red, regions with low-level
weak interactions are shown in light blue, and regions with strong weak interactions or chemical
bonding are shown in blue. The arrows in the picture indicate the changes in the direction trend as
indicated by the arrows.

3. Results and Discussion
3.1. The Importance of Pi-pi Stacking

To evaluate the role of pi-pi stacking in atmospheric nucleation processes, this
study first analyzed the weak interactions and thermodynamic properties of (benzene);,
(naphthalene),, (anthracene),, and (phenanthrene), dimolecular clusters. As shown in
Figure 2, pi-pi stacking is present in the dimolecular clusters of these aromatic hydro-
carbons, with the green areas indicating the regions of pi-pi stacking. As the number of
aromatic rings increases, the interaction area of the pi-pi stacking increases significantly. The
binding energies of (benzene),, (naphthalene),, (anthracene),, and (phenanthrene), clusters
are —3.05, —7.29, —11.82, and —11.76 kcal/mol, respectively (Table S1). Further analysis
of the temperature effects on cluster formation reveals that Gibbs free energy for cluster
formation (AG) for the (benzene),, (naphthalene);, (anthracene),, and (phenanthrene), clus-
ters are 3.92, 0.24, —5.11, and —1.53 kcal/mol at 298 K, respectively. This suggests that the
stabilizing effect of pi-pi stacking on the formation of clusters in (benzene),, (naphthalene),
clusters is minimal. A strong stabilizing effect is observed only when the pi-pi stacking
interaction area is sufficiently large, such as in the (anthracene); cluster.

¢

(benzene): (naphthalene)2 (anthracene)2 (phenanthrene)2

Figure 2. Interaction region indicator (IRI) analysis of (benzene),, (naphthalene),, (anthracene),,
and (phenanthrene); clusters. Van der Waals forces are indicated in green, strong attraction (such as
covalent and hydrogen bonding) is indicated in blue, and strong repulsion (such as steric hindrance)
is indicated in red.
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3.2. Effects of Functional Groups on the Branched Chain

Subsequently, we investigated how different functional groups on the oxidized

branched chain of the benzene ring affect the nucleation of AOOM. The compounds

A, E, G1, G2, H, and I are produced by direct emissions or the atmospheric oxidation of

aromatic compounds, and B, C, D, and F are compounds that we designed to study the

effect of functional groups on the nucleation of AOOM (Table 1). The largest difference

among the volatilities of these AOOM was approximately seven orders of magnitude.

Table 1. Molecular structure, O/C ratio and saturated vapor pressure of A, B,C, D, E, E G1, G2, H

and L.
Molecule Structure Source O/C Ratio Vasgilgj:::ure
o Direct emission,
C oH benzaldehyde B 4
A benzoicadd) ©/N\ oxidation [33,49] 2/7 p=505x10
(SI Figure S3a)
e}
OH
B O/\( 3/8 p=221x10"°
C Q)V 4/8 p =858 x 106
OOH
H
D 3/8 p=1.08 x 1074
o
E (benzaldehyde) ©/N\H Direct emission [50] 1/7 p=7.85x 1072
(e}
H
F 2/8 p =343 x 1073
O
: Naphthalene
Gl oxidation [35] 2/10 p=157x107*
Z H (Figure S3b)
Naphthalene
G2 oxidation [35] 3/10 p =190 x 10
o (Figure S3b)
OH
Ho Toluene
H oxidation [51] 4/7 p=23.06x 107
Ho (Figure S3c)
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Table 1. Cont.

Saturated
Vapor Pressure

Molecule Structure Source O/C Ratio

OH

Ho Toluene oxidation

[51] 5/7 p=197 x 10711
Ho oH (Figure S3c)

As shown in Table 2, it is challenging for these AOOM to independently form pure
trimolecular organic clusters because of the high AG values (AOOM)s. Therefore, it is
imperative to consider the nucleation abilities of AOOM in the presence of SA molecules.
For benzoic acid (Molecule A), a (A)2(SA) cluster can form in the presence of a single
SA molecule. However, the addition of another A molecule to form a (A)3(SA) cluster
only results in a AG of —0.65 kcal/mol. Thus, benzoic acid (in which there is only one
carboxyl group on the benzene ring) has a relatively weak ability to nucleate and one SA
molecule cannot adequately sustain cluster growth. The abundant benzoic acid in the
atmosphere predominantly facilitates the growth of newly formed nanoparticles [1,49].
Calculations were also performed on the nucleation of phenylglyoxylic acid (B), which
contains a carboxyl group and an acyl group. A similar trend was found for the nucleation
of Molecule B to that of Molecule A in the presence of one SA molecule. Molecules C and
G2 possess two and one hydroperoxy groups (-OOH), respectively, and can both undergo
continuous condensation with a AOOM molecule via the formation of (AOOM)(SA) to
thermodynamically form (AOOM)s(SA). The formation of (AOOM)3(SA) is more favorable
for Molecule C than for G2. Despite not being a HOM and having fewer than 10 C atom:s,
Molecule C is semivolatile because of its relatively high saturated vapor pressure. The
strong nucleation ability of Molecule C is attributed to the presence of one phenyl group
and two -OOH groups.

Table 2. The Gibbs free energy of formation AG (kcal/mol) of clusters of A, B,C, D, E, F, G1, G2, H,
and I compounds calculated at 298 K and 1 atm.

Clusters AG Clusters AG
A A +SA = (A)(SA) —7.28 5 B+ SA = (B)(SA) —6.76
A+ A= (A) ~531 B+B= (B), —4.64
c C+SA = (C)(SA) ~10.60 - G2 + SA = (G2)(SA) —7.66
C+C=(C), —-9.11 G2+ G2 = (G2), —5.09
D D + SA = (D)(SA) —4.87 F F +SA = (F)(SA) —0.66
D+D = (D), 2.15 F+Fe (F), 113
. E +SA = (E)(SA) —347 - G1+4SA = (G1)(SA) —4.18
E+E2= (E), 242 G1+G1 2 (G1), —4.18
. H + SA = (H)(SA) ~3.95 . 1+SA = (I)(SA) —271
H+He (H), —0.46 1+12 (1), 0.07

= denotes a reversible chemical reaction.

The four molecules D, F, E, and G1 all feature one or two aldehyde groups on the
branched chain of the benzene ring. However, these molecules have a limited ability to form
(AOOM); or (AOOM)(SA). This result suggests that the presence of aldehyde groups on
the branched chain of the benzene ring hinders AOOM nucleation. The nucleation capacity
of each of these AOOM is directly correlated with its saturated vapor pressure. That is,
a low saturated vapor pressure indicates a high propensity for nucleation. Molecules H
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and I are polyhydroxy-substituted phenolic compounds that are also HOMs. None of
the branched chains (i.e., the methyl groups) of Molecules H and I are oxidized. It is
thermodynamically difficult for both Molecules H and I to form bimolecular clusters with
SA or alone, indicating that the presence of oxidized aliphatic chains in AOOM is essential
for participation in the initial stage of nucleation.

3.3. Substituents on the Benzene Ring

In addition to undergoing addition reactions with OH and Cl radicals in the atmo-
sphere, aromatic hydrocarbon compounds can also undergo displacement of hydrogen
atoms on aromatic rings to produce phenols and halogenated benzene [30,34,52]. These
products may subsequently be oxidized to generate phenolic and chlorinated AOOM.
Therefore, we also considered the effect of substituents on the benzene ring of AOOM on
the nucleation of AOOM. The —Cl and —-OH groups are electron-withdrawing and electron-
donating, respectively. Taking Molecule B as an example, the formation of the (B1)(SA)
cluster containing the chlorine-substituted molecule B1 is less thermodynamically favor-
able than the formation of (B)(SA), and the formation of (B1); is less thermodynamically
favorable than the formation of (B), (Figure 3). Thus, the presence of electron-withdrawing
groups, such as —Cl, on the benzene ring is not favorable for the nucleation of AOOM
through hydrogen bonding and pi-pi stacking. Molecule B2 is a hydroxyl-substituted
compound and a HOM. There is a higher propensity for the formation of both (B2)(SA) and
(B2), than the corresponding clusters containing B and B1. However, B2 has a weaker nucle-
ation ability than Molecule C despite the ability to form (B2)3(SA) through the pathway of
(B2), formation followed by (B2),(SA) formation (see Figure 3 and Table 2). A comparison
of the configurations and AG values of the (B), and (B2), clusters (Figure S2 and Figure 3)
shows that the multiple hydroxyl groups on the benzene ring of AOOM mainly provide
additional sites for the formation of hydrogen bonds and have little effect on the strength
of pi-pi stacking.

o a o
on on 849 o on B
5 J ¥
—8 a a 7.87 o’ on BZ
o
&
B Bl B2 B1
7.12
|-6.76. —6.78
611
—6 589 oo
~ 564 -5.68
= ~5.39 -5.40
Q
g 5.06
~~
- 457 ~4.64 462
<
Q
'S 74 )
2.39
223
149
0 0.04
AAAAA Mo ] o o o ~ < <
< << ¥ L8 << ] m
26 23 % 21 €@z % 2% L% <9
XX IX < X A< e <A P o Ta
ma= L X 5 T S
S22 33 %2 &% g8 <«g %E =83
ga a T eg
S = )

Figure 3. The Gibbs free energy of formation AG (kcal/mol) of clusters of B, Bl, and B2, calculated at
298 K and 1 atm, are represented by green, purple, and blue bars, respectively.

3.4. Comparative Analysis of Nucleation Mechanisms

The importance of the role played by OOMs in aerosol growth is widely acknowledged,
whereas it is uncertain whether OOMs also play an important role in aerosol nucleation in
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the atmosphere [18]. A variety of atmospheric nucleation mechanisms have been reported,
such as for SA-H,O [53], SA-NHj3 [54], SA—amine [3], oxidized organic matter [55], and
iodine oxides [25,56]. Field observation has confirmed the presence of SA-DMA in a
polluted environment [57], where it plays a particularly important role in the initial stage
of nucleation. Therefore, we compared the optimal nucleation pathways of three systems:
SA-DMA, pure SA, and SA-AOOM. We employed thermodynamic data to determine the
magnitude of the growth of clusters in each system. The lowest energy configurations of
the (SA)14(DMA);_4 clusters were obtained from the study by Myllys et al. [58]. Here, we
recalculated their vibrational frequencies and single-point energies using the M06-2X/6-
31+G(d,p)/ /DLPNO-CCSD(T)/aug-cc-pVIZ method. The AG values of all the clusters of
(SA)1_4(DMA)_4 are shown in Table S2.

Among the aforementioned AOOM, C has the highest propensity to nucleate in the
presence of one SA molecule and can both form a critical nucleus. Specifically, (C)3(SA) has
a nuclear diameter of 1.2 nm. A comparison of the AG values of three systems (SA-DMA,
SA-C, and pure SA, Figure 4) reveals that the thermodynamic difficulty of forming bi-
molecular and trimolecular clusters increases in the order of SA-DMA, SA-C, and pure
SA. It is considerably easier for SA-DMA to form clusters than the other two systems. The
largest (SA)4(DMA); cluster was calculated to have a diameter of approximately 1.3 nm.
There is a small difference in the difficulty of forming tetrameric clusters among the three
systems. The formation of (SA),(DMA), is the most feasible, followed by the formation of
(SA)4, and (C)3(SA). Although DMA has a strong stabilizing effect on SA, (SA)4(DMA),
formation requires the participation of multiple SA molecules. Similarly, Molecule C can
form clusters larger than 1 nm in diameter via hydrogen bonds in the presence of one SA
molecule. The AG for the formation of the (C)3(SA) cluster, resulting from the addition
of one more C molecule to the (C),(SA) cluster, is only —3.65 kcal/mol. This suggests
that a single SA molecule is insufficient to maintain the continuous growth of the SA-C
clusters. Nitric acid plays an important role in promoting the formation of new particle
clusters [57]. In this study, we investigated the nucleation mechanism of the binary system
NA-AOOM (Table S3). Nitric acid has a considerably weaker stabilizing effect on AOOM
than SA, resulting in thermodynamically unstable NA-AOOM clusters.

|[-=—sA-DmA (SA),(DMA)
50 - SA-C -19.51
pure SA (SA),(DMA),
=587
_15 -
5
£
B-10 -
4
=4 (SA),
3 (©88)
-5 ] \('C)S(SA)
=363
0.00
0 &
(5A)

clusters

Figure 4. Gibbs free energy of formation AG (kcal/mol) of pure sulfuric acid (SA), SA-DMA
(DMA = dimethylamine), and SA-AOOM (AOOM = C) calculated at the at 298 K and 1 atm. The blue,
yellow, and red folded lines correspond to the SA-DMA, pure SA, and SA-C systems, respectively.
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4. Atmospheric Implications

The dominant mechanism of removal of aromatic compounds from the atmosphere is
reaction with OH radicals (Figure 5) [59,60]. This reaction mainly proceeds by OH addition
to the benzene ring and abstraction of a H atom from the branched chain [37,61]. The
OH radical preferentially undergoes addition reactions on the branched chain when the
chain contains unsaturated double bonds, e.g., styrene [62]. These reactions of the aromatic
ring produce adducts that then react with O, to form phenolic compounds (Pathway 1)
and bicyclic peroxy radicals (BPRs, Pathway 2). These intermediates serve as precursors
for conventional autoxidation and phenolic pathways, respectively, contributing to the
formation of multifunctional HOMs. The branched chains of aromatic compounds can also
be susceptible to attack by OH radicals, leading to H-abstraction or OH-addition reactions.
The formation of RO, radicals through addition to O, ultimately leads to the generation
of AOOM via radical termination reactions (Pathways 3 and 4). The importance of the
atmospheric nucleation of AOOM produced by Pathways 3 and 4 has not been recognized
in the literature. In addition to monocyclic aromatic compounds in the atmosphere, poly-
cyclic aromatic hydrocarbons (e.g., naphthalenes, biphenyls, indoles, and quinolines) can
generate AOOM through ring scission initiated by the attack of OH radicals on one of their
aromatic rings [35,63-65].

R R
OH OH
+OH .
—_—— > henolic p d (Pathway 1)
. - OH
O2
a OH R
OH-addition «
— > o]
2 OH
autoxidation
—» BPR
00’

P

< —— » HOMs  (Pathway 2)
R

OH
ROOH

R ROO"
+OH | OH-addition Y +0
b —_— (Pathway 3)

R: aliphatic chain (AOOM)
e.g. alkyl, vinyl,
aldehyde,phenyl, etc.

R ROO’ ROOH
H-abstraction +0, +HO,
— (Pathway 4)
.
(AOOM)
——

Figure 5. Several common reaction pathways for aromatic compounds in the atmosphere.

The aromatic-ring-opening HOM monomers generated through Pathway 2 contain
multifunctional groups that typically enable cluster formation solely via hydrogen bond-
ing with nucleation precursors, such as SA molecules [16,36,66]. These volatile HOM
monomers are thought to mainly participate in the growth phase, whereas the extremely
volatile HOM dimers are hypothesized to participate in the initial nucleation stage [67,68].
The yield of HOMs from aromatic oxidation is often below 3% [69]. In an environment
with a high concentration of OH radicals, aromatic hydrocarbons undergo oxidation by
multiple generations of OH radicals to form phenolic compounds via Pathway 1. However,
despite being HOMs, these phenolic compounds are much less able to participate directly
in nucleation than AOOM (Table 2). An analysis of the results of chamber and flow experi-
ments [37,70] revealed that the presence of a large number of aromatic-ring-retaining OOMs
in the particle phase, in addition to aromatic-ring-opening HOMs. In South China, some
ring-retaining OOMs (6%) were also detected in the atmospheric particle phase by ambient
measurement [22]. According to this study, these ring-retaining OOMs are likely to be
AOOM, which can participate in the formation of nanoparticles through hydrogen bonding.
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Yin et al. [71] characterized neutral clusters of pure SA during NPF in urban Beijing.
Our theoretical calculations show that the likelihood of AOOM with -OOH groups on the
branched chain form clusters with one SA molecule is sufficient to compete with the nucle-
ation of pure SA (Figure 4). However, AOOM have a weaker stabilizing effect on SA than
DMA. The SA-DMA nucleation mechanism alone does not fully explain the observed NPF
rates [71-74]. Cai et al. [12] reported the presence of a substantial number of unidentified
species, in addition to SA and DMA, during NPF in Beijing. Both HOMs and AOOM are
candidates for these unidentified species. We found that AOOM with -OOH groups on the
branched chain need SA molecules to form clusters at the critical nuclei scale. Therefore, in en-
vironments in which the oxidation of aromatic compounds produces a substantial abundance
of AOOM, NPF events may also be initiated at relatively high SA concentrations. By contrast,
NA has a considerably weaker tendency to nucleate with AOOM than SA.

5. Conclusions

This study used quantum chemical calculations to examine the role of pi-pi stacking
interactions in the initial nucleation of new particle formation. The results show that
clusters formed through pi-pi stacking in aromatic compounds with one or two benzene
rings are thermodynamically unstable. In polycyclic compounds with three or more
benzene rings, cluster stability is significantly enhanced and positively correlates with the
pi-pi stacking contact area. For AOOMs with only one aromatic ring, their participation
in early nucleation requires SA molecules to stabilize the cluster. The -OOH group on the
branched chain of AOOM facilitates hydrogen bonding with SA, promoting SA-organic
cluster nucleation. Substituents on the benzene ring, such as OH and Cl, exert minimal
influence on AOOM nucleation.

Typically, AOOM are formed through the oxidation of aromatic compounds by first-
generation OH radicals and may subsequently be further oxidized by second or subsequent-
generation OH radicals in the atmosphere to form HOM monomers. The entry of oxy-
genated organic molecules with various molecular structures into atmospheric particles
produces widely differing effects on humans. Hence, AOOM and ring-opening HOMs do
not only differ in terms of their roles in the atmospheric nucleation mechanism but also
in their impacts on human health. It is imperative to better identify atmospheric AOOM
to comprehensively understand their nucleation and growth mechanisms, as well as their
impacts on the environment and humans. The insights from this study directly inform
sustainable development goals by underscoring the importance of multigenerational oxida-
tion pathways of aromatic VOCs in urban environments. Integrating AOOM monitoring
into existing air-quality networks and accounting for pi-pi stacking in chemical transport
models will improve the evaluation of secondary organic aerosol formation, population
exposure risks, and the effectiveness of air-pollution control policies—critical steps toward
healthier and more sustainable cities.

Supplementary Materials: The following supporting information can be downloaded at https:/ /www.
mdpi.com/article/10.3390/sul18115375/s1: Figure S1: Lowest energy configurations of A to I calcu-
lated at the M06-2X/6-31+G(d,p) level. Oxygen-carbon ratios and vapor pressures are labelled in
the graphs; Figure S2: The lowest energy configurations of all clusters optimized at the M06-2X/6-
31+G(d,p) level; Figure S3a: Benzoic acid formed by oxidation of benzaldehyde; Figure S3b: Atmo-
spheric oxidation of G1 and G2 compounds by naphthalene; Figure S3c: Atmospheric oxidation of
compounds H and I by toluene; Table S1: Gibbs free energy of formation (AG, kcal/mol) and binding
energy (AE, kcal/mol) of (benzene),, (naphthalene);, (anthracene),, and (phenanthrene), clusters;
Table S2: Gibbs free energy of formation AG (kcal/mol) of clusters of SA and DMA; Table S3: Gibbs
free energy of formation AG (kcal/mol) of clusters of C compounds with NA calculated at 298 K and
1 atm; Table S4: Cartesian coordinates of molecules and clusters.
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