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Theoretical analysis of sulfuric acid—
dimethylamine—oxalic acid—water clusters and
implications for atmospheric cluster formationt
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In recent years, organic compounds potentially involved in atmospheric particle formation have received
increased attention. However, the contributions of organic acids as precursors in nucleation remain
ambiguous. In this study, the low-lying structures and thermodynamics of the sulfuric acid—
dimethylamine—oxalic acid—water system are obtained at the M06-2X/6-311+G(2d,p) level, and the
single point energy of the clusters has been calculated at the DF-LMP2-F12/VDZ-F12 level. The
formations of the multicomponent clusters are predicted based on thermodynamics, involving proton
transfer and hydrogen bonding interactions. Oxalic acid can synergistically promote the formation of the
sulfuric acid—dimethylamine—oxalic acid—water system while inhibiting this with the addition of more
sulfuric acid molecules. The results of hydrate distribution show that un-hydrate clusters play a dominant
role during formation. Moreover, dimethylamine and oxalic acid have similar effects on Rayleigh
scattering properties, and the clusters involving complex mixtures of compounds can have high optical

rsc.li/rsc-advances activities.

1. Introduction

Global and regional models show that new particle formation
(NPF) is a significant source of atmospheric aerosols and cloud
condensation nuclei,'® which can affect the earth's radiation
balance and global climate change through cloud physics and
precipitation processes.*® Ultrafine particles generated by the
new particles also have a significant impact on human health,*
contributing to asthma and cancer, by destroying cell
membranes and generating free radicals. The direct measure-
ment of the physicochemical properties of newly formed parti-
cles and their precursors in the ambient atmosphere is the basis
of studying the formation mechanisms of new particles, and it
is also one of the most challenging studies in the field of
atmospheric chemistry. Several methods, including field
observation, laboratory simulation, and model calculations, are
important means to investigate the formation mechanisms of
new particles. At present, the instrumentation used for new
particle formation research is improving, but there are still
great limitations in the study of nucleation mechanisms.
Gaseous sulfuric acid (H,SO,, SA) has been widely identified
as a crucial precursor involved in the nucleation process.”®
However, the traditional sulfuric acid-water (H,O, W) binary
homogeneous nucleation theory, as well as activated nucleation
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and kinetic nucleation theory based on the quantitative rela-
tionship between gaseous sulfuric acid and nucleation rate, can
explain the low nucleation rate, but cannot fully explain the new
particle formation events with high nucleation rates.>*® There-
fore, substances that can reduce the saturated vapor pressure of
gaseous sulfuric acid and promote nucleation have been
considered, such as sulfuric acid-water-ammonia ternary
nucleation,"* ion-induced nucleation,” and iodine participa-
tion in nucleation.'** Due to the high concentration of volatile
organic compounds (VOC) in the atmosphere, the low volatility
of their oxidation products is also considered to be involved in
the formation of new particles.'®* Many organic compounds,
including organic acids and amines, have experimentally been
shown to play an important role in the formation of new
particles.””* Compared with ammonia, organic amine and
sulfuric acid molecules can combine to form a more stable
cluster, which has a significant impact on the concentration of
newly formed particles.**>**>* Smoke chamber studies have
shown that adding amines, aromatic acids, or pinonic acid to
the sulfuric acid-water system can significantly increase the
nucleation capacity of sulfuric acid, to levels matching the
nucleation rate in the atmosphere.?®*” Field observations also
revealed a significant correlation between atmospheric organic
acid content and nucleation rates.”® Model calculations per-
formed by Paasonen et al.>® and Wang et al.* can also reproduce
the nucleation process in the atmosphere. Although organic
acids play an important role in NPF, their formation mecha-
nisms have not been clarified.
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As one of the most abundant organic species in the atmo-
sphere, dicarboxylic acids, which have lower vapor pressures
than monocarboxylic acids, may play an important role in
particle formation.** Anthropogenic and biological hydrocarbon
emissions and photochemical oxidation can produce large
quantities of organic acids such as formic acid, acetic acid,
oxalic acid, malonic acid, and succinic acid. The concentrations
of common organic acids are 10° to 10'" cm >, close to that of
ammonia in the atmosphere, and greater than amines by about
10 to 1000 times.**** Low molecular weight dicarboxylic acids
have been confirmed to significantly promote the nucleation of
SA and subsequent particle growth.?***** Oxalic acid (C,H,Oy4,
OA) is one of the most common dicarboxylic acids with a gas
phase concentration in the range of 9.3 x 10" to 5.4 x 10"
em %% Additionally, OA is a major constituent of aerosol
particles.*®?® Xu et al. stated that OA charges positively and can
stabilize sulfuric acid-oxalic acid-water complexes to promote
NPF in the atmosphere.** Meanwhile, several studies also sug-
gested that OA participates in the formation and growth of
particles based on predictions for clusters of OA-NH;-W,***
OA-SA-W/NH;/methylamine (MA),**** OA-methanesulfonic-
MA-W,*** and OA-dimethylamine (CH3;NHCHj3;, DMA)-W.*"
The thermodynamic properties of amines may reveal the
potential synergistic effects of SA-OA-MA on the formation of
an initial cluster and subsequent growth.** As one of the most
common and strongest bases in the atmosphere, DMA has been
verified to enhance neutral and ion-induced SA-W nucle-
ation.>**®*°  Previous studies indicated that molecular
complexes containing DMA and OA may play important roles in
affecting local atmospheric conditions.***” The combined
contributions of OA and DMA to induce SA-W nucleation
remains unknown. Therefore, the effect of OA on the nucleation
of SA-DMA-W clusters deserves examination.

However, few studies have focused on the molecular mech-
anisms of organic acids participating in the nucleation system
of sulfuric acid-dimethylamine-water, and the effects of
organic acids on molecular clusters remain unclarified. Here,
the structures and thermodynamics of SA,,,DMA.OA.W,, (m = 1-
2, n = 0-4) are investigated. Meanwhile, topological analysis,
atmospheric relevance, concentration ratio, and Rayleigh scat-
tering properties are also investigated to better understand the
contributions of mixed precursors to NPF.

2. Methods

To sample the cluster structures, we employ our recently
developed systematic sampling technique, where the basin-
hopping (BH) algorithm coupled with semiempirical PM7 is
implemented in MOPAC 2016.***% For each cluster size, four
independent BH searches are conducted, and a total of 500
sample structures for each search at the Boltzmann tempera-
ture are identified. Two steps are performed to obtain the low
energy configurations for each cluster size. First, the BH algo-
rithm generates initial isomer geometries by random displace-
ment of the molecules and then obtains the local minimal
structures using semi-empirical PM7 methods. Secondly, the
initially optimized low-energy structure is used to judge
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whether the energy of newly generated geometries is lower, and
if lower, then the initial structure will be replaced, otherwise,
the original is retained. The most stable isomers within
5 keal mol ™" are optimized using the M06-2X method with 6-
311++G(2d,p) basis sets. The optimization of cluster configu-
rations and frequency calculations are performed using
Gaussian 09 to ensure that no imaginary frequencies existed.>*
The single point energies of all the selected stable isomers are
calculated at the DF-LMP2-F12/VDZ-F12 level of theory in the
Molpro program.>

Based on previous benchmark studies,*»***®* the M06-2X
method should perform reliably in evaluating the electronic
energy of organic clusters. Meanwhile, the 6-311++G(2d,p) basis
set is applied in the current system consisting of DMA, OA,
and W," and the results demonstrated that decreasing the basis
set from 6-311++G(3df,3pd) to 6-311++G(2d,p) can greatly
reduce the calculation time and only causes minor errors in the
thermal contribution to the free energy and subsequent single
point energy calculation. In conclusion, the DF-LMP2-F12/VDZ-
F12//M06-2X/6-311++G(2d,p) can achieve reasonable balance
between computational efficiency and accuracy. The detailed
benchmark information was provided in a previous study.*’

The amounts of hydrogen bonding and proton transfer, and
the specific molecular configurations, offer better metrics to
estimate the strength of intermolecular interaction and stability
in the cluster. Therefore, the non-covalent interactions of the
clusters are investigated, implemented in Multiwfn 3.8,> and
visualized using the visual molecular dynamics (VMD)
program.®°

In this study, the optical properties of the complex pre-
nucleation clusters consisting of acid, amine, organic acid,
and water molecules are elucidated. Light scattering intensities
(24, a.u.), the isotropic mean polarizabilities (&, a.u.), aniso-
tropic polarizabilities (A, a.u.), and depolarization ratio (o)
are performed at the CAM-B3LYP/aug-cc-pVDZ level of theory.
Previous studies®"** successfully employed CAM-B3LYP/aug-cc-
pVDZ to calculate the optical properties. This method effec-
tively balances accuracy and efficiency, yielding good agreement
with experimental, CCSD(T), and MP2 results. The detailed
calculation methods are introduced in the ESI,f including
relative hydrate distribution, concentration ratio, and Rayleigh
light scattering properties.

3. Results and discussion

3.1 Structural analysis

The most stable configurations of SA,,.DMA.OA.W,, (m = 1-2, n
= 0-4) clusters are displayed in Fig. 1 and 2. The un-hydrated
cluster of SA.DMA.OA occurs due to proton transfer by form-
ing an [HSO,] [(CH3),NH,]" ion pair, creating a circular planar
structure through hydrogen bonding. When water molecules
are added, the structures of clusters gradually shift from ring
structures to complicated cage structures. For SA.DMA.OA.W,
and SA.DMA.OA.W, clusters, proton transfer takes place
between SA and DMA, and a hydrogen atom of OA is transferred
to SA at the same time. When added to the second SA molecule,
two protons are transferred to form two ion pairs of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Global minima of SA.DMA.OAW,, (n = 0-4) calculated at the
M06-2x/6-311+G(2d,p) level and the corresponding isosurfaces (s =
0.5 a.u.) are presented.
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SA;.DMA.OA
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Fig. 2 Global minima of SADMA.OAW,, (n = 0-4) calculated at the
M06-2x/6-311+G(2d,p) level and the corresponding isosurfaces (s =
0.5 a.u.) are presented.

[HSO,] [(CH3),NH,]" and [HSO4] [H;0]", in which two sulfuric
acids provide two protons, and DMA or W act as a proton
acceptor, respectively. In conclusion, as the number of precur-
sors increases, the complexity of structures, and the number of
hydrogen and proton transfer increases. Meanwhile, although
OA does not directly participate in proton transfer as a donor, it

RSC Adv, 2022, 12, 22425-22434 | 22427
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promotes acid-base proton transfer
hydrogen atom transfer.

Visualization of the non-covalent interactions in real space
can be helpful to confirm the intermolecular non-covalent and
covalent interactions of SA,,DMA.OA.W,, (m = 1-2, n = 0-4)
clusters. In the right half of Fig. 1 and 2, the reduced gradient
isosurfaces (s = 0.5 a.u.) are shown, where the blue represents
hydrogen bonds, green represents van der Waals forces, and red
represents steric hindrance. As shown in Fig. 1 and 2, the
number of hydrogen increases, and the geometries become
more complex as the number of water molecules increases, and
the reduced gradient isosurfaces agree with the previous
structural analysis.

Proton transfer from the acid molecules to base molecules is
dependent on the strength of the acids and bases.® The proton
transfer parameter (ppr, 13),6“’65 which reflects the degree of
proton transfer in the hydrogen bond and includes the
hydrogen shorting and covalent hydrogen prolongation, is
determined to evaluate the degree of ionization. The formula is
given by:

indirectly through

0 0
ppr = (ron — ron) — (rH.-N — TH--N)

here, ron and 3y represent the distance of the hydrogen bond
in SA or OA in the clusters and the O-H distance in the free
monomers, respectively. ry...y and 7. are the distance of H-N
in the SA,,,.DMA.OA.W,, (m = 1-2, n = 0-4) and the H-N distance
in fully protonated DMA, respectively. Proton transfer occurs in
the clusters where the second term (ry...y — {y...n) is zero and
ppr has a positive value.

Table 1 presents the proton transfer parameters of SA,,.-
DMA.OA.W,, (m = 1-2, n = 0-4) clusters. The proton transfer
parameters are positive for all cluster sizes, which indicates that
proton transfer takes place and forms an [HSO,] [(CH;),NH,]"
ion pair, where SA is the proton donor and DMA is the acceptor.
Meanwhile, in SA,.DMA.OA.W,, clusters with two or three water
molecules, proton transfer occurs between sulfuric acid and
water to form an [HSO,] [H;0]" ion pair, in which SA is the
proton donor and W is the acceptor. In conclusion, the number
of proton transfers does not exceed the number of SA molecules
in the SA,,,.DMA.OA.W,, (m = 1-2, n = 0-4) clusters.
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Table 2 Gibbs free energies at 298.15 K (AG) for SA,,,DMA.OAW,, (m
= 1-2, n = 0-4) according to reaction paths 1-3. Energies are
calculated at DF-LMP2-F12/VDZ-F12//M06-2x/6-311+G(2d,p) level of
theory (in kcal mol™)

Cluster Path 1 Path 2 Path 3
SA.DMA.OA —19.83 —6.14
SA.DMA.OA.W, —21.30 —1.47 —4.66
SA.DMA.OA.W,, —20.75 0.56 —4.53
SA.DMA.OA.W; —16.19 2.84 —0.63
SA.DMA.OA.W, —16.82 —0.63 —2.02
SA, DMA.OA —29.85 —0.09
SA, DMA.OA.W, —29.44 —0.11 —0.31
SA, DMA.OA.W, —30.14 —1.26 —0.76
SA, DMA.OA.W; —33.27 1.00 3.62

SA, DMA.OA.W, —27.45 1.69 6.55

3.2 Thermochemical analysis

Analysis of the thermodynamic properties is necessary to
explain the molecular interactions and nucleation mechanisms.
Considering multiple collision methods, five typical reaction
paths are summarized as follows. Tables 2 and 3 present reac-
tion Gibbs free energies (AG, kcal mol ') of the most stable
clusters associated with the six reaction paths, considering an
ambient temperature of 298.15 K. The formation of electronic
energies (AE, kcal mol ") and enthalpies (AH, kcal mol ") are
listed in Tables S1-S6.7 The detailed reaction paths are given by:

Path 1: AG = Gsa,, pma.0a.w, — MGsa — Gpma — Goa— nGw

Path 2: AG = GSAW.DMA.OA.W” — Gsa, pMA.0AWn—1 — Gw

m*

Path 3: AG = Ggsa DMA.OA.W, — Gsa, DMA.W, — Goa

me me

Path 4: AG = Gsa, pma.0aw, — Gsapma — (m — 1)Gsa — Goa

— nGw

Path 5: AG = Gsa, pma.oaw, — Gsa.oa — (m — 1)Gsa — Gpma
— nGW

Path 6: AG = Gsa, pma.oaw, — Goma.oa — MGsa — NGy

Table 1 Proton transfer parameter (ppr, A) for SA,,, DMA.OAW,, (m = 1-2, n = 0-4) clusters. The total number of proton transfers (n) and the

proton donor and acceptor are also presented

Cluster ron (A) T...n (A) ppr (A) Proton donor Proton accept n
SA.DMA.OA 1.68 1.032 0.724 SA DMA 1
SA.DMA.OA.W; 1.786 1.04 0.812 SA DMA 1
SA.DMA.OA. W, 1.803 1.048 0.819 SA DMA 1
SA.DMA.OA.W; 1.911 1.047 0.924 SA DMA 1
SA.DMA.OA. W, 1.668 1.025 0.726 SA DMA 1
SA,.DMA.OA 1.813 1.03 0.848 SA DMA 1
SA,.DMA.OA.W, 1.773 1.031 0.808 SA DMA 1
SA,.DMA.OA.W, 1.987 1.027 1.023 SA DMA 2
1.607 1.043 0.596 SA H,0
SA,.DMA.OA.W; 1.95 1.051 0.957 SA DMA 2
1.437 0.992 0.527 SA H,0
SA,.DMA.OA.W, 1.83 1.027 0.87 SA DMA 1
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Table 3 Gibbs free energies at 298.15 K (AG) for SA,,,, DMA.OAW,, (m
= 1-2, n = 0-4) according to reaction paths 4-6. Energies are
calculated at DF-LMP2-F12/VDZ-F12//M06-2x/6-311+G(2d,p) level of
theory (in kcal mol™)

Cluster Path 4 Path 5 Path 6
SA.DMA.OA —6.14 —17.45 —15.68
SA.DMA.OA.W, —7.61 —18.92 —17.14
SA.DMA.OA. W, —7.06 —18.37 —16.59
SA.DMA.OA.W; —2.50 —13.81 —12.03
SA.DMA.OA.W, —3.12 —14.43 —12.66
SA, DMA.OA —16.15 —27.46 —25.69
SA, DMA.OA.W, —15.75 —27.06 —25.28
SA, DMA.OA.W, —16.44 —27.75 —25.98
SA, DMA.OA.W, —15.44 —26.75 —24.97
SA, DMA.OA.W, —~13.76 —25.07 —23.29

Path 1 presents the energy change of SA,,, DMA.OA.-W,, clus-
ters formed by four different monomer collisions. As shown in
Table 2, the Gibbs free energy changes for each hydration step
are invariably negative. For SA.DMA.OA.W, clusters,
SA.DMA.OA.W; shows the most negative value, the subsequent
addition of water is less favorable for formation. The hydration
of SA,.DMA.OA.W,, is stronger than that of SA.DMA.OA.W,,, and
SA,.DMA.OA.W; is the most favorable form. The Gibbs free
energy drops sharply when the fourth water molecule is added,
suggesting that adding more water molecules may be difficult.

The stepwise hydration free energies of SA,,.DMA.OAW,
clusters are summarized in Table 2. Half of the reactions of
step-by-step addition of water molecules are unfavorable, with
small positive values for Gibbs energies. The small change of
Gibbs free energy per water molecule is caused by the recom-
bination of the hydrogen bond network during hydration,
which is due to the increase of volume and size and the entropy
loss driven by more water molecules joining the parent cluster.
These results are consistent with the previous study of
SA.MA.NH,;.W,,.5

Reaction path 3 estimates the impact of OA on the formation
of stable clusters consisting of SA, DMA, and W under atmo-
spheric conditions. As seen in Table 2, the OA affinities to
nucleating SA,,.DMA.W,, clusters strongly depend on the molar
fraction of sulfuric acid and water. For SA.DMA.W,, clusters, the
affinity gradually decreases as the water content grows. When
the clusters contain two sulfuric acids, the affinity of OA
declines sharply, and the Gibbs free energies become disfavored
when more than two water molecules added. These findings
suggest that OA contributes to a synergistic effect in
SA.DMA.OA.W,, clusters, while the synergistic effect is weak-
ened as the second sulfuric acid is added, and then disappears
with the addition of water molecules.

Hydration of particle formation has been proposed to
depend strongly on the initial cluster nucleus. Here, three
initial cluster nuclei, such as SA.DMA, SA.OA, and DMA.OA, are
discussed in detail. The formation Gibbs free energies of
SA,,.DMA.OA.W,, clusters associated with paths 4-6 are
summarized in Table 3. The Gibbs free energy changes are all

© 2022 The Author(s). Published by the Royal Society of Chemistry
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negative, which indicates that the initial cluster nucleus is
capable of forming stable pre-nucleation clusters. The order of
AG values is SA.OA < DMA.OA < SA.DMA in all cases, which
implies that the initial cluster nucleus of SA.OA has a significant
effect on stabilizing DMA and initiates acid-base reactions. The
initial cluster nucleus of SA.DMA is more stable than that of
SA.OA and DMA.OA, because the proton transfer reaction
occurs in the SA.DMA nucleus, while for SA.OA and DMA.OA
nuclei, adding water molecules or other monomers is necessary
to effectively promote proton transfer and form stable clusters.

Comparing the six reaction paths, the monomer collision
reaction is more favorable than other paths, while the stepwise
hydration of the SA,,,DMA.OA.W,, clusters is slightly favorable.
In addition, the initial cluster nucleus plays an important role
in SA,,.DMA.OA.W,, cluster formation, exhibiting formation
Gibbs free energies that are close to path 1, especially for the
SA.OA and DMA.OA nuclei, which indicates that the two paths
are competitive with path 1. The synergistic effect, or multiple
driving forces, can promote the formation of SA.DMA.OA.W,
clusters, which indicates that the existence of OA can enhance
the stability of SA.DMA.W,, clusters.

3.3 Hydrate distribution and influence of humidity

Several studies have shown that hydration plays an important
role in the nucleation of organic acid and amine, which can
affect proton transfer.’>*® Hydration is related to relative
humidity (RH) in the atmosphere. To better understand the
extent of hydration under different circumstances, hydration
distributions at different RH (20%, 40%, 60%, 80%, and 100%)
are performed. The detailed method and explanation are shown
in the ESL}

As shown in Fig. 3a, for SA.DMA.OA.W,, (n = 0-4), the un-
hydrated cluster always plays a dominant role, the mono-
hydrate accounts for a small proportion, while the dihydrate,
trihydrate, and tetrahydrate are almost nonexistent. As the RH
increase from 20 to 100%, the un-hydrated cluster steadily
decreases from 93 to 73%, while the proportion of the mono-
hydrate cluster increases gradually from 7 to 27%. Fig. 3b
displays the distribution of hydrated SA,.DMA.OA clusters. Un-
hydrated clusters dominate the cluster distribution at various
RH, with the percentage decreasing from 99 to 95%. With
increasing RH, the percentage of the monohydrate and dehy-
drate increase slightly from 2 to 4%, and 0 to 1%, respectively.
Larger hydrates clusters are practically nonexistent. Hence, the
hydration of SA,.DMA.OA clusters is so weak that it stays
completely un-hydrated, no matter how the RH increases, which
indicates that the hydrate distribution of SA,.DMA.OA clusters
is not sensitive to RH.

In conclusion, larger hydrate clusters with more than two
water molecules are almost non-existent even when the relative
humidity reaches 100%. These results are consistent with
organic clusters investigated in previous studies, such as
methylamine-ammonia-sulfuric acid,” sulfuric acid-amide,®
acetic acid-dimethylamine,** and glutaric acid-amine hydra-
tion clusters.®® These results suggest that structural effects are
related to hydration. The addition of many water molecules

RSC Adv, 2022, 12, 22425-22434 | 22429
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Fig. 3 Hydrate distribution of (a) SAADMA.OAW, (n = 0-4) and (b)
SA,.DMA.OA.W,, (n = 0-4) clusters at five different RH.

increases both its mass and volume and then affects the rates of
collisions between clusters. Thus, hydration plays a dilution
role in the structure, making the clusters less stable, which is in
accordance with the Gibbs free energy changes in stepwise
hydration reactions (Table 2). Oxalic acid contains two hydro-
philic hydroxyl groups, but not enough to compensate for its
dilution. In addition, from the perspective of the reaction paths,
hydration does not effectively promote the formation of clus-
ters. Thus, the water retention capacity of SA,,, DMA.OA clusters
is weak, indicating that the un-hydrated cluster is the main
form under the most tropospherically reasonable conditions.

3.4 Atmospheric relevance

Previous research on NPF has shown that the formation of
a stable SA dimer is a crucial step in the acid-base cluster
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formation and growth.>*®>”° It is assumed that the SA dimer
composed of two sulfuric acids, two base molecules, and
multiple water molecules is large and active enough to grow by
colliding with acids other than SA. Nadykto et al.”* investigated
the concentration ratios of ternary dimers, with ammonia or
methylamine, to SA,.W, dimers. However, the concentration
ratios for clusters consisting of organic acids and bases are
unexplored, which may have different effects on NPF. In this
section, the concentration ratios are calculated to evaluate the
maximum new nucleation production and its correlation with
the concentration of organic acids and bases, RH, and other
relevant parameters. The detailed computational methods are
provided in the ESLf

From Fig. 4, two important conclusions can be found based
on the concentration ratio curves. Firstly, the concentration
ratio of SA,.DAM.OA.W,, to SA,.W,, decreases slightly with the
increase of RH, which indicates that low RH is the favorable
condition, which can effectively support the formation of stable
SA,.DAM.OA.W,, clusters. This result is consistent with the
previous study that investigated quaternary clusters containing
two different bases by Chunyu Wang;*® however, this result is
different from the SA,.MA.W and SA,.NH;.W systems,” where
the concentration ratio is sensitive to the RH and SA,.MA.W
dominates over SA,.W,, under dry and low RH conditions only.
The RH dependency of the hydrated SA,.DAM.OA and SA,.-
MA.NHj; clusters are almost negligible, while the fractions of the
hydrated SA,.MA, and SA,.NH; clusters decrease quickly with
increasing RH. Secondly, the concentration ratio depends
strongly on the atmospheric concentrations of DMA and OA,
with significant positive correlation. Comparing Fig. 4a and 4b,
the [SA,.DMA.OA.W,]/[SA,.W,] ratio is much lower with [OA]
and [DMA] exceeding 1 ppb. However, SA,.DMA.W, clusters
dominate over SA,.W,, even with DMA at 0.01 ppt, which
implies that the stability of SA,.DAM.W,, clusters is large
enough to overcome low concentrations ranging from a fraction
of ppt to several ppt.

3.5 Optical properties

Atmospheric aerosols can indirectly affect the climate through
scattering or absorbing the incident solar radiation.” The light
scattering off clusters and particles with diameters much
smaller than the wavelength of the incoming radiation is
determined by the mechanism of Rayleigh scattering.” The
presence of organic acid molecules contributes to aerosol
particle formation and influences the climate-relevant particle
properties such as light scattering. However, it is still unclear
which species of organic acids are involved in NPF processes.
Here, the Rayleigh scattering properties of quaternary pre-
nucleation clusters involving organic acids are investigated for
the first time.

The Rayleigh light scattering and cluster polarizability
properties are presented in Fig. 5. The isotropic mean polariz-
abilities « are dependent on the number of water molecules,
increasing linearly. In Fig. 5b, the Rayleigh scattering intensity
of #, has a non-linear dependence on the number of water
molecules, following the trend of a second-order polynomial

© 2022 The Author(s). Published by the Royal Society of Chemistry
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with correlation coefficients of 0.99565 and 0.99001, respec-
tively. This phenomenon can be attributed to the gradually
increasing isotropic mean polarizabilities &, which play
a dominant role in the Rayleigh scattering intensity. When
a second SA molecule is added, the & and %, increase signifi-
cantly, which suggests that SA has a more significant influence
on the Rayleigh scattering properties. These results are consis-
tent with SAW,,** DMA.W,,*> SA.OAW,,* and glutaric acid-
ammonia/amine/amide clusters.®®

Fig. 5¢ and d present the anisotropic polarizabilities A« and
depolarization ratio ¢, as functions of the number of water
molecules in SA,,.DAM.OA.W,, clusters. The A« and o, are
different from @ and #,, which have no clear dependence on
the number of water molecules. The addition of sulfuric acid
enhances Ao more effectively. The depolarization ratio o, fluc-
tuates from 0.058 to 0.077, which is due to an increase of the «
in combination with the Aw, playing a leading role in the
depolarization ratio. In Fig. 1 and 2, the structure gradually
varies from quasi-planar ring structures to a more complex cage
structure as the number of water molecules increases. This
follows the expectation that clusters transition from a molecular
cluster into a spherical isotropic particle.*

Previous studies have reported that Rayleigh scattering is not
only dependent on the size but also related to the composition
of the precursors that participated in the pre-nucleation.®® To
compare the effects of different precursors on Rayleigh scat-
tering properties, the isotropic mean polarizabilities and Ray-
leigh scattering intensities for SA.W,, SA.DMA.W,, and
DMA.OA.W,, (n = 1-4) clusters are provided in the ESI,T and the
information regarding SA.OA.W,, (n = 1-4) clusters is available
in the literature.” The « (88-116 a.u.) and %, (360 000-610 000
a.u.) of DMA.OAW, are slightly larger than those of the
SA.DMA.W,, clusters, with & (85-113 a.u.) and %, (320 000-
580 000 a.u.). This finding indicates that SA can enhance cluster
stability more strongly than OA, while OA has more influence on
the Rayleigh scattering properties. In addition, the two optical
properties (& = 88-113 a.u., %, = 370 000-580 000 a.u.) are
close for SA.OA.W,, and SA.DMA.W,, clusters, which indicates
that OA and DMA have similar effects on optical properties. For
SA.DMA.OA.W,, & (123-151 a.u.) and 2, (810 000-1 200 000
a.u.) are larger than other clusters, which may suggest that
clusters involving complex mixtures of compounds can have
high optical activities.

4. Conclusions

The configurations and thermodynamics of SA,,,. DAM.OA.W,, (m
= 1-2, n = 0-4) have been calculated at the DF-LMP2-F12/VDZ-
F12//M06-2X/6-311++G(2d,p) level. Hydrogen bonding and
proton transfer enhance the stability of SA,,.DAM.OA.W,, clus-
ters. The Gibbs free energies of different reaction pathways
imply that the initial cluster nucleus plays an important role in
SA,,.DMA.OA.W,, cluster formation, which is competitive with
the monomer collision reaction, while the stepwise hydration is
unfavorable with positive Gibbs free energies. Moreover, our
results show that the synergistic effects of OA can promote
nucleation while inhibiting when the addition of more sulfuric
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acid molecules. As humidity increases, the distribution of un-
hydrated clusters decreases slightly, and the un-hydrated clus-
ters are always dominant. The concentration ratio of SA,.-
DAM.OA.W,, to SA,.W,, depends on the concentrations of the
precursors and RH. Finally, DMA and OA have similar effect on
Rayleigh scattering properties, and the clusters involving
complex mixtures of compounds could make high optical
activity.

This theoretical study demonstrates the formation of aerosol
particles from the sulfuric acid-carboxylic acid-amine, which
may provide a reference for understanding the role of organic
acids in nucleation events. Further quantitative experimental
studies and theoretical simulations are required to study the
synergistic effects involved in complex mixtures of compounds
and their dependence on the actual atmospheric environment.
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