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H I G H L I G H T S  

� Nucleation capability of ternary system is stronger than that of binary system. 
� Ternary clusters are more stable than binary clusters due to synergistic effect. 
� Synergistic effect reduces evaporation and stabilizes pre-nucleation clusters.  
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A B S T R A C T   

New particle formation (NPF) is an important source of atmospheric aerosols. Sulfuric acid (SA) and water (W) 
are recognized as essential participating substances in the nucleation of the atmosphere. In addition, as one of the 
most common organic acids, oxalic acid (OA) can improve NPF when amine such as methylamine (MA) is 
present. However, exploring the properties of atmospheric particles made up of different components is chal-
lenging and the role of volatile organic compounds in SA–based ternary homogeneous nucleation is still lacking 
in research. In this work, the structures and energies of (SA)x(OA)y(MA)z(W)m (0 � x, y, z � 3, 0 � m � 1) are 
investigated. The results indicate that it is accessible for SA to form clusters with OA and MA molecules through 
hydrogen bonds and proton transfer interactions. The analysis of non–covalent interactions and proton transfer 
reveals that ternary nucleation systems have stronger hydrogen bonds and more proton transfers than binary 
systems to stabilize the clusters. In terms of the thermodynamic properties, the Gibbs free energies of the clusters 
will decrease as the addition of SA, OA or MA molecules indicating that the synergistic effect of these three 
substances may be of potential in forming the initial cluster and subsequent growth processes. Moreover, the 
evaporation rates of clusters show that the synergistic effect of ternary clusters leads to a decrease in evaporation 
rate which may promote atmospheric nucleation.   

1. Introduction 

Atmospheric aerosols affect our life deeply, including reducing vis-
ibility, influencing environment and climate, as well especially endan-
gering human health (Charlson et al., 1992; Kulmala, 2003; Kittelson 
et al., 2004; Saxon and Diaz-Sanchez, 2005). In addition to discharging 
aerosols directly, new particle formation (NPF) is an important source of 
atmospheric aerosols and dominates concentrations of cloud conden-
sation nuclei (CCN) (Charlson et al., 2001), so it is meaningful for 

researchers to understand the mechanism of NPF. The most important 
issues about NPF consist of the conditions of occurrence, nucleation 
mechanism, and growth mechanism (Zhang, 2010; Wang et al., 2010; 
Zhang et al., 2012; Yue et al., 2010). Although some progress has been 
made in the chemical mechanism of NPF, there are still many uncertain 
issues remaining to be discussed, especially in the case of multiple 
components and organic compounds (Kulmala, 2003; Zhang et al., 2004; 
Kulmala et al., 2012, 2013). 

According to experimental and theoretical researches, sulfuric acid 
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(H2SO4, SA) and water (H2O, W) are the key members involved in 
nucleation (Zhang et al., 2012; Bzdek et al., 2012; Kulmala et al., 2004; 
Schobesberger et al., 2015; Elm, 2017). However, based on a lot of field 
observations and experimental results, it has been reported that the 
binary SA/W nucleation system is insufficient to explain the NPF results 
(Kuang et al., 2010; Kulmala and Kerminen, 2008; Smith et al., 2008; 
Paasonen et al., 2010). Recently, experimental studies and field obser-
vations have listed that the ternary SA/W/ammonia (NH3) nucleation 
(Kulmala et al., 2000; Kerminen et al., 2010), ion-induced nucleation 
(Kirkby et al., 2011), ion-mediated nucleation (IMN) (Yu, 2006; Yu and 
Turco, 2000; Yu et al., 2018), organic acids (Zhang et al., 2004), organic 
amines (Nadykto et al., 2015) and highly oxidized multifunctional 
organic molecules (HOMs) (Li et al., 2017) can improve the nucleation 
efficiency. And the thermodynamic nucleation of organic acids and 
amines have been also considered to help explain the high nucleation 
rate. The acid-base reaction occurs in the clusters of SA–NH3/amines, 
and it is observed to gradually grow by adding the base after SA (Kirkby 
et al., 2011; Bzdek et al., 2017; Schobesberger et al., 2013). However, 
researches on the application of acid-base reactions in the formation and 
growth of nanoparticles and clusters are not clear enough (Barsanti 
et al., 2009). In this study, these observations are supplemented by 
theoretical calculations of the ternary nucleation reaction of SA and base 
with volatile organic compounds. 

It is well known that in recent years, the emission of volatile organic 
compounds (VOCs) has increased rapidly (He et al., 2019), and VOCs 
usually play an important role in NPF. Increasing evidences have shown 
that the condensation of low VOCs is critical for NPF (Metzger et al., 
2010; Ling et al., 2019). Although organics in particulate matters have 
been observed from continent to ocean (Jimenez et al., 2009; Karl et al., 
2012), which means that they may be factors of great importance in NPF 
by stabilizing small clusters for further growth (Arquero et al., 2017), 
their specific impacts on NPF are still remaining to be discovered. 
Dicarboxylic acids are common organic acids which mainly come from 
automobile exhaust, photochemical reactions and some emissions 
(Prenni et al., 2001). Since dicarboxylic acids are of relatively low vapor 
pressure and sufficient solubility, they can easily participate in nucle-
ation (da Silva et al., 1999; Makar, 2001). Low molecular weight 
dicarboxylic acids have been detected as major organic compounds in 
aerosol and rainwater samples (Saxena and Hildemann, 1996; Kawa-
mura and Ikushima, 1993). Zhang et al. have pointed out that the 
presence of organic acids can significantly promote the nucleation of SA 
(Zhang et al., 2004). And previous studies (Nadykto and Yu, 2007; Xu 
et al., 2010a, 2010b) have shown that some low weight molecular 
organic acids can combined with SA to participate in nucleation and are 
believed to be involved in NPF. As one of the most common dicarboxylic 
acid, oxalic acid (C2H2O4, OA) was observed to get a gas phase con-
centration at about the range of 9.3 � 1010 to 5.4 � 1012 cm� 3 (Marti-
nelango et al., 2007; Miao et al., 2015; Liu et al., 1996). In field 
observations (Liu et al., 1996), the concentration of oxalate originated 
from OA has a strong correlation with CNN. And OA can form positively 
charged and stable sulfuric acid-oxalic acid-water complexes to partic-
ipate in nucleation of atmospheric ions (Xu et al., 2010a). In the 
meanwhile, earlier researches have revealed that SA or methanesulfonic 
acid (MSA) can effectively bind with methylamine (CH3NH2, MA) to 
form particles in the atmosphere (Bustos et al., 2014; Lv et al., 2015; 
Chen et al., 2016; Chen and Finlayson-Pitts, 2017; Yu et al., 2012; Glasoe 
et al., 2015). MA, as one of the most important organic amines diffusing 
in the world (Smith et al., 2008, 2010; Almeida, 2013; Kurten et al., 
2008; Loukonen et al., 2010; Nadykto et al., 2011; Schade and Crutzen, 
1995; Zhao et al., 2011), can enhance the nucleating ability of SA. The 
global emission concentration of MA is 83 � 26 Gg N a� 1, which is twice 
the emission concentration of dimethylamine (CH3NHCH3, DMA). It has 
increased significantly under the situations of animal husbandry, 
biomass burning and oceans (Ge et al., 2011a; Cornell et al., 2003). 
McGregor et al. (McGregor and Anastasio, 2001) also reported the dis-
covery of methylamine in fog water collected in California. Studies on 

the thermodynamic properties of amines have shown that methylamine 
can react with acids in the atmosphere to form very low vapor pressure 
compounds, which can participate in nucleation or NPF (Ge et al., 
2011b). Moreover, Arquero et al. (2017) and Xu et al. (2017) have 
studied the role of the clusters of OA, MSA, MA and W in the NPF. 
Experimental and theoretical calculations have verified that the addition 
of OA can moderately promote the nucleation of the (MSA)(MA) mix-
tures. Therefore, the role of OA in the nucleation of (SA)(MA) clusters 
deserves studying. 

Recently, the formation and growth of multicomponent particles in 
the atmosphere have gradually become hot spots (Xu et al., 2017; Liu 
et al., 2018; Zhang et al., 2017; Myllys et al., 2019). Although organic 
matter is widespread in the air and they are predicted to participate in 
NPF, the role of volatile organic compounds in SA–based ternary ho-
mogeneous nucleation is still unclear. This work mainly studies the 
nucleation mechanism of (SA)x(OA)y(MA)z(W)m (0 � x, y, z � 3, 0 � m 
� 1) and the important role of synergistic effects in atmospheric 
nucleation. The equilibrium structures of (SA)x(OA)y(MA)z(W)m (0 � x, 
y, z � 3, 0 � m � 1) are calculated by the Basing Hopping algorithm 
(Yoon et al., 2007; Wales and Doye, 1997; Huang et al., 2010a) coupled 
with density functional theory (DFT) at M06–2X/6–311þþG (3df, 3pd) 
level. Then we discuss the non–covalent interactions and proton transfer 
of clusters because the properties of clusters such as structures and 
binding energies have a great correlation with whether protons will 
transfer from acid to base. Furthermore, the thermodynamic properties 
of the (SA)(OA)(MA) clusters and the interactions of different compo-
nents are researched to reveal synergistic effects at the molecule level. 
Finally, considering quantum chemical calculation and dynamic simu-
lation by Atmospheric Cluster Dynamics Code (ACDC) (McGrath et al., 
2012), the evaporation rates of the clusters are investigated to determine 
whether the clusters are stable in the atmosphere. 

2. Theoretical methods 

In this study, based on the Basing Hopping (BH) algorithm and 
density functional theory (DFT), the structures and thermodynamics 
properties of (SA)x(OA)y(MA)z(W)m (0 � x, y, z � 3, 0 �m � 1) clusters 
are calculated. This method is efficient and accurate when searching for 
geometry optimization, in the meantime, it has been widely used in 
previous studies of atomic and molecular systems (Huang et al., 2010b, 
2010c; Liu et al., 2014; Xu et al., 2013; Wen et al., 2014; Lin et al., 2014). 
The BH algorithm generates configurations by random displacement of 
atoms and then optimizes to local minimum structures. For each cluster, 
the BH algorithm search consists of 1000–step sampling and is per-
formed 3 times. The initial structural spaces are originally generated 
with Boltzmann weight at the initial temperature. The initial structures 
within 6 kcal mol� 1 gap of the lowest energy configuration are selected 
to be optimized. The global minimum and local minimum structures of 
each cluster is obtained using M06–2X method (Zhao and Truhlar, 2008; 
Elm et al., 2013; Zhang et al., 2019) with 6–311þþG(3df, 3pd) basic set 
(Nadykto and Yu, 2007; Xu et al., 2010a). Finally, thermodynamic pa-
rameters including the binding energy (E), enthalpy (H) and the Gibbs 
free energy (G) were evaluated at the M06–2X/6–311þþG (3df, 3pd) 
level. Gaussian 09 program is used for geometry and frequency calcu-
lations to make sure that there is no imaginary frequency for each sta-
tionary point (Frisch et al., 2013). 

In early works, M06–2X has a brilliant performance on the prediction 
of kinetics, structures and noncovalent interactions (Zhao and Truhlar, 
2008) and has excellent consistency in predictions with cluster forma-
tion experimental results (Elm et al., 2012). In order to evaluate the 
performance of the chosen method, the results calculated by 
M06–2X/6–311þþG(3df, 3pd) were compared with experimental re-
sults (Hanson and Eisele, 2000, 2002; Hanson and Lovejoy, 2006). The 
calculation details were briefly discussed in Table S1. The use of 
M06–2X/6–311þþG(3df, 3pd) in thermodynamic prediction are found 
to be in good agreement with the experimental results. Therefore, based 
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on the consideration of calculation cost, the M06–2X/6–311þþG(3df, 
3pd) theoretical level is chosen to guarantee accuracy and efficiency. 

3. Results and discussion 

3.1. Structures analysis 

According to the number of molecular species, the structures can be 
divided into unitary, binary, ternary and hydration clusters. The global 
minimum structures of the binary clusters (OA)x(MA)y, (SA)x(OA)y and 
(SA)x(MA)y (1 � x, y � 3) optimized at the M06–2X/6–311þþG(3df, 
3pd) level are displayed in Fig. 1. The most stable structures of the 
ternary clusters and their hydration clusters (SA)x(OA)y(MA)z(W)m (1 �
x, y, z � 2, 0 � m � 1) at the M06–2X/6–311þþG(3df, 3pd) level are 
shown in Fig. 2. 

For binary clusters, no proton transfer occurs in the (OA)1(MA)1 
cluster and this cluster is mainly stabilized by a N⋯H–O hydrogen bond 
with a bond distance of 1.54 Å and an intermolecular O–H⋯O bond with 
length of 1.98 Å inside the OA are formed. Then, OA and MA are added 
to the dimer, which are (OA)2(MA)2 and (OA)3(MA)3 in Fig. 1, the 
proton transfer between the hydroxyl of OA and the nitrogen of MA is 
occurred by forming an [HC2O4]-[CH3NH3]þ ion pair. Moreover, the 
global minimum of (SA)1(OA)1 cluster forms two H⋯O hydrogen bonds 
between SA and OA with length of 1.72 Å and 1.75 Å in the (SA)1(OA)1 
cluster. It is obvious that proton transfer occurs in (SA)1(MA)1 cluster, 
one N–H⋯O hydrogen bond with length of 1.40 Å is formed between SA 
and MA in (SA)1(MA)1 cluster. For the hydrates of binary clusters dis-
played in Fig. S1, the combination of acid and base occur proton transfer 
to form [HC2O4]-[CH3NH3]þ or [HSO4]-[CH3NH3]þ ion pairs after the 
addition of water molecules. In addition, the structure gradually 
changes from ring structures to more complex cage structures as the 

number of molecules increases. 
For the (SA)1(OA)1(MA)1 cluster, three monomers form a ring 

structure where proton transfer occurs between OA and MA. The 
hydrogen bond length between OA and MA is 1.78 Å, the hydrogen bond 
length between SA and MA is 1.68 Å and two hydrogen bonds with 

Fig. 1. The optimized geometries of (OA)x(MA)y, (SA)x(OA)y and (SA)x(MA)y (1 � x, y � 3) at the M06–2X/6–311þþG(3df, 3pd) level (red for oxygen, white for 
hydrogen, gray for carbon, blue for nitrogen and yellow for sulfur). (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 

Fig. 2. The optimized geometries of (SA)x(OA)y(MA)z(W)m (1 � x, y, z � 2, 0 
� m � 1) at the M06–2X/6–311þþG(3df, 3pd) level. 
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length of 1.52 Å and 1.61 Å are formed between SA and OA. The 
structures of (SA)2(OA)2(MA)2 and (SA)2(OA)2(MA)2(W)1 are both 
complicated cage structures. When water molecules are added, the 
number of hydrogen bonds increases. In addition, other ternary struc-
tures can be found in the Supporting Information. 

In conclusion, SA can form clusters with OA and MA through 
hydrogen bonds and proton transfers. Proton transfer occurs when water 
molecules are added or another substances are involved in nucleation. 
As the number of substances increases, the structure becomes more and 
more complex and the number of hydrogen bonds increases as well. 

3.2. Analysis of noncovalent interactions and proton transfer 

The noncovalent interaction (NCI) index was proposed by Yang and 
coworkers (Johnson et al., 2010) to describe the relationship between 
the reduced density gradient and electron density. The s refers to the 
reduced density gradient (RDG) indicating deviation from the uniform 
distribution of electrons (Hohenberg and Kohn, 1964; Cohen et al., 
2008). According to former researches, it is useful to determine and 
visualize the non–covalent interactions, so it can be used to compare the 
intermolecular non–covalent interactions between the (SA)(OA)(MA) 
(W)–based clusters. 

s¼
1

2ð3π2Þ
1=3
jrρj
ρ4=3 (1)  

Where r is the gradient operator and |rρ| is the electron density 
gradient mode. The analysis of NCIs of (SA)x(OA)y(MA)z(W)m (0 � x, y, 
z � 3, 0 � m � 1) is carried out using the above formula. By using the 
Multiwfn (Lu and Chen, 2012) and VMD (Humphrey et al., 1996) pro-
grams, the plots of the RDG (s) vs. the electron density (ρ) multiplied by 
the sign of the second Hessian eigenvalue (λ2) and bonding isosurfaces 
for the (OA)1(MA)1, (OA)1(MA)1(W)1, (SA)1(OA)1(MA)1 and 
(SA)1(OA)1(MA)1(W)1 are shown in Fig. 3. The plots of other clusters can 
be seen in Fig. S4 and Fig. S5. 

The values of sign(λ2)ρ are the indicators for judging the strength of 
interaction. When the value of sign(λ2)ρ is negative, the interaction 
forms a hydrogen bond, and when the value of sign(λ2)ρ gradually in-
creases to nearly zero, the interaction gradually weakens, like van der 
Waals force. And the positive value of sign(λ2)ρ represents the interac-
tion is a hindrance. The colors of the plots of RDG(s) and bonding iso-
surfaces represent the strength of the interaction. Blue represents 
hydrogen bonds, green represents van der Waals forces, and red repre-
sents steric hindrance. As can be seen from the figure, the ternary system 
and the hydration system get more and stronger hydrogen bonds than 
the binary system. The reduced gradient isosurface and scatter plots are 
consistent with the analysis of the structural section. 

Moreover, depending on the strength of the acid and base, proton 
transfer occurs from the acid molecules to the base molecule in the 
acid–base clusters (Xu et al., 2017). The proton–transfer parameters, 
(Liu et al., 2018), (Kurnig and Scheiner, 1987; Hunt et al., 2003)ρPT, the 
degree of proton transfer across the hydrogen bond is employed to 
evaluate the degree of ionization based on the distance between atoms. 

ρPT ¼ðrOH � r0
OHÞ � ðrH⋅⋅⋅N � r0

H⋅⋅⋅NÞ (2)  

Where rOH and r0
OH are the distances of hydrogen bond in the OA or SA in 

the clusters and the O–H distance in the monomers, respectively. rH⋅⋅⋅N 

and r0
H⋅⋅⋅N are the distances of hydrogen bond in the (SA)x(-

OA)y(MA)z(W)m (0 � x, y, z � 3, 0 � m � 1) clusters and the H–N dis-
tance in the CH3NH3

þ ion after proton transfer, respectively. For clusters 
in which the proton transfer does not occur, the first term is approxi-
mately zero and in this case ρPT will appear to be negative. For clusters 
that fully transferred proton transfer interaction take place, the second 
term is zero and ρPT is a positive number. 

Table 1 lists a part of the proton transfer parameters of 

(SA)x(OA)y(MA)z(W)m (0 � x, y, z � 3, 0 � m � 1), others can refer to 
Table S2. For the (OA)1(MA)1 dimer, its proton transfer parameter ρPT is 
negative and combined with the previous hydrogen bond analysis, it can 
be confirmed that no proton transfer occurs and only one hydrogen bond 
exists between OA and MA. However, when the acid is SA and the base is 
MA, proton transfer occurs and forms an [HSO4]-[CH3NH3]þ ion pair, in 
which SA is the proton donor and MA is the acceptor. For ternary 
clusters and hydration clusters, the proton transfer parameters are 
positive and proton transfer occurs in all cases. Generally, the number of 
proton transfers does not exceed the number of MA molecules in the 
cluster. 

Previous studies (Arquero et al., 2017) have reported that the role of 
water molecules in enhancing NPF is attributed to the following two 
mechanisms: increasing the amount of hydrogen bonding or enhancing 
proton transfer. In this work, the number of hydrogen bond increases as 
water molecules are added and water molecules play an important role 
in the occurrence of proton transfer. Furthermore, through analysis of 
non–covalent effects and proton transfer parameters, two apparent 
conclusions can be obtained: first, as the number of atoms increasing or 
the addition of water molecules, the number of hydrogen bonds, the 
complexity of geometry and the number of proton transfers increase. 
Second, protons can be supplied by SA and transfer to MA, but in some 
clusters, protons can transfer from OA to MA as well. 

3.3. Thermodynamics of the cluster formation 

The nucleation mechanism is very important in the atmospheric 
aerosol research, and the nucleation rate is closely related to the free 
energies (Zhang et al., 2012). Thermodynamic properties have impor-
tant implications for the analysis of intermolecular interactions and 
their spontaneous formation (Peng et al., 2015). Table 2 and Table 3 
illustrate that the thermodynamic parameters of the clusters including 
the binding energy changes (ΔE0K), the intermolecular enthalpies 
(ΔH298.15K) and the Gibbs free energy changes (ΔG298.15K) at the 
M06–2X/6–311þþG(3df, 3pd) level. Table 2 presents the thermody-
namic parameters of (OA)x(MA)y, (SA)x(OA)y and (SA)x(MA)y (1 � x, y 
� 3) from the constituent monomers. It can be seen that the ΔG value of 
(SA)1(MA)1 is � 8.12 kcal mol� 1, which has the lowest ΔG value 
compared to another two dimers. Based on this, we can figure out that 
among the three dimers (OA)1(MA)1, (SA)1(OA)1 and (SA)1(MA)1, SA 
and MA are more easily combined to form cluster, which is consistent 
with the above conclusions that proton transfer only exists in the 
(SA)1(MA)1 dimer. Moreover, it can be seen that the ΔG value grows 
more negative when (OA)1(MA)1, (SA)1(OA)1 and (SA)1(MA)1 continue 
to grow up which means the ΔG value of (OA)1(MA)1 > (OA)2(MA)2 >

(OA)3(MA)3 and it is exactly the same for (SA)(MA) and (SA)(OA) sys-
tems, so (OA)3(MA)3, (SA)3(MA)3 and (SA)3(OA)3 are easily formed in 
thermodynamics, respectively. From the thermodynamic properties of 
hydrated clusters in Table S3, it can be concluded that (SA)(OA) and 
(SA)(MA) clusters can combine with water molecules to form clusters. 
The special cases are the clusters based on (OA)(MA), which are difficult 
to form hydrated clusters by adding water molecules. 

The thermodynamic parameters of (SA)x(OA)y(MA)z(W)m (1 � x, y, 
z � 2, 0 � m � 1) are shown in Table 3. From the perspective of ΔG 
values, the ΔG value of the ternary structure is more negative than any 
dimer structures. This implies that the addition of a substance will have 
a synergistic effect on the binary structure, especially for the (OA)1(SA)1 
dimer, the addition of MA can greatly promote its nucleation. In the 
subsequent growth, these three basic molecules can still be added. For 
hydrated clusters, the ΔΔG value (ΔG value of hydrate minus ΔG value 
of non-hydrate) increases from � 3.65 kcal mol� 1 to � 0.67 kcal mol� 1, 
indicating that it is increasingly difficult to add water molecules as the 
clusters become larger. 

Fig. 4 shows the variation of Gibbs free energy with the number of 
SA, OA, and MA, revealing the synergistic effect of SA on the NPF of 
(OA)(MA) system. The ΔG values of the clusters sharing same amount of 
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Fig. 3. Non–covalent interactions (NCI) analysis among the global minima for (a) (OA)1(MA)1, (b) (OA)1(MA)1(W)1, (c) (SA)1(OA)1(MA)1, (d) 
(SA)1(OA)1(MA)1(W)1. 
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OA and MA molecules and with zero (red rectangle), one (black circle), 
two (blue triangle) and three (orange star) SA molecules are ranged from 
top to bottom on the figure. This indicates that the ΔG value of clusters 
decreases as the SA molecules are added. Regardless of the amount of 
OA and MA, the nucleation reaction after the addition of SA molecules 
can spontaneously proceed. 

The meaning of the abscissa xmyn in Fig. 4 is the amount of OA and 
MA, where x refers to OA and m is the number of OA molecules (m ¼
0–3), y refers to MA and n is the number of MA molecules (n ¼ 0–3). 
Analyze this picture from two angles: the first one is based on the 
number of OA molecules. We take three as a group for comparison, so 
there are three groups in total, which are (x1y1, x2y1, x3y1), (x1y2, 
x2y2, x3y2) and (x1y3, x2y3, x3y3). It can be seen that the ΔG value 
decreases as the number of OA molecules increases generally. The sec-
ond angle is analyzed by the change in the number of MA, it can also be 
divided into three groups of (x1y1, x1y2 and x1y3), (x2y1, x2y2 and 
x2y3) and (x3y1, x3y2 and x3y3). Therefore, it can be concluded that 
the increase in the number of OA and MA molecules may also cause the 
decrease in the ΔG value of clusters. 

Fig. 5 shows the specific values of Gibbs free energy for (SA)x(-
OA)y(MA)z (0 � x, y, z � 3) on the different SA numbers of OA-MA grid. 
It can be seen that as the substance increases, the ΔG value decreases 

constantly and rapidly along the diagonal direction. The synergistic ef-
fect of these three substances may be important in forming the initial 
cluster and subsequent growth processes. At the same time, it can be 
inferred that the nucleation path may grow along the diagonal direction. 

Moreover, previous studies (Loukonen et al., 2010; Kuerten et al., 
2014) have shown that DMA can strongly stabilize SA and is conducive 
to atmospheric nucleation. Table 4 lists the Gibbs free energies of (SA) 
(OA)(MA) clusters and (SA)(DMA) clusters, which are compared to 
ensure that the total number of molecules and the number of SA mole-
cules in the clusters are equal. When only one SA molecule exists, the ΔG 
values of the (SA)(OA)(MA) clusters are smaller than (SA)(DMA) clus-
ters, which indicates that the (SA)(OA)(MA) clusters are more stable 
than (SA)(DMA) clusters in thermodynamics. As the number of SA in-
creases, (SA)(DMA) clusters are more stable than (SA)(OA)(MA) 
clusters. 

In summary, the ΔG values of the ternary clusters are smaller than 
those of the binary clusters, which indicates that the synergistic effects 
in thermodynamics makes the ternary cluster easier to form. Moreover, 
the ΔG values of the clusters continue to decrease with the addition of 
SA molecules, and the increment of OA and MA molecules, showing the 
possibility of clusters continuing to grow along the diagonal. The com-
parison of Gibbs free energies of (SA)(OA)(MA) clusters and (SA)(DMA) 
clusters shows that when the number of SA is small, (SA)(OA)(MA) 
clusters are more stable thermodynamically than (SA)(DMA) clusters. 

3.4. Atmospheric relevance 

McGrath et al. (2012) proposed the Atmospheric Cluster Dynamics 
Code (ACDC) to simulate the cluster formation process by considering 
the thermodynamic properties and dynamic processes of clustering. The 
simulation results obtained by this method are consistent with the 
experimental results (Kuerten et al., 2016; Olenius et al., 2013) and can 
be used for researching nucleation and the corresponding mechanism. In 
order to evaluate whether the clusters can grow into a larger stable 
cluster under real steam concentration in the atmosphere, it is not 
enough to consider only the formation free energy (ΔG) of the cluster 
formation into consideration. Under certain circumstances, the collision 
and evaporation rates can be used to infer the stability of the cluster, 
mainly depending on the collision rate constant and the concentration of 
acid and base molecules (Elm et al., 2017; Xie et al., 2017; Ma et al., 

Table 1 
Proton transfer parameter (ρPT , Å) for (SA)(OA)(MA)(W)–based clusters. rOH and 
rH…N (Å) are the bond distances between the O and H atoms and that between 
the H and N atoms, respectively.  

Clusters rOH(Å)  rH⋅⋅⋅N(Å)  ρPT(Å)  Proton donor 

(OA)1(MA)1 

(OA)1(MA)1(W)1 

1.050 
1.367 

1.540 
1.148 

� 0.429 
0.280 

– 
OA 

(SA)1(MA)1 1.485 1.400 0.151 SA 
(SA)1(MA)1(W)1 1.522 1.080 0.508 SA 
(SA)1(OA)1(MA)1 1.781 1.040 0.802 OA 
(SA)1(OA)1(MA)1(W)1 1.765 1.038 0.793 SA 
(SA)2(OA)2(MA)2 1.823 1.448 0.441 SA 

1.656 1.048 0.674 SA 
(SA)2(OA)2(MA)2(W)1 2.031 1.024 1.068 OA 

1.878 1.030 0.914 SA  

Table 2 
The thermodynamic parameters (kcal mol� 1) of (OA)x(MA)y, (SA)x(OA)y and 
(SA)x(MA)y (1 � x, y � 3) from the constituent monomers. The energies are 
calculated at the M06–2X/6–311þþG(3df, 3pd) level.  

Reactions ΔE(0 K) ΔH(298.15 K) ΔG(298.15 K) 

SAþOA→(SA)1(OA)1 � 13.61 � 13.36 � 3.71 
OAþMA→(OA)1(MA)1 � 14.51 � 14.62 � 4.66 
SAþMA→(SA)1(MA)1 � 18.53 � 18.92 � 8.12 
2SAþ2OA→(SA)2(OA)2 � 40.74 � 40.06 � 6.12 
2OAþ2MA→(OA)2(MA)2 � 47.92 � 47.93 � 16.31 
2SAþ2MA→(SA)2(MA)2 � 69.15 � 69.58 � 36.17 
3SAþ3OA→(SA)3(OA)3 � 75.15 � 74.62 � 13.98 
3OAþ3MA→(OA)3(MA)3 � 80.73 � 80.17 � 28.76 
3SAþ3MA→(SA)3(MA)3 � 121.38 � 121.89 � 64.94  

Table 3 
The thermodynamic parameters (kcal mol� 1) of the (SA)x(OA)y(MA)z(W)m (1 �
x, y, z � 2, 0 � m � 1) from the constituent monomers. The energies are 
calculated at the M06–2X/6–311þþG(3df, 3pd) level.  

Reactions ΔE(0 K) ΔH(298.15 
K) 

ΔG(298.15 
K) 

SAþOAþMA→ (SA)1(OA)1(MA)1 � 38.37 � 38.82 � 15.95 
2SAþ2OAþ2MA→(SA)2(OA)2(MA)2 � 102.21 � 101.72 � 45.15 
SAþOAþMAþW→ 

(SA)1(OA)1(MA)1(W)1 

� 49.62 � 50.23 � 19.60 

2SAþ2OAþ2MAþW→ 
(SA)2(OA)2(MA)2(W)1 

� 113.02 � 113.45 � 45.82  

Fig. 4. Formation Gibbs free energies (ΔG, kcal mol� 1) of xmyn clusters (x ¼
OA, y ¼MA, m ¼ 0–3, n ¼ 0–3) with zero (red rectangle), one (gray circle), two 
(blue triangle) and three (orange star) sulfuric acid (SA) molecules at 298.15 K 
at the M06–2X/6–311þþG(3df, 3pd) level. (For interpretation of the references 
to color in this figure legend, the reader is referred to the Web version of 
this article.) 

Y. Zhao et al.                                                                                                                                                                                                                                    



Atmospheric Environment 233 (2020) 117609

7

2019). 
The collision coefficient for clusters i and j is given as (McGrath et al., 

2012) 

βij¼ð
3

4πÞ
1=6
ð
6kbT
mi
þ

6kbT
mj
Þ

1=2
ðV1=3

i þ V1=3
j Þ

2
(3) 

The evaporation coefficient can be calculated from the collision co-
efficient and the Gibbs free energies (McGrath et al., 2012): 

γðiþjÞ→i¼ βij
pref

kbT
expf

ΔGiþj � ΔGi � ΔGj

kbT
g (4)  

where kb is the Boltzmann constant, T is the temperature in Kelvin, m is 
the mass of cluster, V is the volume of cluster, pref is the reference 
pressure and ΔG is the Gibbs free energy of cluster formed by the con-
stituent monomers, respectively. 

The evaporation rates of (SA)x(OA)y(MA)z (0 � x, y, z � 3) on 
different SA numbers of OA–MA grid at 298.15 K are shown in Fig. 6. 

When there is no SA molecule, evaporation rates for clusters (OA)x(MA)y 
(1 � x, y � 3) are greater than the order of 102 s� 1, which are higher than 
those for other clusters with SA molecules. The results indicate that SA 
molecules can promote the stability of (OA)(MA) clusters in the atmo-
sphere. The evaporation rate of (SA)2(MA)2 is 1.68 � 104 s� 1 and after 
replacing one of the SA molecules with OA molecule, (SA)1(OA)1(MA)2 
has a lower evaporation rate of 1220 s� 1, which means the cluster might 
appear to be more stable. It can be seen that there is a synergistic effect 
between SA and OA to promote nucleation. Fig. 7 shows a comparison of 
the evaporation rates of binary clusters (SA)x(OA)y (1 � x, y � 3) and 
ternary clusters (SA)x(OA)y(MA)z (1 � x, y, z � 3) as the molecule 
number of cluster increases. It can be derived from the figure that in the 
case where the number of molecules of the cluster is the same, the 
evaporation rate of the ternary cluster is smaller than that of the binary 
cluster. In particular, when the number of molecules is 4, the evapora-
tion rate of (SA)2(OA)2 is 5.14 � 1011 s� 1, and the lowest evaporation 
rate (SA)1(OA)1(MA)2 is 1220 s� 1, which differs by 8 orders of magni-
tude. Thus, the participation of MA molecules instead of SA or OA 
molecule can also reduce the evaporation rate, which indicates that 
there is a synergistic effect among the three substances to stabilize the 
clusters. 

In conclusion, on the one hand, the addition of SA molecules stabi-
lizes the clusters and reduces the evaporation rate of the clusters. On the 
other hand, the synergistic effect inside the ternary clusters can signif-
icantly reduce the evaporation rate of the binary clusters, making the 
cluster more stable in the atmosphere. In addition, the synergistic effect 
of SA and organic components can reduce the ΔG value of nucleation to 
make the cluster easy to form spontaneously. Therefore, ternary clusters 
can exist in a more stable form in the atmosphere. 

4. Conclusions 

In this study, the nucleation mechanisms and synergistic effect of 

Fig. 5. The Gibbs free energies (ΔG, kcal mol� 1) for (SA)x(OA)y(MA)z (1 � x, y, z � 3) on different SA numbers ((a). 0SA, (b). 1SA, (c). 2SA, (d). 3SA) of OA–MA grid 
at 298.15 K at the M06–2X/6–311þþG(3df, 3pd) level. 

Table 4 
The comparison of Gibbs free energies (ΔG, kcal mol� 1) of (SA)x(DMA)y (1 � x, 
y � 3) and (SA)x(OA)y(MA)z (1 � x, y, z � 3). The energies are calculated at the 
M06–2X/6–311þþG(3df, 3pd) level.  

Cluster ΔG (kcal mol� 1) Cluster ΔG (kcal mol� 1) 

(SA)1(DMA)2 � 14.13 (SA)1(OA)1(MA)1 � 15.95 
(SA)1(DMA)3 � 17.36 (SA)1(OA)1(MA)2 � 26.51 

(SA)1(OA)2(MA)1 � 21.26 
(SA)1(DMA)4 � 15.69 (SA)1(OA)1(MA)3 � 29.10 

(SA)1(OA)2(MA)2 � 36.02 
(SA)1(OA)3(MA)1 � 19.76 

(SA)2(DMA)2 � 41.38 (SA)2(OA)1(MA)1 � 30.06 
(SA)2(DMA)3 � 47.23 (SA)2(OA)1(MA)2 � 40.60 

(SA)2(OA)2(MA)1 � 29.54 
(SA)3(DMA)2 � 57.01 (SA)3(OA)1(MA)1 � 37.48  
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(SA)x(OA)y(MA)z(W)m (0 � x, y, z � 3, 0 � m � 1) clusters have been 
researched as the configurations and thermodynamic properties have 
been calculated. The structures of clusters have showed that SA com-
bines with OA and MA to form clusters by hydrogen bonding and proton 
transfer. Meanwhile, the analysis of non–covalent interactions and 
proton transfer has suggested that the ternary structures generate more 
hydrogen bonds and proton transfers. The thermodynamic properties of 
clusters have found that the Gibbs free energies of ternary nucleation are 

smaller than those of binary nucleation, indicating that the addition of 
substances has a synergistic effect on the binary structures. And the ΔG 
values of the clusters have been decreasing which shows the potential of 
clusters continuing to grow. Moreover, by using quantum chemical 
calculations and dynamic simulation of Atmospheric Cluster Dynamics 
Code, the total evaporation rate of clusters on OA–MA grids with 
different SA numbers has been obtained. The addition of SA molecules 
stabilizes the clusters and ternary clusters have lower evaporation rates 
than binary clusters, which reveal the synergistic effect between SA and 
organic components. Understanding the interactions of acids, bases and 
water molecules in the atmosphere are of essential significance to pre-
dict NPF scales accurately. Our research has showed that SA can form 
clusters with OA and MA through hydrogen bonding and proton transfer 
and the synergistic effects of SA and organic components can promote 
nucleation, which have theoretical implications for the nucleation 
mechanism of SA, OA and MA in the atmosphere. 
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Fig. 6. The total evaporation rates for (SA)x(OA)y(MA)z (1 � x, y, z � 3) on different SA numbers ((a). 0SA, (b). 1SA, (c). 2SA, (d). 3SA) of OA–MA grid at 298.15 K at 
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M06–2X/6–311þþG(3df, 3pd) level. (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of 
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