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ABSTRACT

Malonic acid (MOA) is one of the main dicarboxylic acids in
aerosols. Some field observations and experiments have revealed that
malonic acid may be involved in new particle formation (NPF) events.
However, there are few reports on the mechanism of atmospheric cluster
formation involving MOA. In this study, high-precision quantum
chemical calculations and dynamics simulations were used to investigate
the mechanism by which MOA participates in a sulfuric acid (SA) -
dimethylamine (DMA) multicomponent system. The most stable
molecular structures show that MOA can form relatively stable clusters
with the SA-DMA system by hydrogen bonding and proton-transfer
interactions. Compared with the results of the CERN-CLOUD
experiments, the formation rate of the SA-MOA-DMA system is between
those of SA-DMA-W and SA-NH;-W systems at high concentration of
DMA. This means that nucleation of the ternary SA-MOA-DMA system
cannot be ignored in atmospheric aerosol nucleation. It was also found
that temperature was crucial to the formation rate of the SA-MOA-DMA
system. The strong inverse relationship of the formation rate and
temperature indicates that if the temperature decreases the ternary
SA-MOA-DMA system becomes increasingly important in NPF events.
Keyword: Nucleation mechanism; Proton transfer; Evaporation rate;

Atmospheric relevance
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1. Introduction

Atmospheric aerosols have a significant impact on many processes,
influencing the weather, cloud formation, health quality and so on
(Kulmala, 2003; Kulmala et al., 2004; Oberdorster and Utell, 2002;
Saxon and Diaz-Sanchez, 2005; Zhang et al., 2007). New particle
formation contributes to the large amount of atmospheric aerosols. Thus,
the formation and growth mechanisms of NPF are key research topics in
atmospheric chemistry (Temelso et al., 2012; Wang et al., 2010; Yue et
al., 2010; Zhang, 2010). Sulfuric acid has been considered the key species
in atmospheric aerosol formation. Many experimental and theoretical
studies have been carried out to explain the nucleation of sulfuric acid
and water from a molecular point of view (Kirkby et al., 2011;
Kupiainen-Maatta et al., 2013; Loukonen et al., 2010; Yue et al., 2010;
Zhang, 2010; Zhao et al., 2011). However, those studies do not
sufficiently explain nucleation events at low SA concentrations, which
are typically at the ppt level (Kulmala et al., 2004; Zhang et al., 2012).
Therefore, other atmospheric components, including organic acids
(Arquero et al., 2017b; Chen et al., 2017b; Xu et al., 2010; Zhang et al.,
2004; Zhao et al., 2020), amines (Chen et al., 2012; Jen et al., 2014; Miao
et al.,, 2018), aldehydes (Kurtén et al., 2015), and highly oxidized
multifunctional organic molecules (HOMs) (Bianchi et al., 2016; Kirkby

et al.,, 2011; Ortega et al., 2016), have been considered to take part in
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NPF.

Amines involved in NPF have been reported in experimental and
theoretical research. It was found that amines play an important role in
atmospheric conditions. The global emissions of typical amines
approximately 83426 Gg N a™ for methylamine (MA), 33+19 Gg N a™
for dimethylamine (DMA), and 169433 Gg N a* for trimethylamine
(TMA) (Schade and Crutzen, 1995). Jen et al. found that basic gases such
as ammonia and amines stabilize sulfuric acid clusters (Jen et al., 2014,
Xie et al., 2017). The base concentrations play an important role in the
formation of sulfuric acid clusters, suggesting NH;<MA<TMA<DMA in
formation of stabilized sulfuric acid dimers (Chen et al., 2016).
Laboratory studies and observations have found that amines have a
substantial effect on new particle formation, which enhances neutral and
ion-induced sulfuric acid—water nucleation (Kupiainen-Maatta et al., 2013;
Loukonen et al., 2010; Yao et al., 2018; Zhao et al., 2011).

In recent years, increasing number of theoretical studies have
confirmed the role of organic acids in atmospheric aerosol nucleation
(Arquero et al., 2017a; Chen et al., 2017a; Deshmukh et al., 2018; Liu et
al., 2017; Wen et al.,, 2019). The thermochemistry of the nucleation
process is mainly demonstrated by the strong hydrogen bonding between
the organic acids and the atmospheric nucleation precursors (Han et al.,

2018; Hong et al., 2018; Miao et al., 2018; Xu and Zhang, 2012; Zhang et
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al., 2018b). However, the detailed dynamic process and the corresponding
mechanism of new particle formation involving organic acids are still
unclear. In addition, the action mechanisms of organic acids with
different functional groups and properties in NPF are also different
(Zhang et al., 2004). Therefore, the structure, formation rate and
participation mechanism of organic acids in atmospheric clusters need to
be determined. Dicarboxylic acids (Arquero et al., 2017a; Peng et al.,
2015; Xu and Zhang, 2012), which have relatively low vapor pressures,
are expected to participate in nucleation. In particular, malonic acid
(MOA) is an important dicarboxylic acid in the atmosphere. Experimental
and theoretical results show that malonic acid is much stronger than
oxalic acid and succinic acid, and is even stronger than nitric acid in the
gas phase (Ezell et al., 2010). Deshmukh et al. (Deshmukh et al., 2018)
found that oxalic acid was dominant, followed by malonic acid and
succinic acid in Alaskan aerosols. The concentration of malonic acid was
between 1.52 and 35.3 ppt. Hoque et al. (Hoque et al., 2015) also
measured malonic acid in the North Pacific, to have a concentration
between 2.6 and 37.4 ppt. Kawamura et al. (Kawamura et al., 2013)
observed the high abundances of water-soluble dicarboxylic acids in the
mountaintop aerosols over the North China Plain during wheat burning
season. The concentration of malonic acid was between 7.4 and 475 ng

cm®. Fang et al. (Fang et al., 2020) reported the observational evidence
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for the involvement of dicarboxylic acids (diacids) in particle nucleation
at a rural site of the North China Plain in winter. They propose that
diacids could actively participate in particle nucleation and may dominate
the initial steps under high [diacids]/[SA] ratios. The concentrations of
gaseous MOA was estimated to be in the range from 6.0 x 10’ to 3.5 x
10° cm™®. Zhang et al. (Zhang et al., 2018a) reported the potential role of
malonic acid in the formation of atmospheric sulfuric acid - ammonia
clusters. They found that MOA can sufficiently enhance the
intermolecular interaction between SA and NH; at 218 K. Despite the
large amount of MOA, the atmospheric properties of MOA are poorly
understood. In particular, the contribution of MOA to atmospheric
nucleation with DMA is not clear.

In this paper, the role of malonic acid in NPF and the formation
mechanism of malonic acid, sulfuric acid and dimethylamine clusters are
studied by density functional theory combined with the Atmospheric
Clusters Dynamic Code. The structures and thermodynamics of the
(SA)(MOA)(DMA), (0<x,y,z<3) clusters are calculated. The formation
rate of the SA-MOA-DMA system is calculated by the ACDC simulation,
and the influence of temperature on the formation rate is also analyzed.

2. Methods
To obtain the most reliable structure for the (SA)(MOA),(DMA),

(0<x,y,z<3) system, we follow a three-step procedure. First, the initial

6



111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

geometries were obtained using the Basin-Hopping (BH) algorithm
(Huang et al., 2010; Wales and Doye, 1997; Yoon et al., 2007) coupled
with semiempirical PM7 (Hostas et al., 2013) implemented in
MOPAC2016 (Wales and Doye, 1997). This method has been used to
effectively search molecular clusters (Liu et al., 2014; Lv et al., 2015;
Wang et al., 2019; Xu et al., 2020). In this method, a new configuration
was generated by the random displacement of the molecules in the
clusters with different Boltzmann temperatures (ranging from 3000 to
6000 K) for funnel sampling. For each cluster size, 4000 sample
structures were generated by 5 separate BH searches at the Boltzmann
temperature. Then, the sample structures were optimized to the local
minimum by the PM7 method. Next, 40 low-energy geometries were
selected for optimization. The initial geometries were optimized with the
PW91PW91/6-311+G level of theory. Then, the stable isomers within 10
kcal mol™ of the lowest binding energy were optimized at the
PW91PW91/6-311++G(2d,2p) level. For each stationary point, frequency
calculations were executed to ensure that there were no imaginary
frequencies. Geometry and frequency calculations were performed using
the Gaussian 09 program (Frisch et al., 2016). Based on the optimized
geometries, the single-point energies were calculated at the
RI-MP2/cc-pVTZ level of theory using the Orca 4.0 (Charlson et al.,

2001; Peterson et al.,, 2008; Yousaf and Peterson, 2008) suite of
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The PW91PW91 method has been used to describe the binding
energies of molecular clusters with both acid-acid and acid-base
interactions. In order to make sure the results are consistent, another four
methods (B3LYP, M02-2X, ®B97XD and MP2) are performed for the
smallest clusters. The results are list in Table S1. It is obviously that the
results of PW91PW9L1 is close to that of MP2. For the (SA);(DMA),
cluster, the Gibbs free energy change is -11.80 kcal mol™, which is close
to -11.38 kcal mol™ reported by Nadykto et al. (Nadykto et al., 2011). The
Gibbs free energy change is -7.42 kcal mol™ for the (SA)(MOA); cluster,
which is close to -7.24 kcal mol™ reported by Zhang et al. (Zhang et al.,
2018a).

The Atmospheric Cluster Dynamics Code (ACDC) simulation
(McGrath et al., 2012) was used to investigate nucleation and the

corresponding mechanism. The birth-death equations can be written as:

dc, 1 1
E ZEZﬂj,(i—j)CjC(i—j) +Zy(i+j)eici+j _Zﬂi,jcicj _EZ%ﬁjCi +Q =S
j<i i i 1< (1)

where ¢, is the concentration of cluster i, g, is the collision
coefficient of clusters i with j, and y,,,, is the evaporation
coefficient of cluster i+ j evaporating into clusters i and j. Q is the

possible additional source of cluster i, and s;is the sink term of cluster
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Hard sphere collisions were used to calculate the collision
coefficients, and the evaporation coefficient was calculated as the Gibbs

free energy of the cluster formation.

cc;’ 4G, - 4G, - 4G,
Yitp>i = lgu e = lBierefeXp
' (2)

C k,T

i+

where g is the collision coefficient between clusters i and j, c is

the equilibrium concentration of cluster i, AG is the Gibbs free energy

for the formation of cluster i, and c_ Is the monomer concentration of

ref

the reference vapor corresponding to a pressure of 1 atm at which the
Gibbs free energies were determined.

3. Results and discussion

3.1 Cluster structures and proton transfer parameters

In the calculation, there were a total of 58 clusters in the
(SA)(MOA)((DMA), (0=x.,y,z<3) system. All of the Cartesian
coordinates of the most stable structures are list in the supplementary
data.

The global minima for the binary clusters (MOA)(DMA),,
(SA)(MOA), and (SA)(DMA), (1 <x, y < 3) are displayed in Fig. 1. For
the (MOA),(DMA); cluster, no proton transfer occurs, and an N---H-O
hydrogen bond with a distance of 1.554 A is formed to stabilize the
cluster. When MOA and DMA are added to the dimer form

(MOA),(DMA), and (MOA)3(DMA); clusters, proton transfer occurs in

9
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the two clusters; thus, [H3C30,] [HCHsNCHs]" ion pairs are formed. For
the SA-MOA complex, the intermolecular interactions between SA and
MOA molecules occur via hydrogen bonding. Moreover, proton transfer
occurs in all of the SA-DMA complexes. The hydroxyl of SA transfers to

the nitrogen of DMA, forming an [HSO4] [HCHs;NCHs]" ion pairs.

"I\r‘L‘KV"{,,("“‘} ............. ‘1

(MOA)(DMA): S A)l(MO A)r (SA)(DMA)
&1. 777 ‘I ]
1 571 b __.
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1.4 053 g 11 038 1 77 * @ [ 1 757
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i 1571 1679
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#1682

(MOA)((DMA)s (SAHMOAY (SAMDMAR
Fig. 1. The most stable structures of the binary (MOA)(DMA),,
(SA)(MOA), and (SA)(DMA), (1 <x, y < 3) clusters calculated at the
PW91PW91/6-311++G (2d, 2p) level.
Fig. 2 shows the geometries of the global minima for the
(SA)x(MOA),(DMA), (1 < z < x+y <3) clusters. MOA molecules can
form relatively stable clusters with the SA-DMA system by hydrogen

bonding and proton-transfer interactions. For all of the stable
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conformations of the clusters, the structure gradually changes from a
cyclic ring structure to cage structures as the number of molecules
increases. SA and MOA molecules can transfer a hydroxyl group to the
nitrogen of DMA, forming [HSO4] [HCH3sNCH;]* and
[H3C304,] [HCH3NCHs]™ ion pairs. Thus, the MOA molecule can be

similar to the SA molecule in providing protons to DMA.

. D130 L(me \é’,‘ K\ d -
S, Wb & %

(SA)R(MOA)I(DMA): (SA)(MOA)1(DMA )2 (SA)(MOA)(DMA) (SA)(MOA)I(DMA)

5 d 4 -
i A g )\ 178 )
155 e o /’ ' D 1579, Y L0479 &
1.660 é toss O (e R @ 14817 4055

., & . @ Pt i ) 1086
1554 st Gl QLo 1 \ h’.}? il 34 e ! 1734
- .Q"" ‘ > € o~ @ h 2 oo -~ & “Yhad ¢ .
9 e T 108 ‘q\ 1m0 g e @ o 120 ,M,‘ é ¢ 1,690 . o
» oo IpuT07 1 9
1.562 2 B b
62 “lass

1050 1684
1742

‘. ;"f = . po d . 1.592
o ? ) = kﬁ;\' = -MR 3133 1074
-0 e . D
& s
(SA)(MOA)2(DMA): (SA):(MOA)(DMA): (SA)(MOA)2(DMA)3 (SA):(MOA)(DMA)3

Fig. 2. The most stable structures of (SA)(MOA),(DMA), (1 <z < xt+y
<3) clusters calculated at the PW91PW91/6-311++G (2d, 2p) level.
Proton transfer is very important for stabilizing clusters. The proton
transfer parameter p,, is used to discuss the degree of proton transfer in
the hydrogen bond (Hunt et al., 2003; Kurnig and Scheiner, 1987). In
addition, based on the distance between atoms, the degree of ionization is
evaluated. Hydrogen bond shortening and covalent hydrogen bond
prolongation of the acid are used to measure the degree of proton transfer.

The formula is as follows:

11
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where r,, and r, are the O-H distance in MOA or SA and the O-H
distance in the free monomer, respectively, and r, , and rS , are the
hydrogen bond distances in the MOA-DMA or SA-DMA clusters and the
H-N distances in the fully protonated DMA, respectively. For a hydrogen
bonded cluster, the first term is approximately zero, and p,, is negative.
For a cluster with protons completely transferred to dimethylamine, the
second term is zero and p,, is positive. The value of p,, is close to
zero, which means that the proton sharing between the acid and base is
equal.

Table 1 The proton-transfer parameter (p,., A) and the total number of
proton transfers (n) for the (SA)(MOA),(DMA), (1 < z < xt+y <3)

clusters. The proton donor and acceptor are also list.

Proton n
Clusters donor
(SA)1(MOA);(DMA), 1.594 1.070 0.577 SA 1
(SA)1(MOA):(DMA), 1.685 1.056 0.682 SA 2
1.565 1.089 0.528 MOA
(SA)1(MOA)(DMA), 1.660 1.058 0.655 SA 1
(SA)1(MOA),(DMA), 1.684 1.058 0.679 SA 2
1.554 1.090 0.516 MOA
(SA)1(MOA)(DMA); 1.646 1.063 0.636 SA 3
1.589 1.085 0.556 MOA
1.537 1.094 0.495 MOA
(SA)(MOA);(DMA), 1.668 1.062 0.658 SA 1
(SA),(MOA):(DMA), 1.673 1.058 0.667 SA 2
1.707 1.057 0.702 MOA
(SA)2(MOA);(DMA); 1.723 1.053 0.723 SA 3
1.690 1.053 0.690 SA
1.675 1.064 0.663 MOA

Fon M\ Prr
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Table 1 shows the wvalue of p,, for the ternary
(SA)«(MOA)y(DMA); (1 < z < x+y <3) clusters. All of the values are
positive, indicating that proton transfer has occurred in all of the clusters.
The number of proton transfers depends on the number of base molecules
in the cluster. SA is the preferential proton donor molecule in proton
transfer. When the number of DMA molecules is larger than the number
of the SA molecules in the cluster, are available, the excess DMA
molecules can accept the proton from the MOA molecules. Thus, the
MOA molecule can act similarly to the SA molecule in providing protons
to DMA.

3.2 Thermodynamic data

To effectively evaluate the possibility of formation for the cluster,
the formation Gibbs free energies (AG) at 298, 278, 268 K are listed in
Table S1 in the supplementary material. In addition, the cluster formation
Gibbs free energy values at 278 K are shown in Fig. 3, where A refers to
SA, m is the number of SA molecules, B refers to DMA and n is the
number of DMA molecules. The different colors represent the number of
MOA molecules. It can be seen that with the same number of DMA

molecules, an increase in MOA molecules causes the AG to decrease.
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Fig. 3. Formation free energies (AG, kcal mol™) of the A,,B, clusters (A =
SA, B = DMA, 0=<:x, y=3) with the number of MOA molecules set from
zero to three at 278 K at the PW91PW91/6-311++G (2d, 2p) level of
theory.

At low sulfuric acid concentrations, there are more base molecules
than sulfuric acid molecules in the actual atmosphere, and a large number
of (SA),(DMA), (1<n<m) clusters can be formed. However, these
clusters are too unstable to grow into larger clusters. To promote the
stability of the clusters, more acidic molecules are required to provide
protons. In Fig. 3, it can be seen that with the addition of one to three

MOA molecules to the A1B2, A1B3, and A2B3 clusters, the cluster

14
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formation Gibbs free energies decrease rapidly. This is because the MOA

molecules can provide protons for the excess DMA molecules and form

hydrogen bonds with the SA molecules. Thus, additional MOA molecules

can saturate the interaction sites of the (SA),(DMA),, (1<n<m) clusters

and promote the stability of the clusters.

3.3 Evaporation rates
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Fig. 4. The total evaporation rates for the (SA)x(MOA),(DMA), (0 <x, vy,

z< 3) clusters with different SA numbers on the MOA-DMA grid at 278

In the atmosphere, it is not enough to consider only the free energy

of cluster formation (AG) to evaluate whether the clusters can grow into

larger stable clusters. In some cases, the collision and evaporation rates



261 can be used to infer the stability of clusters. These rates mainly depends
262 on the collision rate constant and the concentration of the acid-base
263 molecules. The total evaporation rates for the (SA)(MOA),(DMA), (1 <
264 X, Yy, z< 3) clusters with different SA numbers on the MOA-DMA grid at
265 278 K are shown in Fig. 4. The evaporation rate for most clusters without
266 the SA molecule is larger than that for the other three cases containing the
267 SA molecule. This indicates that the SA molecule can enhance the
268 nucleation ability of the MOA-DMA complex. It is also obvious that the
269  clusters with the same number of acid and base molecules have low

270  evaporation rates.
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272 Fig. 5. The total evaporation rates for the (SA).(DMA),,

273 (SA)1(DMA); and (SA),(DMA); clusters with different MOA numbers at
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278 K at the PW91PW91/6-311++G (2d, 2p) level.

When the number of base molecules is larger than the number of
acid molecules, the evaporation rates increase significantly. The main
evaporation pathway is evaporates the DMA molecule from the cluster.
Therefore, (SA),(DMA),, (1<n<m) clusters cannot exist and grow in an
actual atmosphere with low a sulfuric acid concentration. Thus, more acid
molecules are required to stabilize these clusters. As shown in Fig. 5,
when MOA molecules are added to the (SA).(DMA),, (SA).(DMA); and
(SA),(DMA); clusters, the evaporation rates decrease rapidly. For the
(SA):;(DMA); cluster, the evaporation rate is 1.86x10° s. With the
addition two MOA molecules, the evaporation rate of the
(SA):(MOA),(DMA); cluster is 4.11x10" s™*. Moreover, the evaporation
rates of the (SA),(DMA); and (SA),(MOA),(DMA); clusters are
6.55x10° and 2.94 s™, respectively. Thus, the MOA molecule can
stabilize the SA-DMA cluster when there are more DMA molecules than
SA molecules.

3.4 Atmospheric Cluster Dynamics Simulation

The formation rate of clusters is an important parameter of NPF. The
ACDC simulation is carried out under a range of atmospheric precursor
concentrations to calculate the formation rate (J) of the SA-MOA-DMA

system. The simulation system is a "3x3x3 box", where 3 is the
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maximum number of acid or amine molecules in the cluster. The
maximum cluster size is approximately 1.1 nm. In the ACDC simulations,
some clusters stable enough will grow out of the studied system. These
clusters can be taken into account to contribute to the clusters’ formation
rate. The simplest way to check if the "box size" is sufficiently large is to
compare the ratio of the collision and evaporation rates of the clusters at
the boundary of the "box" included in the simulation (Besel et al., 2020).
If this ratio is >> 1 for at least some of the clusters, then the 3 x 3 x 3 box
size is sufficiently large. Table S3 list the ratio of the collision and
evaporation rates of the clusters at the boundary of the "box". The
condensation sink coefficient is set to a constant value of 1.5x10° s, and
variations between 1.0° s* and 5 x 10 s™ are unlikely to affect the main

conclusions.
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Fig. 6. Formation rates of the SA-MOA-DMA system vs the
concentration of SA and comparison with SA-W, SA-NHs;-W and
SA-DMA-W in the CERN-CLOUD experiments at 278 K. The CLOUD
data is measured with [DMA]=5 — 140 ppt and [NH3]=2 — 250 ppt. The
curve 1 is the theoretical expectations of SA-DMA complex with
[DMA]=50 ppt. The yellow bands corresponds to the formation rates of
SA-DMA with the concentration of DMA range from 5 to 140 ppt. The
blue bands corresponds to the formation rates of SA-MOA-DMA with
[MOA]=10 and [DMA]=5 ppt to [MOA]=30 and [DMA]=140 ppt. The
curve 2, 3, 4 corresponds to the formation rates of SA-MOA-DMA with
different concentration of MOA and DMA.

Fig. 6 shows the formation rate as a function of the SA concentration
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at 278 K. The measured formation rates of SA-W, SA-NH;-W and
SA-DMA-W in the CERN-CLOUD experiments (Almeida et al., 2013)
are also show in Fig. 6. The CLOUD data is measured with [DMA] =5 —
140 ppt and [NH3] = 2 — 250 ppt. For the SA-DMA system, the
simulation system is a "5x%5 box", where 5 is the maximum number of
acid or amine molecules in the cluster. The curve 1 is the theoretical
expectations of SA-DMA system with [DMA] = 50 ppt. The yellow
bands corresponds to the formation rates of SA-DMA with the
concentration of DMA range from 5 to 140 ppt. The results of theoretical
simulation are in agreement with the experimental results. The blue bands
corresponds to the formation rates of SA-MOA-DMA with [MOA] = 5
and [DMA]=5 ppt to [MOA]=30 and [DMA] = 140 ppt. The curve 2, 3, 4
corresponds to the formation rates of SA-MOA-DMA with different
concentration of MOA and DMA. It is obvious that the formation rate of
SA-MOA-DMA is lower than that observed in the SA-NH;-W
experiments at low concentration of MOA and DMA. At high
concentration of DMA, the formation rate of the SA-MOA-DMA system
IS between those of SA-DMA-W and SA-NH;-W systems. In addition,
the linear slope of nucleation rate of the SA-MOA-DMA system is lower
than that of the SA-DMA system. Compared with the formation rate of
CERN-CLOUD experiments which correspond to a cluster size of 1.7 nm,

the formation rate for the smaller size may be overestimated.
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Fig. 7. Formation rates of the SA-MOA-DMA system vs the
concentration of SA at temperatures of 288, 283, 278, 273 and 268 K.
Temperature is crucial to new particle formation in the atmosphere
(Dunne et al., 2016). Many experimental (Chen et al.,, 2017a) and
theoretical (Lu et al., 2020; Zhang et al., 2018a) results show that low
temperature is a key factor for fast cluster formation. This is because the
Gibbs free energy of the formation of clusters becomes more negative
when the temperature decreases. Therefore, it becomes difficult to
evaporate the monomer or cluster from the system, leading to an increase
in the formation rate of larger clusters. Thus, the effect of temperature

(when T is 288, 283, 278, 273 and 268 K) on the formation rate of the
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SA-MOA-DMA system was studied. The results are shown in Fig. 7.
Notably, as the temperature decreases, the formation rate of the
SA-MOA-DMA system increases significantly. Specifically, when the
concentration of SA ranges from 10° to 10° molecules cm™, the formation
rate varies between 107 and 10° cm® s™ at 288 K, and varies between 10°
and 10° cm™ s at 268 K. Therefore, the formation rate at 268 K is 10° to
107 times higher than that at 288 K. The strong inverse relationship of the
formation rate and temperature indicates that if the temperature decreases,
for example, in the winter, the ternary SA-MOA-DMA system becomes
increasing important in NPF events.

In summary, the SA-MOA-DMA system can take part in new
particle formation. The formation rate of SA-MOA-DMA is between that
of SA-DMA-W and SA-NHs-W at 278 K at high concentration of DMA.
As the temperature decreases, the formation rate of SA-MOA-DMA
noticeably increases. This indicates that the SA-MOA-DMA system may
play an important role in NPF events in the winter.

4. Conclusions

In this paper, the mechanism by which MOA participate in the
formation of an atmospheric SA-DMA system was investigated. The
low-lying structures and thermodynamics were optimized at the
PW91PW91/6-311++G(2d,2p) level. The single-point energies were

calculated at the RI-MP2/cc-pVTZ level of theory. In all of the stable
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conformations of the ternary SA-MOA-DMA clusters, the SA, DMA and
MOA molecules form cyclic ring structures through hydrogen bonding.
Proton transfer occurs in all of the ternary SA-MOA-DMA clusters. The
MOA molecule is similar to the SA molecule in providing protons to
DMA.

The ACDC simulation indicates that MOA can participate in the
formation of the atmospheric SA-DMA system. The formation rate of
SA-MOA-DMA is between that of SA-DMA-W and SA-NH;-W at 278
K at high concentration of DMA. In addition, the influence of
temperature on the formation rate was analyzed. As the temperature
decreases, the formation rates increase, which corresponds to the
phenomenon that haze in winter is more serious than in summer. This
indicates that the SA-MOA-DMA system may play an important role in
NPF events in the winter.

This work provides a readily available method for understanding the
mechanism by which MOAs participant in the formation of atmospheric
SA-DMA systems. To study the possible reactions under atmospheric
conditions, further field observations, theoretical calculations and

experimental research are needed.

CRediT authorship contribution statement

Zhong-Quan Wang: Conceptualization, Methodology, Data curation,

23



399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

Writing - original draft, Writing - review & editing. Yi-Rong Liu:
Methodology, Validation, Formal analysis, Writing - review & editing.
Chun-Yu Wang: Formal analysis, Data curation. Shuai Jiang: Software,
Investigation, Visualization. Ya-Juan Feng: Visualization. Teng Huang:
Resources. Wei Huang: Methodology, Software, Supervision, Project

administration, Funding acquisition.

Acknowledgments

This work was supported by the National Key Research and
Development Program (Grant No. 2016YFC0202203), the National
Natural Science Foundation of China (Grant Nos. 41775122, 41605099,
41705097, 41705111, 41877305 and 41527808), the National Science
Fund for Distinguished Young Scholars (Grant No. 41725019), the Key
Research Program of Frontier Science, CAS (Grant No.
QYZDB-SSW-DQCO031), the National Research Program for Key Issues
in Air Pollution Control (DQGG0103) and the Fundamental Research

Funds for the Central Universities (Grant No. WK2100000008).

Appendix A. Supplementary data
Supplementary data to this article can be found online at

https://doi.org/10.1016/j.atmosenv.XXXX. XXXXXX.

24



421

422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463

References

Almeida, J., Schobesberger, S., Kuerten, A., Ortega, I.K., et al., 2013. Molecular
understanding of sulphuric acid-amine particle nucleation in the atmosphere.
Nature 502, 359-363.

Arquero, K.D., Gerber, R.B., Finlayson-Pitts, B.J., 2017. The Role of Oxalic Acid in
New Particle Formation from Methanesulfonic Acid, Methylamine, and Water.
Environ. Sci. Technol. 51, 2124-2130.

Arquero, K.D., Xu, J., Gerber, R.B., Finlayson-Pitts, B.J., 2017. Particle formation
and growth from oxalic acid, methanesulfonic acid, trimethylamine and water: a
combined experimental and theoretical study. Phys. Chem. Chem. Phys. 19,
28286-28301.

Bianchi, F., Trostl, J., Junninen, H., Frege, C., Henne, S., Hoyle, et al., 2016. New
particle formation in the free troposphere: A question of chemistry and timing.
Science 352, 1109.

Charlson, R.J., Seinfeld, J.H., Nenes, A., Kulmala, M., Laaksonen, A., Facchini, M.C.,
2001. Reshaping the Theory of Cloud Formation. Science 292, 2025.

Chen, H., Finlayson-Pitts, B.J.J.E.s., technology, 2017. New particle formation from
methanesulfonic acid and amines/ammonia as a function of temperature. Environ.
Sci. Technol. 51, 243-252.

Chen, H., Varner, M.E., Gerber, R.B., Finlayson-Pitts, B.J., 2016. Reactions of
Methanesulfonic Acid with Amines and Ammonia as a Source of New Particles
in Air. J. Phys. Chem. B 120, 1526-1536.

Chen, J., Jiang, S., Liu, Y.-R., Huang, T., Wang, C.-Y., Miao, S.-K., Wang, Z.-Q.,
Zhang, Y., Huang, W., 2017. Interaction of oxalic acid with dimethylamine and
its atmospheric implications. RSC Adv. 7, 6374-6388.

Chen, M., Titcombe, M., Jiang, J., Jen, C., Kuang, C., Fischer, M.L., Eisele, F.L.,
Siepmann, J.l., Hanson, D.R., Zhao, J., McMurry, P.H., 2012. Acid-base
chemical reaction model for nucleation rates in the polluted atmospheric
boundary layer. Proc. Natl. Acad. Sci. U. S. A. 109, 18713-18718.

Deshmukh, D.K., Mozammel Haque, M., Kawamura, K., Kim, Y., 2018. Dicarboxylic
acids, oxocarboxylic acids and a-dicarbonyls in fine aerosols over central Alaska:
Implications for sources and atmospheric processes. Atmos. Res. 202, 128-139.

Dunne, E.M., Gordon, H., Kirten, A., Almeida, J., Duplissy, J., Williamson, C.,
Ortega, I.K., Pringle, K.J., Adamov, A., Baltensperger, U.J.S., 2016. Global
atmospheric particle formation from CERN CLOUD measurements. Science 354,
1119-1124.

Ezell, M.J., Johnson, S.N., Yu, Y., Perraud, V., Bruns, E.A., Alexander, M.L.,
Zelenyuk, A., Dabdub, D., Finlayson-Pitts, B.J., 2010. A New Aerosol Flow
System for Photochemical and Thermal Studies of Tropospheric Aerosols.
Aerosol Sci. Tech. 44, 329-338.

Fang, X.; Hu, M., Shang, D., Tang, R., Shi, L., Olenius, T., Wang, Y., Wang, H.,
Zhang, Z., Chen, S., et al., 2020, Observational Evidence for the Involvement of
Dicarboxylic Acids in Particle Nucleation. Environ. Sci. Tech. Let. 7, 388-394.

25



464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507

Frisch, M.J., Trucks, G.W., Schlegel, H.B., Scuseria, G.E., Robb, M.A., Cheeseman,
J.R., Scalmani, G., Barone, et al, 2013. Gaussian 09 Rev. D.01, Gaussian. Inc.,
Wallingford, CT.

Han, Y.-J., Feng, Y.-J., Miao, S.-K., Jiang, S., Liu, Y.-R., Wang, C.-Y., Chen, J., Wang,
Z-Q., Huang, T, Li, J, Huang, W, 2018. Hydration of
3-hydroxy-4,4-dimethylglutaric acid with dimethylamine complex and its
atmospheric implications. Phys. Chem. Chem. Phys. 20, 25780-25791.

Hong, Y., Liu, Y.-R., Wen, H., Miao, S.-K., Huang, T., Peng, X.-Q., Jiang, S., Feng,
Y.-J., Huang, W., 2018. Interaction of oxalic acid with methylamine and its
atmospheric implications. RSC Adv. 8, 7225-7234.

Hoque, M., Kawamura, K., Seki, O., Hoshi, N., 2015. Spatial distributions of
dicarboxylic acids, m-oxoacids, pyruvic acid and a-dicarbonyls in the remote
marine aerosols over the North Pacific. Mar. Chem. 172, 1-11.

Hostas, J., Rezag, J., Hobza, P., 2013. On the performance of the semiempirical
quantum mechanical PM6 and PM7 methods for noncovalent interactions. Chem.
Phys. Lett. 568-569, 161-166.

Huang, W., Pal, R., Wang, L.-M., Zeng, X.C., Wang, L.-S., 2010. Isomer
identification and resolution in small gold clusters. J. Chem. Phys. 132, 114306.

Hunt, S.W., Higgins, K.J., Craddock, M.B., Brauer, C.S., Leopold, K.R., 2003.
Influence of a Polar Near-Neighbor on Incipient Proton Transfer in a Strongly
Hydrogen Bonded Complex. J. Am. Chem. Soc. 125, 13850-13860.

Jen, C.N., McMurry, P.H., Hanson, D.R., 2014. Stabilization of sulfuric acid dimers
by ammonia, methylamine, dimethylamine, and trimethylamine. J. Geophys.
Res.: Atmos. 119, 7502-7514.

Kawamura, K., Tachibana, E., Okuzawa, K., Aggarwal, S.G., Kanaya, Y., Wang, Z.F.,
2013. High abundances of water-soluble dicarboxylic acids, ketocarboxylic acids
and -dicarbonyls in the mountain aerosols over the north China plain during
wheat burning season. Atmos. Chem. Phys. 13, 8285e8302.

Kirkby, J., Curtius, J., Almeida, J., Dunne, E., Duplissy, et al., 2011. Role of sulphuric
acid, ammonia and galactic cosmic rays in atmospheric aerosol nucleation.
Nature 476, 429-433.

Kulmala, M., 2003. How particles nucleate and grow. Science 302, 1000-1001.

Kulmala, M., Vehkamaki, H., Petaja, T., Dal Maso, M., Lauri, A., Kerminen, V.M.,
Birmili, W., McMurry, P.H., 2004. Formation and growth rates of ultrafine
atmospheric particles: a review of observations. J. Aerosol. Sci. 35, 143-176.

Kupiainen-Matta, O., Olenius, T., Kurtén, T., Vehkaméki, H., 2013. CIMS Sulfuric
Acid Detection Efficiency Enhanced by Amines Due to Higher Dipole Moments:
A Computational Study. J. Phys. Chem. A 117, 14109-141109.

Kurnig, 1.J., Scheiner, S., 1987. Ab Initio investigation of the structure of hydrogen
halide-amine complexes in the gas phase and in a polarizable medium. Int. J.
Quantum Chem. 32, 47-56.

Kurtén, T., Elm, J., Prisle, N.L., Mikkelsen, K.V., Kampf, C.J., Waxman, E.M.,
\Volkamer, R., 2015. Computational Study of the Effect of Glyoxal-Sulfate
Clustering on the Henry’s Law Coefficient of Glyoxal. J. Phys. Chem. A 119,

26



508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551

4509-4514.

Liu, L., Zhang, X., Li, Z., Zhang, Y., Ge, M., 2017. Gas-phase hydration of glyoxylic
acid: Kinetics and atmospheric implications. Chemosphere 186, 430-437.

Liu, Y.-R., Wen, H., Huang, T., Lin, X.-X,, Gai, Y.-B., Hu, C.-J., Zhang, W.-J., Huang,
W., 2014. Structural Exploration of Water, Nitrate/Water, and Oxalate/Water
Clusters with Basin-Hopping Method Using a Compressed Sampling Technique.
J. Phys. Chem. A 118, 508-516.

Loukonen, V., Kurtén, T., Ortega, I.K., Vehkamaki, H., Padua, A.A.H., Sellegri, K.,
Kulmala, M., 2010. Enhancing effect of dimethylamine in sulfuric acid
nucleation in the presence of water — a computational study. Atmos. Chem. Phys.
10, 4961-4974.

Lu, Y., Liu, L., Ning, A., Yang, G., Liu, Y., Kurtén, T., Vehkaméki, H., Zhang, X.,
Wang, L., 2020. Atmospheric Sulfuric Acid-Dimethylamine Nucleation
Enhanced by Trifluoroacetic Acid. Geophys. Res. Lett. 47, e2019GL085627.

Lv, S.-S., Miao, S.-K., Ma, Y., Zhang, M.-M., Wen, Y., Wang, C.-Y., Zhu, Y.-P., Huang,
W., 2015. Properties and Atmospheric Implication of Methylamine—Sulfuric
Acid-Water Clusters. J. Phys. Chem. A 119, 8657-8666.

McGrath, M.J., Olenius, T., Ortega, I.K., Loukonen, V., Paasonen, P., Kurtén, T.,
Kulmala, M., Vehkaméki, H., 2012. Atmospheric Cluster Dynamics Code: a
flexible method for solution of the birth-death equations. Atmos. Chem. Phys. 12,
2345-2355.

Miao, S.-K., Jiang, S., Peng, X.-Q., Liu, Y.-R., Feng, Y.-J., Wang, Y.-B., Zhao, F,,
Huang, T., Huang, W., 2018. Hydration of the methanesulfonate—ammonia/amine
complex and its atmospheric implications. RSC Adv. 8, 3250-3263.

Nadykto, B.A., Yu, F., Jakovleva, V.M., Herb, J., Xu, Y., 2011. Amines in the Earth’s
Atmosphere: A Density Functional Theory Study of the Thermochemistry of
Pre-Nucleation Clusters. Entropy 13, 554-5609.

Oberdorster, G., Utell, M.J., 2002. Ultrafine particles in the urban air: to the
respiratory tract--and beyond? Environ. Health. Perspect. 110, A440-A441.

Ortega, I.K., Donahue, N.M., Kurtén, T., Kulmala, M., Focsa, C., Vehkamaki, H.,
2016. Can Highly Oxidized Organics Contribute to Atmospheric New Particle
Formation? J. Phys. Chem. A 120, 1452-1458.

Peng, X.-Q., Liu, Y.-R., Huang, T., Jiang, S., Huang, W., 2015. Interaction of gas
phase oxalic acid with ammonia and its atmospheric implications. Phys. Chem.
Chem. Phys. 17, 9552-9563.

Peterson, K.A., Adler, T.B., Werner, H.-J., 2008. Systematically convergent basis sets
for explicitly correlated wavefunctions: The atoms H, He, B—Ne, and Al-Ar. The
J. Chem. Phys. 128, 084102.

Saxon, A., Diaz-Sanchez, D., 2005. Air pollution and allergy: you are what you
breathe. Nat. Immunol. 6, 223-226.

Schade, G.W., Crutzen, PJ., 1995. Emission of aliphatic amines from animal
husbandry and their reactions: Potential source of N20O and HCN. J. Atmos.
Chem. 22, 319-346.

Temelso, B., Phan, T.N., Shields, G.C., 2012. Computational Study of the Hydration

27



552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595

of Sulfuric Acid Dimers: Implications for Acid Dissociation and Aerosol
Formation. J. Phys. Chem. A 116, 9745-9758.

Vitus Besel, Jakub Kubecka, Theo Kurtén, Hanna Vehkaméki, 2020, Impact of
Quantum Chemistry Parameter Choices and Cluster Distribution Model Settings
on Modeled Atmospheric Particle Formation Rates. J. Phys. Chem. A 124,
5931-5943.

Wales, D.J., Doye, J.P.K., 1997. Global Optimization by Basin-Hopping and the
Lowest Energy Structures of Lennard-Jones Clusters Containing up to 110
Atoms. J. Phys. Chem. A 101, 5111-5116.

Wang, C.-Y., Jiang, S., Wang, Z.-Q., Liu, Y.-R., Wen, H., Huang, T., Han, Y.-J., Huang,
W., 2019. Can formaldehyde contribute to atmospheric new particle formation
from sulfuric acid and water? Atmos. Environ. 201, 323-333.

Wang, L., Khalizov, A.F.,, Zheng, J., Xu, W., Ma, Y., Lal, V., Zhang, R., 2010.
Atmospheric nanoparticles formed from heterogeneous reactions of organics. Nat.
Geosci. 3, 238-242.

Wen, H., Wang, C.-Y., Wang, Z.-Q., Hou, X.-F., Han, Y.-J., Liu, Y.-R., Jiang, S.,
Huang, T., Huang, W., 2019. Formation of atmospheric molecular clusters
consisting of methanesulfonic acid and sulfuric acid: Insights from flow tube
experiments and cluster dynamics simulations. Atmos. Environ. 199, 380-390.

Xie, H.-B., EIm, J., Halonen, R., Myllys, N., Kurtén, T., Kulmala, M., Vehkaméki, H.,
2017. Atmospheric Fate of Monoethanolamine: Enhancing New Particle
Formation of Sulfuric Acid as an Important Removal Process. Environ. Sci.
Technol. 51, 8422-8431.

Xu, C.-X., Jiang, S., Liu, Y.-R., Feng, Y.-J., Wang, Z.-H., Huang, T., Zhao, Y., Li, J.,
Huang, W., 2020. Formation of atmospheric molecular clusters of
methanesulfonic acid-Diethylamine complex and its atmospheric significance.
Atmos. Environ. 226, 117404.

Xu, W., Zhang, R., 2012. Theoretical Investigation of Interaction of Dicarboxylic
Acids with Common Aerosol Nucleation Precursors. J. Phys. Chem. A 116,
4539-4550.

Xu, Y., Nadykto, A.B., Yu, F.,, Herb, J., Wang, W., 2010. Interaction between Common
Organic Acids and Trace Nucleation Species in the Earth’s Atmosphere. J. Phys.
Chem. A 114, 387-396.

Yao, L., Garmash, O., Bianchi, F., Zheng, J., Yan, et al., 2018. Atmospheric new
particle formation from sulfuric acid and amines in a Chinese megacity. Science
361, 278.

Yoon, J.-W., Park, J.-H., Shur, C.-C., Jung, S.-B., 2007. Characteristic evaluation of
electroless nickel-phosphorus deposits with different phosphorus contents.
Microelectron. Eng. 84, 2552-2557.

Yousaf, K.E., Peterson, K.A., 2008. Optimized auxiliary basis sets for explicitly
correlated methods. J. Chem. Phys. 129, 184108.

Yue, D.L., Hu, M., Zhang, R.Y., Wang, Z.B., Zheng, J., Wu, Z.J., Wiedensohler, A.,
He, L.Y., Huang, X.F., Zhu, T., 2010. The roles of sulfuric acid in new particle
formation and growth in the mega-city of Beijing. Atmos. Chem. Phys. 10,

28



596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624

4953-4960.

Zhang, H., Li, H., Liu, L., Zhang, Y., Zhang, X., Li, Z.J.C., 2018. The potential role of
malonic acid in the atmospheric sulfuric acid-ammonia clusters formation.
Chemosphere 203, 26-33.

Zhang, H., Wang, W.,, Pi, S., Liu, L., Li, H., Chen, Y., Zhang, Y., Zhang, X., Li, Z.,
2018. Gas phase transformation from organic acid to organic sulfuric anhydride:
Possibility and atmospheric fate in the initial new particle formation.
Chemosphere 212, 504-512.

Zhang, R., 2010. Getting to the Critical Nucleus of Aerosol Formation. Science 328,
1366.

Zhang, R., Li, G., Fan, J.,, Wu, D.L., Molina, M.J., 2007. Intensification of Pacific
storm track linked to Asian pollution. Proc. Natl. Acad. Sci. U. S. A. 104, 5295.

Zhang, R., Suh, 1., Zhao, J., Zhang, D., Fortner, E.C., Tie, X., Molina, L.T., Molina,
M.J., 2004. Atmospheric New Particle Formation Enhanced by Organic Acids.
Science 304, 1487.

Zhang, R.Y., Khalizov, A., Wang, L., Hu, M., Xu, W., 2012. Nucleation and Growth of
Nanoparticles in the Atmosphere. Chem. Rev. 112, 1957-2011.

Zhao, J., Smith, J.N., Eisele, FL., Chen, M., Kuang, C., McMurry, P.H., 2011.
Observation of neutral sulfuric acid-amine containing clusters in laboratory and
ambient measurements. Atmos. Chem. Phys. 11, 10823-10836.

Zhao, Y., Liu, Y.-R., Jiang, S., Huang, T., Wang, Z.-H., Xu, C.-X., Feng, Y.-J., Huang,
W., 2020. Volatile organic compounds enhancing sulfuric acid-based ternary
homogeneous nucleation: The important role of synergistic effect. Atmos.
Environ. 233, 1176009.

29



HIGHLIGHTS
1. MOA may play an important role in particle formation and growth.
2. The MOA molecule is similar to the SA molecule in providing protons to DMA.

3. Formation rates are negatively correlated with temperature.
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