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Understanding the microscopic mechanisms of new particle formation under acid-rich
conditions is of significance in atmospheric science. Using quantum chemistry
calculations, we investigated the microscopic formation mechanism of methanesulfonic
acid (MSA)-methylamine (MA)-ammonia (NH3) clusters. We focused on the binary
(MSA)2,-(MA), and ternary (MSA)3,-(MA),-(NH3),, (0 = 1-4) systems which contain
more acid than base molecules. We found that the lowest-energy isomers in each
system possess considerable thermodynamic and dynamic stabilities. In studied cluster
structures, all bases are protonated, and they form stable ion pairs with MSA, which
contribute to the charge transfer and the stability of clusters. MA and NHz have a
synergistic effect on NPF under acid-rich conditions, and the role of NH3 becomes
more remarkable as cluster size increases. The excess of MSA molecules does not only
enhance the stability of clusters, but provides potential sites for further growth.

Keywords: methanesulfonic acid—-methylamine—-ammonia particles, new particle formation, acid-rich condition,
acid:base ratio, proton transfer

INTRODUCTION

Atmospheric aerosol particles are tiny liquid and/or solid particles suspended in the air, and exist in
a wide range of chemical composition and size distribution (Putaud et al., 2010). Aerosol particles
can directly influence global climate by scattering and absorbing solar radiation, or indirectly by
acting as cloud condensation nuclei (CCN) and ice nuclei (IN) (Merikanto et al., 2009; Myhre et al.,
2013; von Schneidemesser et al., 2015; Dunne et al., 2016). They can affect atmospheric chemical
processes as a heterogeneous reaction interface to change the trace component of greenhouse gases
(Makkonen et al., 2012), as well as impact visibility and human health (Yu et al., 2008). Therefore,
the formation of atmospheric aerosols has been attracting topic over decades around the globe
(Charlson et al., 1992; Steinfeld, 1998; Kulmala, 2003; Kittelson et al., 2004; Saxon and Diaz-
Sanchez, 2005; Pope and Dockery, 2006; Lelieveld et al., 2015). New particle formation (NPF), a
gas-to-particle conversion process (Zhang et al., 2012; Riccobono et al., 2014), is considered to
be a dominant source of atmospheric aerosol particles (Spracklen et al., 2006; Zhang et al., 2012)
and has been extensively studied both experimentally and theoretically (Berndt et al., 2013; Knopf
et al., 2018). Atmospheric NPF process begins as a result of collisions and favorable interactions

Frontiers in Ecology and Evolution | www.frontiersin.org 1

April 2022 | Volume 10 | Article 875585


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://doi.org/10.3389/fevo.2022.875585
http://crossmark.crossref.org/dialog/?doi=10.3389/fevo.2022.875585&domain=pdf&date_stamp=2022-04-13
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://www.frontiersin.org/journals/ecology-and-evolution#articles
https://creativecommons.org/licenses/by/4.0/
mailto:jingxu@zafu.edu.cn
mailto:weiliu@zafu.edu.cn
https://doi.org/10.3389/fevo.2022.875585
https://www.frontiersin.org/articles/10.3389/fevo.2022.875585/full

Liu et al.

Mechanism of MSA-Rich Particles

(such as hydrogen bonding or proton transfer reactions) between
gaseous vapors (Lehtinen and Kulmala, 2003; Wang et al., 2010;
Zhang, 2010; Zhang et al., 2012; Kulmala et al.,, 2013). These
newly formed stable clusters usually possess complex structures
(Kulmala et al., 2014; Elm et al., 2020), multiple interactions
(Sebastianelli et al., 2018), different component ratios (Chen
et al., 2018; Perraud et al., 2020a), and undetectable sizes
(Stolzenburg and McMurry, 1991; McMurry, 2000), which make
challenging to understand the molecular-level NPF mechanisms.
Therefore, we tackle these challenges here by exploring the
structures, properties, chemical compositions, and stabilities of
these small clusters from a microscopic perspective.

Sulfuric acid (H2SO4, SA) is known to be the most important
driver of NPF in the atmosphere (Sipila et al,, 2010; Kirkby
et al., 2011; Kulmala et al., 2013), and its contribution to NPF
is the most studied (Weber et al., 1995; Chan and Mozurkewich,
2001; Kuang et al., 2008; Sipila et al., 2010; Kirkby et al., 2011;
Bzdek et al., 2012; Zollner et al., 2012; Almeida et al., 2013;
Schobesberger et al,, 2015; Elm, 2017). However, successive
studies have found that pure sulfuric acid or sulfuric acid-
water systems are not sufficient to explain the formation and
growth of atmospheric nanoparticles (Weber et al., 1995, 1996;
Kirkby et al., 2011). Subsequently, numerous experimental and
theoretical studies have shown that base compounds, such as
ammonia (NH3) or amines, can significantly enhance sulfuric
acid-driven particle formation (Kurten et al., 2008; Ge et al,
2011; Hanson et al., 2011; Kupiainen et al., 2012; Yu and Lee,
2012; Almeida et al., 2013; Jen et al., 2014; Olenius et al., 2017).
Thereby, current studies focus on the acid-base particles with
binary, ternary, or even quaternary components.

Similar to SA, methanesulfonic acid [CH3S(O)(O)OH, MSA],
another major oxidation product of dimethyl sulfide (DMS)
(Glasow and Crutzen, 2004; Barnes et al., 2006), has been
confirmed to be an important contributor to the NPF process
in the presence of base compounds (Dawson et al., 2012, 2014;
Ezell et al., 2014; Nishino et al., 2014; Chen et al, 2016;
Chen and Finlayson-Pitts, 2017; Zhao et al., 2019; Perraud
et al, 2020b). Finlayson-Pitts group systemically reported
extensive experimental and theoretical studies based on MSA
particles. They found that small alkylamines (methylamine,
dimethylamine, and trimethylamine) have stronger nucleation
capacity than NH3 in MSA-driven NPF (Chen et al., 2016; Chen
and Finlayson-Pitts, 2017; Perraud et al., 2020b). However, NH3
can promote the formation of MSA-amines particles, and has
a synergistic effect on particle formation and growth processes
(Perraud et al., 2020b).

The cluster formation pathway, particle formation rate, and
the microstructure of the critical nucleus are dependent on the
molecular properties of acid and base compounds as well as
environmental conditions (Chee et al., 2019, 2021). Therefore,
obtaining a comprehensive understanding of atmospheric
NPF process is extremely difficult task. For instance, some
experimental studies have shown that acid and base molecules
do not always nucleate in a simple 1:1 acid:base stoichiometric
fashion (Kim et al., 2016; Lawler et al., 2016; Chen et al., 2018;
Finlayson-Pitts et al., 2020; Perraud et al., 2020a). They found
that although the acid has much lower concentrations than bases

in the gas phase, the formed particles in small sizes are acidic,
i.e., the measured acid:base ratio is larger than 1:1. Quantum
chemistry is an effective method to obtain the microscopic
information of nucleated clusters with different acid:base ratios.
However, current theoretical studies of these small clusters
mainly focus on the clusters with a same number of acid and
base molecules. Hence, it is necessary to theoretically study the
microstructure and reveal formation mechanism of acid-base
particles under acid-rich conditions.

Here we focus on microscopic description of nanoparticles
formed by the reaction of MSA with MA and NH3 under
acid-rich conditions, where the acid:base ratios correspond the
detected experimental values reported by Finlayson-Pitts group
(Perraud et al., 2020a). The binary (MSA);,-(MA),, (n = 1-4)
and ternary (MSA)3,-(MA),-(NH3),, (n = 1-4) systems were
investigated using computational tools. We have calculated the
structures, energies, thermodynamic and dynamic stabilities, and
related properties of these clusters at the level of B3LYP-D3/6-
311+G(2d,2p)//B3LYP-D3/6-31G(d). The role of base synergy in
acid-rich particles is also discussed.

MATERIALS AND METHODS

ABCluster software (Zhang and Dolg, 2015, 2016) with the
artificial bee colony algorithm (Karaboga, 2005) was employed to
search local minima on the potential energy surface of the studied
clusters. In the process of cluster search, molecular monomers are
usually used as the basic unit to construct the initial structure. In
the current study of acid-base particles, stable clusters are usually
ion pairs formed by proton transfer. To more efficiently obtain
reliable low-energy isomers, beside single molecules, the possible
acid-base ion pairs are also considered for screening initial
structures. Hence, we totally employed three classes of building
block as basic units (see Scheme 1). The first class consists of
single molecules and the other two classes introduce two kinds
of proton transferred clusters with 1:1 and 2:1 acid:base ratios as
building blocks. In our cluster search strategy, 1,000 structures
were randomly generated by ABCluster program based on
each building block combinations, and total of 24,000 initial
structures were generated for eight systems. Due to large number
of calculations, it is necessary to adopt economic calculation
strategy to avoid the exhaustive and unnecessary calculations.
We followed the Scheme 2 as: Firstly, 3,000 structures generated
by ABCluster for each system were optimized using the PM7
semi-empirical method (Stewart, 2007; Hostas$ et al., 2013). We
selected the minimum structures within AE < 100 kcal/mol of
the lowest-energy isomer, which were further optimized at the
level of B3LYP/3-21G. After that we reselected the structures
within AE < 60 kcal/mol of the lowest-energy cluster for the final
optimization and vibrational frequency calculations using B3LYP
functional with Grimme’s dispersion correction and 6-31G(d)
basis set. Finally, for conformers within AE < 20 kcal/mol of the
lowest energy structure, the single-point energy calculations were
carried out to obtain more reliable energies at the level of B3LYP-
D3/6-3114G(2d,2p), and the obtained isomers with lowest Gibbs
free energy were confirmed as the global minima. Previous
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studies have shown that B3LYP-D3 can reasonably predict the o .,
structure, energy and property of small clusters (Xantheas, 1995; Building BIOC.k
Miller et al., 2007; Dawson et al., 2012; Chen et al., 2015, ABCluster—-Gaussian16
2016; Perraud et al., 2020b). To verify the reliability of B3LYP- PM7
D3/6-3114+G(2d,2p), we chose 2MSA-1MA as our test system | AE>100 | |AES 100 |

and benchmarked the results against MP2/6-311+G(2d,2p). The
test results showed that the lowest-energy isomers predicted by
the two methods are consistent (see Supplementary Table 1,
ESI"). Therefore, considering computational cost performance
and complexity, B3LYP-D3/6-3114+G(2d,2p) is sufficient to
qualitatively predict the lowest energy isomers in this study.
Normal-mode vibrational frequency analyses had confirmed that
all the stable minima had positive vibrational frequencies. Natural
bond orbital (NBO) analysis (Foster and Weinhold, 1980; Reed
and Weinhold, 1983) was used to obtain partial charges (8).
All density functional theory (DFT) geometry optimizations and
vibrational frequency calculations were performed using the
Gaussian 16 program (Frisch et al.,, 2016).

To evaluate the dynamic stabilities of the obtained clusters,
molecular dynamics simulations with semi-empirical quantum
chemical potentials (PM6) (Takayanagi et al., 2008; Tosso et al.,
2013; Wanget al., 2019) were carried out using the CP2K package
(VandeVondele et al., 2005), on the gas-phase NVT canonical
ensemble with Nose-Hover thermostats (Nosé, 1984; Hoover,
1985). In order to evaluate the reliability of PM6 for our clusters,
we optimized all the lowest-energy structures at PM6 level. Test
results showed that the geometries obtained at PM6 level are very
close to those obtained by density functional theory. For each
simulation, five trajectories were done, and each trajectory was
propagated for 100 ps. The time step used here was 1 fs and the
simulation temperature was at T = 300 K.

In order to explore the intermolecular interactions of acid-
base clusters, we performed non-covalent interaction (NCI)
analysis, which is used to describe the relationship between
electron density p(r) and reduced density gradient (RDG)

B3LYP /[3-21G

[ AE>60| [AE<60 |
B3LYP-D3/{6-31G(d)

[ AE>20 | |[AE<20 |

B3LYP-D3//6-311+G(2d,2p)//
B3LYP{D3/ 6-31G(d)

[ I

[ AG>0 | | aG=0 |

The lowest-energy isomers

SCHEME 2 | The energetic calculation strategy for searching the
lowest-energy isomers.

(Johnson et al., 2010). RDG(s) is calculated by Equation (1) in
order to prove the deviation from the homogeneous distribution
of electrons.

1 Vol
2(3712)% p3

(1

S =

where p is the electron density based on B3LYP-D3/6-
311+G(2d,2p)//B3LYP-D3 /6-31G(d), V is the gradient operator,
and |V p| is the electronic density gradient mode.
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The function sign(A,)p is obtained by multiplying the electron
density p(r) by the sign of the second Hessian eigenvalue
(A2). The RDG-sign(A,)p scatter plots and the bonding iso-
surface plots were made by Multiwfn (Johnson et al., 2010; Tian
and Chen, 2012) and VMD (Humphrey et al., 1996; Illinois,
2014) programs, respectively. In addition, proton transfer was
evaluated by a proton-transfer parameter (ppr), which is based
on the extension and contraction of bonds between atoms
(Kurnig and Scheiner, 1987). The specific expression of ppr in
this work is given in Equation (2):

ppr = (rom — r(())H) - (rH"‘N - r%"'N) @

where rOOH and r%”_N are the O-H and N-H bond distances
in free MSA monomer and fully protonated MA and NHj
(CHg,NHS+ and NHIion), respectively. Radiuses rog and ry..N
are those of hydrogen bond in the studied clusters.

RESULTS

In this work, binary (MSA);,-(MA),, (n = 1-4) and ternary
(MSA)3,,-(MA),-(NH3),, (n = 1-4) clusters were used as a
representative set to investigate MSA-MA-NH3 particles under
acid-rich conditions. The acid:base ratios used here were based
on the experimentally detected values of small size MSA-MA-
NHj3 particles (<9 nm) by Perraud et al. (2020a) Hence, we used
an acid:base ratio of 2:1 for binary MSA-MA particles, and 3:2

for ternary MSA-MA-NH3 particles. Additionally, MA:NH3 ratio
is 1:1 in ternary system. Here we will discuss the molecular
structures, intermolecular interactions and dynamic stabilities of
the two- and three-component clusters.

Structure Analysis

Binary (MSA)2,-(MA), System

The obtained global free energy structures of the
(MSA)2,-(MA),, (n = 1-4) system at the level of B3LYP-
D3/6-3114+G(2d,2p)//B3LYP-D3/6-31G(d) are shown in
Figure1l, and other high-energy isomers are shown in
Supplementary Figures 1-4. For clarity, geometrical parameters
for hydrogen bonds are omitted. All cluster structures in
Figure 1 possess the cage-like skeletons composed of hydrogen
bonds (HBs), and the number of HBs (3, 8, 11, 13) increases
with the increase of n. Generally, two types of HBs were found
in binary clusters. The first type is N-H---O bond (shown by
the blue dash line) formed between the hydrogen atom in MA
and the oxygen atom in MSA, with bond lengths ranging from
1.64 to 1.99 A. Three hydrogen atoms in MA consist of two
hydrogen atoms from the original amino group and a proton
transferred from MSA. In these structures, each MA molecule
obtains a proton from MSA molecule forming the ion pair
[CH3SO3][H3NCH;3]™, which is consistent with previous
studies of MSA-MA clusters (Xu et al., 2017; Perraud et al,,
2020b). This is also supported by the partial charge (8) obtained
using natural bond orbital (NBO) analysis. All the MA moieties

n=3

hydrogen bonds, respectively.

FIGURE 1 | The most stable structures of binary (MSA)2,-(MA),, (0 = 1-4) clusters at the level of B3LYP-D3/6-311+G(2d,2p)//B3LYP-D3/6-31G(d). Yellow, red, blue,
cyan, and white spheres represent sulfur, oxygen, nitrogen, carbon, and hydrogen atoms, respectively. Dotted lines in blue and red represent N-H---O and O-H-..-O

n=4
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have positive charges (8 = 0.86-0.89) and the deprotonated MSA
moieties have negative charges (8 = —0.84 to —0.81), indicating
that MA acts as the hydrogen-bond acceptor and MSA is the
donor. These closed ion pairs are always located in the center of
the skeleton and they increase the structure stability. The second
type is the O-H:--O bond (shown by the red dash line) formed
between anionic and neutral MSA monomers. The length of this
HB ranges from 1.37 to 1.65 A. Those MSA molecules that do
not participate in proton transfer are distributed outside of the
structure, and the corresponding partial charges are § = —0.10
to —0.04. Clearly, when MSA exhibits a strong intermolecular
interaction with MA, the formed ion pairs play an important
role on charge transfer, and have the major contribution to
the stability of a cluster. For surrounding MSA molecules,
although their contributions to charge transfer are very small,
they link to ion pairs via HBs increasing the structure stability
and provide more potential hydrogen binding sites for further
particle growth.

Ternary (MSA)3,-(MA),-(NH3), System

Figure 2 shows the most stable structures for ternary (MSA)3,-
(MA),,-(NH3),, (n = 1-4) clusters, and other obtained structures
with high energy are shown in Supplementary Figures 5-8.
Like the binary structures, these global minimum free energy
conformers also have cage skeletons, in which ion pairs formed
by proton transfer between acid and base are located in the
center of the skeleton and neutral MSA molecules surround
the cage structure. As Figure 2 demonstrates, both MA and
NH3 can accept a proton from MSA forming ion pairs

[CH3S03]~ [H3NCH;3] " and [CH3SO3]~ [H4N]*, respectively.
Therefore, in addition to the two kinds of HBs in binary system,
there is another N-H---O hydrogen bond formed between NHj3
and MSA. The bond lengths of N-H:--O hydrogen bond in
ternary structures range from 1.64 to 1.99 A and O-H--O
hydrogen bonds are from 1.45 to 1.68 A. Furthermore, NBO
results show that the partial charge value (8) of MA and NHj3
are very close (3 = 0.84-0.90). The corresponding values of MSA
with and without proton transfer are § = —0.88 to —0.79 and
3 = —0.08 to —0.03, respectively. These results show that there
is no significant difference in the action of the two bases with
MSA under acid-rich conditions, although the basicity (both
in aqueous and gas phase) of NH3 is less than that of MA.
In addition, with increasing #, the protonated NHj gradually
replaces MA to be the inner of the cluster structure, which may
be because NHj can form more hydrogen bonds to stabilize the
structure, and the methyl group in MA has the steric hindrance
effect. Similar structural effects have been found for sulfuric
acid-dimethylamine-ammonia clusters (Myllys et al., 2019). In
conclusion, in the presence of NH3 and MA, more proton
transfers and more HBs can be formed than in the presence
of a single base. This base synergy enhances the stability of
clusters and provides more sites to connect to other molecules.
This is further discussed combining with stability analysis in the
following section Stability Analysis.

Intermolecular Interactions
Intermolecular interactions in the acid-base clusters were
studied using NCI index and proton transfer parameter (pPT),

FIGURE 2 | The most stable structures of ternary (MSA)z,-(MA),-(NHs),, (1 = 1-4) clusters at the level of B3LYP-D3/6-311+G(2d,2p)//B3LYP-D3/6-31G(d).

n=4 °
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FIGURE 3 | The plots of RDG vs. sign(iz)p function (left) and the visualized bonding isosurfaces (right) for (A) (MSA)z2,-(MA), (0 =1), (B) (MSA)3,-(MA),-(NH3), (1 =1).
(C) The values of p(r) and A, represented by different colors and the corresponding interaction types.

Both of them have been successfully used to reveal the interaction
in previous reports of acid-base particles (Kurnig and Scheiner,
1987; Hunt et al,, 2003; Ling et al., 2018; Zhao et al., 2020).

TABLE 1 | Proton-transfer parameter (ppr, in A) and the total number of proton
transfers for the smallest binary and ternary clusters (n = 1).

Clusters roulA) - ruwlh) - perlh) :;Zop:or Number Figures 3A,B show the scatter plot of RDG(s) vs. sign(iz)p
for the smallest binary and ternary clusters (n = 1) and the

(MSA) -(MA)4 1.636 1.066 0.660  MA 1 corresponding bonding isosurfaces, as well as the corresponding
(MSA)3-(MA){-(NHg);  1.744 1.047 0.768  MA 2 interaction types shown in different colors (Figure 3C). For other
1714 1.050 0737  NHs clusters, the plots are shown in Supplementary Figures 9, 10. We

found that the most stable cluster in each system has the negative
sign(X,)p values indicating the presence of HBs, meanwhile, van
der Waals force [sign(X2)p ~ 0] and steric hindrance [sign(1,)p
> 0] can be found in each cluster. These results are also supported
by the visual bonding isosurfaces, and all the HBs can completely
correspond to the structures in Figures 1, 2 through the disc-like
isosurface. As n increases, the values corresponding to the spike
in cyan area [with small negative sign(i,)p values] gradually

ron and ry..n(A) are the bond distances between O and H atoms and H and N atoms,
respectively. The proton acceptors are also listed.

respectively. The former can judge the strength of interaction by
the value of sign(i,)p, and the latter can evaluate the degree of
ionization of proton transfer using the distance between atoms.
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become larger. This is because the increased number of molecules
increases the steric hindrance and weakens the strength of
hydrogen bonds, which is consistent with the long bond length
of HB in large system. In short, weak interactions have the major
contribution in these clusters, and the abundant MSA molecules
can saturate the interaction sites of the clusters.

Proton transfer parameters of the smallest systems (n
1) are listed in Table1, and other systems can be seen in
Supplementary Table 2. Based on the equation of ppr, if the
proton transfer fully occurs, the H-O bond on the proton donor
is stretched, the second term is zero and pPT should be positive.
This means that there is a real ion pair in the cluster, and the more
positive the parameter value, the stronger the proton transfer
degree and ionic properties of the cluster. For all the systems
we studied, the ppr values are always positive, indicating the
presence of proton transfer, and the number of proton transfer
is equal to the total number of base molecules involved.

Stability Analysis

To study cluster stabilities, thermodynamic analysis and
molecular dynamic simulations were performed. The lowest-
energy structures were determined using zero-point energy
corrected energies (0K) and Gibbs free energies (298.15K).
For those isomers within 20 kcal/mol of the lowest-energy
isomer, the relative energies with zero-point energy correction
(AE + ZPE) and Gibbs free energies (AG) are listed in
the Supplementary Tables 3-10. The thermodynamic stabilities
were evaluated using three possible dissociation reactions, and
AG of dissociation path was calculated by Equation (3). The
calculated AG values for studied clusters were plot in Figure 4,
and the exact data is listed in Supplementary Tables 11, 12.
As seen in Figure4, the AG values of all reaction paths
are positive, indicating the studied dissociation reactions are
thermodynamically unfavorable. Moreover, with the increase of
n, AG values increase for both binary and ternary systems, which
is because more HBs exist in large systems. Furthermore, the
dissociation energies for ternary clusters are much larger than

the corresponding binary cluster. This is partly due for the
fact that studied ternary systems contain total of 51 molecules
whereas corresponding binary systems contain 3n molecules,
meaning that with same n ternary system is larger and have
more intermolecular interactions. Additionally, a reasonable
assumption would be that three-component pathway can lead
to higher particle formation potential than the two-component
pathways for two main reasons: (1) stronger intermolecular
forces and (2) synergistic effects. (1) This is consistent with the
structural discussion above that NH3 and MSA can form ion
pairs and more HBs, thus increasing the stability of cluster. (2)
In these acid-rich clusters, both MA and NH3 have an important
influence on the stability of clusters and play a synergistic role
on NPE which is consistent with previous studies (Perraud et al.,
2020b).

AG = Z G (product) — Z G (reactant)
= Z vgG (basic unit, B) -G (global minima) (3)

The dynamic stabilities of the studied clusters were verified
by molecular dynamic simulations for 100 ps at 300K.
Supplementary Figure 11 shows the energy change of each
cluster during the whole simulation process, and the final
structures at 100 ps are shown in Supplementary Figure 12.
Throughout the simulation, the energy change is not significant
and components do not evaporate from the cluster at room
temperature. All the states of proton transfer remain unchanged,
and the ion pairs still form cage-like skeletons with slightly
different structural parameters. Therefore, we can conclude the
studied binary and ternary clusters to be dynamically stable at
room temperature.

Combining above structure, intermolecular interaction and
stability analysis, it can be found that these acid-rich clusters
possess high thermodynamic and dynamic stabilities. Hydrogen
bonds and ion pairs formed by proton transfer reactions from
acid to base play an important role in the formation of stable
structures, and the synergistic effect between NH3 and MA can

A
150+ —=—n*(2MSAMA)
—e— n*(MSAMA)+n*MSA
120 —A—2n*MSA+n*MA
g 90
G
%/60-
=)
+1 30' /
0
n=1 n=2 n=3 n=4
(MSA),,-(MA), Clusters

FIGURE 4 | Dissociation free energies (AG, 298.15K) of (MSA)2,-(MA), and (MSA)z,-(MA), -(NHg), (0 =1-4) clusters through three reaction paths.

—=—n*(2MSAMA)+n*(MSANH;)
—e—n*(MSAMA)+n*(MSANH,)+n*MSA
—A—3n*MSA+n*MA+n*NH;

80-
404

AG/(Kcal/mol)

n; 1 n;Z n;3 n=4
(MSA);,-(MA),-(NH;), Clusters

Frontiers in Ecology and Evolution | www.frontiersin.org

7 April 2022 | Volume 10 | Article 875585


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Liu et al.

Mechanism of MSA-Rich Particles

also be detected. The excess MSA molecules enhance the stability
of clusters and provide additional hydrogen binding sites for
further growth.

CONCLUSION

In this work, we explored the microscopic formation mechanism
of methanesulfonic acid-methylamine-ammonia particles
under acid-rich conditions. Structures, energies, properties and
stabilities of binary (MSA),,-(MA), and ternary (MSA)s,-
(MA),-(NH3),, (n = 1-4) systems were calculated at the level
of B3LYP-D3/6-311+G(2d,2p)//B3LYP-D3/6-31G(d). The most
stable clusters have a cage-like skeleton, which are composed of
the ion pairs formed by proton transfer from the acid to the base
molecule. According to the dissociation energy and dynamic
simulation at 300K, these eight acid-rich clusters possess
considerable thermodynamic and dynamic stabilities. Like in
other acid-base systems, proton transfer plays an important role
on charge transfer and the stability of clusters. Moreover, MA
and NH3, which are both abundant vapor molecules in many
atmospheric locations, have a synergistic effect on NPF under
acid-rich conditions. The excess of MSA molecules can promote
the stability of clusters, and also provide potential sites for HBs
to further connect with other molecules, which is favorable for
particle growth. This work does not only increase the molecular-
level understanding of the MSA-MA-NHj3 particle formation,
but also reveals the importance of acid-rich conditions and
acidic particles.

Considering the decline in sulfur dioxide (precursor of
sulfuric acid in the air) associated with the burning of fossil fuels
(Jefterson et al., 1998; Klimont et al., 2013; Perraud et al., 2015;
Murphy et al,, 2017) and higher gas concentration of MSA in
coastal areas (Berresheim et al., 1993, 2013; Eisele and Tanner,
1993; Jefferson et al., 1998; Berresheim, 2002; Bardouki et al.,
2003), it can be predicted that the aerosol particles produced
by MSA may become more important in the future. Thus,
more experimental and theoretical studies focusing on MSA-
rich conditions should be conducted to estimate the climatic
impact of multi-component MSA aerosol particles. Especially
in the ever-changing and complex atmospheric environment,
the ubiquitous water molecules and various volatile acidic
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