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H I G H L I G H T S  

� A possible role in new particle formation in the marine atmosphere. 
� MSA-DEA clusters with a similar number of acids and amines are more stable. 
� Proton transfer enhances the stability of MSA–DEA clusters. 
� MSA is more strongly bound in MSA-DEA clusters than DEA.  
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A B S T R A C T   

Field observations in a marine atmospheric environment imply the occurrence of significant concentrations of 
dimethylamine (DMA) and diethylamine (DEA) as well as methanesulfonic acid (MSA) in particulate formation. 
Among these particulates, studies on the interaction of MSA with DMA are well known; however, fundamental 
studies relating to the environmental impact of DEA on aerosol formation and its nucleation ability relative to the 
known ones are lacking. In this research, quantum chemical calculations and cluster kinetic modeling were used 
to analyze the aerosol formation potential of the reaction of DEA with MSA. Structural and thermodynamic 
evidence demonstrate a strong clustering stability in the processes of new particle formation (NPF). Driven by 
proton transfer, the clusters exhibit a low free-energy barrier distributed along the diagonal. The results of cluster 
kinetic analysis indicate that the aerosol formation potential of the MSA-DEA system at the parts per trillion (ppt) 
level is inferior to that of sulfuric acid (SA)–DMA, and slightly superior to that of SA–methylamine (MA) but far 
superior to that of MSA–DMA, implying a relatively strong nucleation capability for MSA-DEA system. This result 
implies that the MSA-DEA system plays a potentially significant role in NPF in the marine environment.   

1. Introduction 

Marine aerosols are one of the most important natural aerosol sys-
tems in the world (Hinds, 2012; Fitzgerald, 1991), and play an impor-
tant role in biogeochemical cycles (Paytan et al., 2009), the Earth’s 
radiation and ecosystems (Palve et al., 2018), and global and regional air 
quality (Mu~niz-Unamunzaga et al., 2018). New particle formation (NPF) 
is an essential process in aerosol formation and makes a significant 
contribution to atmospheric cloud condensation nuclei (CCN) (Kulmala, 
2003; Charlson et al., 2001). A typical NPF event consists of two 

different phases (Wang et al., 2010; Temelso et al., 2012; Zhang et al., 
2011; Zhang, 2010): (1) the formation of the critical nucleus, and (2) the 
growth of critical nucleus to a detectable size (2–3 nm). Many studies 
have been performed on the initial nucleation mechanism, however, 
understanding of the source of nucleation and the growth process at a 
molecular level remains incomplete (Kirkby et al., 2016; Yu et al., 2012; 
Tr€ostl et al., 2016; Kulmala et al., 2012; Liu et al., 2017, 2018a; van 
Pinxteren et al., 2019). 

Diethylamine (DEA) is known to be closely linked to ocean biota 
emissions (Sorooshian et al., 2009). and is widely distributed in the 
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marine environment (Sorooshian et al., 2009; Müller et al., 2009; Fac-
chini et al., 2008; Rinaldi et al., 2010). A study by Sorooshian et al. 
(2009) showed that enhanced chloroplast A levels and wind speeds were 
consistent with higher particulate concentrations of DEA and meth-
anesulfonic acid (MSA). The relationship between chloroplast A and the 
average CCN concentration demonstrated that marine biological activity 
resulted in more numerous cloud drops. Owing to a significantly higher 
concentration of DEA measured during a period of high marine bio-
logical activity, this compound is considered as an important product of 
marine biological activity, and its role and involvement in NPF in the 
atmosphere warrant investigation. Other studies highlighting the links 
between DEA, marine biota, and aerosols have been reported (Müller 
et al., 2009; Rinaldi et al., 2010); hence, it is important to pursue 
research on NPF containing DEA. 

Previous studies have demonstrated that sulfuric acid (SA) is an 
important component of atmospheric aerosols (Zhang, 2010; Zheng 
et al., 2010; Sipil€a et al., 2010; Berndt et al., 2005; Yao et al., 2018). The 
binary nucleation of SA and water (W) was once considered to be the 
main source of NPF in the atmosphere (Young et al., 2008; Brus et al., 
2010; Kürten et al., 2015). However, binary homogeneous nucleation of 
SA and water is not an adequate interpretation of the actual atmospheric 
nucleation process, and other substances have been proposed as being 
involved in nucleation processes (Aalto et al., 2001; Almeida et al., 
2013). Organic compounds are also an important source of atmospheric 
aerosol formation (Zhang et al., 2004). Studies on organic compounds 
including amines (Kurt�en et al., 2008; Kupiainen et al., 2012; Loukonen 
et al., 2010; Nadykto et al., 2011, 2014, 2015; Elm et al., 2016; Henschel 
et al., 2014), organic acids (Zhang et al., 2004; Elm et al., 2017), and 
amino acids (Elm et al., 2013; Wang et al., 2016), are well known, and 
early modeling studies have shown that amines and SA can form stable 
clusters (Kurt�en et al., 2008; Loukonen et al., 2010). 

Apart from SA, the oxidation of organosulfur compounds (OSCs) 
produces another major nucleating precursor, MSA, and, given the 
environmental regulatory restrictions on SO2 emissions, the contribu-
tion of MSA to NPF will become more significant, especially for the 
marine environment (Perraud et al., 2015). The production of MSA is 
related to various processes including biological processes, biomass 
burning, and the oxidation of organosulfur compounds in industrial and 
agricultural activities (Bates et al., 1992; VanderGheynst et al., 1998; 
Rosenfeld et al., 2001; Meinardi et al., 2003). Gas phase MSA has been 
measured in the atmosphere at a concentration of 105–107 cm� 3, which 
is about 10–100% of that of SA (Eisele and Tanner, 1993; Berresheim 
et al., 2002). Previous studies have shown that MSA is an important 
precursor that contributes to both NPF and particle growth in the at-
mosphere (Sorooshian et al., 2009; Facchini et al., 2008; Dawson et al., 
2012; Ezell et al., 2014; Chen et al., 2015a; Zorn et al., 2008; Gaston 
et al., 2010; Hopkins et al., 2008; Kreidenweis and Seinfeld, 1967). 
Research on MSA to promote NPF is quite widespread and includes bi-
nary nucleation systems of MSA with amines or ammonia (Dawson et al., 
2012; Chen et al., 2015a, 2015b), and ternary nucleation systems such 
as MSA–SA–DMA (Bork et al., 2014), MSA–NH3/amines–W (Dawson 
et al., 2012; Chen et al., 2015a; Chen and Finlayson-Pitts, 2016; Li et al., 
2007) and MSA–SA–W, (Hanson, 2005; Napari et al., 2002). Experi-
mental and theoretical studies by the Finlayson-Pitts group have shown 
that MSA can form particles with amines (Dawson et al., 2012). There-
fore, given the potential of MSA to form clusters with amines and 
considering the relationship between DEA and aerosols in the atmo-
sphere, it is clearly essential to study the process of NPF of MSA and 
DEA. 

2. Methods 

The initial geometries of the ðMSAÞmðDEAÞn  ðm¼ 0 � 3 and n¼ 0 � 3Þ
clusters were obtained by using the Basin-Hopping (BH) algorithm (Huang 
et al., 2010; Wales and Doye, 1997; Yoon et al., 2007) combined with the 
semi empirical PM7 (Hosta�s et al., 2013) implemented in MOPAC 2016 

(Maia et al., 2012). Previous work in our group used this method to 
calculate the infrared spectra and vertical detachment energy of atmo-
spheric related clusters, which were compared with experimental values, 
and the stability of the computational method was verified (Jiang et al., 
2014; Liu et al., 2014). Also, we performed multiple Basin-Hopping 
searches by changing different parameters mainly including the temper-
ature for funnel sampling and bond change for structure change extent, and 
when the last three searches provided the same global minimum, we 
believed that the potential global minimum was characterized and the 
search processes should be stopped. At last, all searched structures were 
further verified by our chemical intuition considering the coordination 
number as well as binding sites. The larger the cluster the more the BH 
searches, and the more isomers per search. The search was stopped when 
multiple search results appear to contain the same 30 lowest energy 
structures. Excessive number of structures result in duplicates of the opti-
mized isomers, but deficient number of structures cause some important 
isomers to be omitted. In light of previous experience, we selected 30 
conformers here. Therefore, the initial 30 lowest-energy geometries for all 
structures from BH search were selected for optimization (Wen et al., 
2018). All the selected results were optimized at the M06–2X/6–31þþG(d, 
p) level of theory (Bork et al., 2014; Walker et al., 2013). The M06–2X 
method has been verified to give a good performance for a large number of 
atmospheric cluster containing common organic acids (Bork et al., 2014; 
Zhao and Truhlar, 2008), especially for the similar results with experi-
mental results (Elm et al., 2012) and theoretical level of DLPNO–CCSD 
(T)/aug–cc–pVTZ (Elm and Kristensen, 2017). According to the study of 
Bork et al. (2014), for the (MSA)2 complex, M06-2X overestimates the 
Gibbs free energies by 1.54 kcal/mol; for MSA-DMA cluster, a slight un-
derestimation of 0.77 kcal/mol is observed, and errors in binding energies 
of molecular clusters with both acid–acid and acid–base bonds have ten-
dencies to cancel out rather than accumulate. Therefore, it is reasonable to 
believe that the apparent over-binding of the M06-2X functional is severely 
less than 1.54 kcal/mol These all indicate reliable results in the MSA–-
amine clusters using the M06–2X functional. Elm et al. (Elm and Mikkel-
sen, 2014) pointed out that reducing the basis set used in the geometry and 
frequency calculation from 6 to 311þþG(3df,3pd) to 6–31þþG(d,p) 
contributes to a significant reduction in computational cost and only re-
sults in small errors in the thermal contribution to the Gibbs free energy and 
subsequent coupled cluster single point energy calculation, which in-
dicates the rationality of choosing 6–31þþG(d,p) as the basis set. The 
calculation of harmonic vibrational frequencies aimed to confirm that the 
obtained isomers were the true minima. Unless otherwise noted, thermo-
chemical parameters were calculated using the rigid rotor-harmonic 
oscillator approximation (RRHO). The convergence criteria were under 
the default settings in the Gaussian 09 program package (Frisch et al., 
2013). Here, only the lowest energy conformer was taken into 
consideration. 

Single point energy calculations were performed at the theoretical 
level of DLPNO–CCSD(T)/aug–cc–pVTZ using the ORCA 4.0 suite of 
programs (Neese, 2012). The Gibbs free energy can be described by the 
equation below: 

GT ¼Esp þ TCGT (1)  

where Esp is the absolute energy calculated at the DLPNO-CCSD(T)/ 
aug–cc–pVTZ level of theory, and TCGT is the thermal correction to the 
Gibbs free energy at temperature T obtained at M06–2X/6–31þþG (d, 
p). The calculations of enthalpy and zero-point corrected energy (ZPE) 
are similar to that of Gibbs free energy. 

Subsequently, in order to clarify the nature of the hydrogen bond 
interactions in clusters of various sizes, the characteristics of the bond 
critical points (BCPs) were analyzed based on the atoms in molecules 
(AIM) (Bader, 1990) approach, which were performed in the Multiwfn 
program (Lu and Chen, 2012). 

In order to evaluate the extent of proton transfer between acids and 
bases in cluster, the proton transfer parameter ρPT was used as a measure 
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Fig. 1. Global minima of ðMSAÞmðDEAÞn  ðm¼ 1 � 3  and  n¼ 0 � 3Þ optimized at the M06–2X/6–31þþG(d,p) level of theory.  
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of the extent of proton transfer, which evaluated the degree of ionization 
based on the inter atomic distances (Hunt et al., 2003; Kurnig and 
Scheiner, 1987). Here, the method to calculate the degree of proton 
transfer is based on the shortening of the NH bond and the elongation of 
the OH bond, as shown in equation (2): 

ρPT¼
�
rOH � r0

OH

�
�
�
rH⋯N � r0

H⋯N

�
(2)  

where rOH and r0
OH represent the length of the covalent OH bond of MSA 

in the cluster and in the monomer, respectively. rH⋯N and r0
H⋯N represent 

the length of H⋯N bond in the cluster and in the fully protonated 
diethylamine (DEAþ), respectively. For a cluster in which proton 
transfer has not occurred, the first term is nearly 0 and the second term is 
positive, so the proton transfer parameter ρPT is negative. When proton 
transfer occurs, the OH in the acid molecule will elongate, brings about a 
positive change in the first term, meanwhile, the amine in the cluster is 
completely protonated, making the second term close to 0, thus the 
proton transfer parameter is positive. (Hunt et al., 2003; Kurnig and 
Scheiner, 1987; Liu et al., 2018b) 

The changes of Gibbs free energies ΔGT were originally calculated at 
a reference pressure Pref of 1 atm. Considering the effect of the actual 
vapor pressure during cluster formation, ΔGT can be converted to the 
Gibbs free energy surface at the actual vapor pressure of the components 
(Olenius et al., 2013), named actual Gibbs free energy, as shown in 
equation (3): 

ΔGa¼ΔGT � kBT
Xn

i¼1
Niln

�
Pi

Pref

�

(3)  

where n is the number of components in the cluster, Ni is the number of 
molecules of type i in the cluster, Pi is the partial pressure of component i 
in the vapor phase, T is the temperature and kB is the Boltzmann 
constant. 

The formation rates of the clusters were obtained using dynamics 
simulation based on Atmospheric Cluster Dynamics Code (ACDC) solv-
ing the ordinary differential equations (McGrath et al., 2012). The for-
mation rate simulation may be calculated by equation (4): 

J¼
X3

i¼1

X3

j¼1

X3

k¼0

X3

l¼0
βik;jlcikcjl (4)  

where i and j refer to the number of MSA molecules in the first and 
second cluster, k and l refer to the number of DEA molecules. Here, the 
formation rate given by equation (4) is not the nucleation rate, and 
therefore it is risky to directly compare the value of J reported here with 
the true nucleation rate. The time evolution of cluster concentration ci 
can be obtained by solving the birth and death equation (McGrath et al., 
2012) given by equation (5): 

dci

dt
¼

1
2
X

j<i
βj;ði� jÞcjci� j þ

X

j
γðiþjÞ→icðiþjÞ �

X

j
βi;jcicj �

1
2
X

j<i
γi→jci þQi � Si

(5)  

where Qi refers to the additional source term of cluster i and Si refers to 
the possible loss term for cluster i. βi;j represents the collision coefficient 
from kinetic theory (Ortega et al., 2012) and is calculated by equation 
(6): 

βi;j¼

�
3

4π

�1=6�6kbT
mi
þ

6kbT
mj

�1=2�
V1=3

i þ V1=3
j

�2
(6)  

where T represents the temperature, kb represents the Boltzmann con-
stant, and mi and Vi represent the mass and volume of cluster i, 
respectively. The evaporation coefficient γðiþjÞ→i is calculated by equa-
tion (7): 

γðiþjÞ→i;j¼ βi;j
ce

i ce
j

ce
iþj
¼ βi;jcrefexp

�
ΔGiþj � ΔGi � ΔGj

kbT

�

(7)  

Where ce
i corresponds to the equilibrium concentration of cluster i, and 

cref corresponds to the monomer concentration of the reference vapor. 
The simulation system is a “3 � 3 box” where 3 is the maximum number 
of acid or amine molecules in the cluster. Although smaller sizes may 
cause overestimation of formation rates, we are only focusing on the 
comparison of the formation rate of MSA-DEA with the results of SA- 
DMA and SA-MA systems of the same size and MSA-DMA cluster with 
a slightly different size. (Bork et al., 2014; Xie et al., 2017) The ACDC 
simulation was performed mainly at 278.15K. The condensation sink 
coefficient was set to a constant value of 2.6 � 10� 3 s� 1, which corre-
sponds to the typical values observed in the boreal forest environment. 
(Maso et al., 2008) The concentrations of MSA and SA were set at 105, 
106, 107 and 108 cm� 3, which is the range associated with atmospheric 
NPF. (Eisele and Tanner, 1993; Berresheim et al., 2002) Liu et al. re-
ported that the concentration of gaseous DEA at a mountain site in 
southern China ranges at ppt level. (Liu et al., 2018a) The study by 
Müller et al. (2009) also revealed a good correlation between DEA and 
DMA in the test samples. Therefore, the concentration of DEA was set at 
0.1, 1 and 10 ppt, which corresponds to the typical concentration of 
DMA. (Olenius et al., 2013; Ge et al., 2011; Riipinen et al., 2007) 

3. Results and discussion 

3.1. Structural parameters 

The global minimum structures of ðMSAÞmðDEAÞn ðm¼ 1 � 3 and 
n¼ 0 � 3Þ are shown in Fig. 1. Detailed information on the lowest energy 
structures is enumerated in Table S2. As indicated in Fig. 1, significant 
hydrogen bonds are evident in the homomolecular clusters ðMSAÞm, but 
no proton transfer occurred; thus, the stability of these clusters depends 
on the strength of the hydrogen bonds. However, in all heteromolecular 
clusters, both hydrogen bonds and proton transfer can be clearly 
observed. Therefore, not only the strength of hydrogen bonds, but also 
the strength of proton transfer, will affect the stability of these clusters. 

Hydrogen bond is a significant intermolecular interaction in clusters 
(Kollman and Allen, 1972), so it’s necessary to study the changes in the 
strength of hydrogen bonds in different clusters. In order to describe the 
strength of the hydrogen bonds as the cluster size increases, the topo-
logical parameters of homomolecular clusters ðMSAÞm ðm¼ 2 � 3Þ are 
discussed. Table S3 lists the partial parameters in the 
ðMSAÞm ðm¼ 2 � 3Þ topological analysis, including the electron density 
(ρ), its Laplacian (r2ρ), and the electronic energy density (E), which is 
made up of the electronic kinetic energy density (G) and the electronic 
potential energy density (V). Larger electron density values correspond 
to stronger hydrogen bonds (Bader, 1990). When both r2ρ and E are 
greater than 0, it corresponds to a weak hydrogen bond. A case where 
r2ρ is positive and E is negative represents a medium hydrogen bond. If 
both r2ρ and E are all negative, this case corresponds to a strong 
hydrogen bond (Rozas et al., 2000). As can be seen in Table S3, in the 
homomolecular clusters, as the number of MSA molecules increases 
from 2 to 3, more hydrogen bonds with larger electron density values are 
generated, in other words, the intensities of the hydrogen bonds in the 
clusters are enhanced. 

Proton transfer plays an important role in cluster stability (Stinson 
et al., 2016). As can be seen in Table S4, in all heteromolecular clusters, 
due to the strength of the acid and the base, proton transfer occurs 
generally. Proton transfer parameters were used to assess whether pro-
ton transfer occurred in the hydrogen bonds within the cluster. A posi-
tive value of ρPT suggests a fully transferred proton interaction and a 
negative value of ρPT corresponds to the ordinary hydrogen bond. As 
shown in Table S4, for the ðMSAÞmðDEAÞn ðm¼ 1 � 3 and  n¼ 1 � 3Þ
clusters, all the proton transfer parameters are positive, which indicates 

C.-X. Xu et al.                                                                                                                                                                                                                                   



Atmospheric Environment 226 (2020) 117404

5

that proton transfer generally occurs in these clusters. When m ¼ n, the 
amine (–NH) groups of all DEA molecules are protonated by MSA, while 
each MSA molecule transfers a single proton to form a cyclic structure 
between MSA and DEA. When m 6¼ n, the number of proton transfers 
depends on the smaller value in m or n. Since MSA can only provide one 
proton and DEA can only accept one proton, the number of proton 
transfers is limited by the number of acid-base pairs. As shown in Fig. 1, 
when the number of acids and bases is the same, such as ðMSAÞ2ðDEAÞ2 
and ðMSAÞ3ðDEAÞ3, it is obvious that each MSA molecule is connected to 
two DEA molecules and each DEA molecule is connected to two MSA 
molecules, forming an acid-base cyclic structure. For each DEA mole-
cule, its original H atom is connected to an MSA molecule by a hydrogen 
bond. When connected to another MSA molecule, the H atom from 
proton transfer is used. 

3.2. Thermodynamics analysis 

The thermodynamic parameter, especially the standard Gibbs free 
energy, is a parameter that can effectively reveal the stability of a 
cluster. The standard Gibbs free energies changes associated with the 
different sizes of the MSA–DEA clusters are presented in Fig. 2, and the 
corresponding thermodynamic quantities ΔE0, ΔH and ΔS are presented 
in Table S5. Here, the effect of multiple conformers on Gibbs free en-
ergies was ignored, and only the lowest energy conformer was treated. 
According to Partanen et al. (2016), because of the logarithmic depen-
dence on free energies in the correct free-energy formulas, only a few 
molecules or clusters contribute to the free energy. At the same time, the 
difference in Gibbs free energy between different isomers may exceed 
10 kcal/mol, so it’s important to find the lowest energy comforter. As 
can be seen in Fig. 2, the standard Gibbs free energy changes of the 
acid-base clusters are invariably negative, which demonstrates that the 
reactions forming these clusters are spontaneous. 

The standard Gibbs free energy change of ðMSAÞðDEAÞ is 2.87 kcal/ 
mol more negative than that of ðMSAÞ2 as shown in Fig. 2, which in-
dicates that when the cluster contains two molecules, proton transfer 
occurs in the heteromolecular clusters, which introduces factors that 
enhance the stability of the clusters. In addition, it can be observed that 
the ΔG� values of the diagonal clusters are more negative. This is related 
to the number of transferable protons in the cluster. As the number of 
acids and bases increases from 1 to 3, the ΔG� value of the cluster 
changes from � 10.13 kcal/mol to � 64.31 kcal/mol. A more negative 
free energy favors cluster formation and indicates cluster stability, 

which may contribute to cluster growth to a detectable particle size. 

3.3. Thermodynamics at ambient concentration: actual free energy 

In the actual analysis of atmospheric NPF, apart from the thermo-
dynamic parameters of the clusters, it is also necessary to consider the 
free energy surface of the cluster under certain conditions. The free 
energy surface of the cluster is the actual Gibbs free energy at the given 
monomer vapor pressure, which describes the Gibbs free energy barrier 
in the cluster growth (Olenius et al., 2013). The Gibbs free energy sur-
faces of the MSA–DEA clusters calculated at ambient trace gas concen-
trations are shown in Fig. 3. The concentration of MSA was set to [MSA] 
¼ 106 molecules cm� 3, and the mixing ratio of DEA was set to 10 ppt. All 
calculations were performed at 278.15 K. 

As shown in Fig. 3, along the diagonal on the acid-base grid, the free 
energy surfaces appear to be lowest. For the ðMSAÞ2ðDEAÞ2 and 
ðMSAÞ3ðDEAÞ3 clusters in particular, the free energy surfaces are 18.99 
and 28.57 kcal/mol, respectively, which is lower than other clusters 
with similar sizes. A similar trend of low free energy barriers along the 
diagonal was revealed in the SA-DMA/SA-NH3 systems by Olenius et al. 
(2013) In addition, the free energy surfaces of clusters with one more 
base than an acid molecule are much higher than that of clusters with 
one more acid than a base molecule. The main reason for this phe-
nomenon is that clusters with more acid molecules can form a ring 
structure, but no ring structure is observed on clusters with more base 
molecules, and at the same time, more and stronger hydrogen bonds are 
formed between the acid–acid molecules and the acid–base molecules. 
These all contribute to the stability of these clusters. 

3.4. Evaporation rates 

Regarding the formation of acid-base clusters and its atmospheric 
significance, the evaporation rate and collision coefficient affect the 
stability of the cluster where non-monomers collide and evaporate from 
clusters just like monomers (Ortega et al., 2012; Arstila, 1997; Veh-
kam€aki et al., 2012). For the MSA–DEA system, the collision coefficients 
of the clusters differ little; therefore, the differences in evaporation rate 
reveal the stability of the cluster at a given acid and base concentration. 
The evaporation rates for ðMSAÞmðDEAÞn ðm¼ 0 � 3 and n¼ 0 � 3Þ on 
the MSA–DEA grid at 278.15 K are presented in Fig. 4. Clusters with 
smaller evaporation rates are less likely to evaporate and form small 

Fig. 2. Standard Gibbs free energies changes for 
ðMSAÞmðDEAÞn  ðm¼ 0 � 3  and  n¼ 0 � 3Þ clusters at the DLPNO–CCSD(T)/ 
aug–cc–pVTZ//M06–2X/6–31þþG(d,p) level and at 298.15 K and 1 atm. 

Fig. 3. Actual Gibbs free energy surfaces of 
ðMSAÞmðDEAÞn  ðm¼ 0 � 3  and  n¼ 0 � 3Þ clusters, at 278.15 K, [MSA] ¼ 106 

cm� 3, [DEA] ¼ 10 ppt. 

C.-X. Xu et al.                                                                                                                                                                                                                                   



Atmospheric Environment 226 (2020) 117404

6

clusters. In the process of acid-base cluster growth, considering the 
collision with acid, base monomer, or other cluster, a cluster with a 
higher collision rate than its own evaporation rate can be considered as a 
stable cluster (Xie et al., 2017). In general, the collision rate constant of a 
cluster with acid or base is of the order of 10� 10 cm3 s� 1. When the 
concentration of acid or base monomer is at several ppt, the collision 
rate of the cluster with acid or base monomer reaches about 10� 1 s� 1. 
Therefore, clusters with an evaporation rate lower than 10� 1 s� 1 may be 
considered as stable clusters. Among most evaporation pathways (see 

Table S6), the main evaporation route is the evaporation of MSA or DEA 
monomer from the cluster, rather than evaporation of the dimer cluster 
as reported by McGrath et al. (2012) This is mainly because the Gibbs 
free energy surface of the dimer of SA and DMA is smaller than that of 
the monomer, which corresponds to stronger stability of the dimer, 
while the situation of MSA and DEA is opposite. When the number of 
acids and bases in the cluster is unequal, for example, the number of 
acids is greater than that of bases, the evaporation of the acid monomer 
from the cluster will be apparent. When two clusters share the same 
number of molecules, the total evaporation rate of the cluster with more 
amine molecules is higher than that of clusters with more acid mole-
cules. This is a manifestation of the stronger bonding capability of MSA 
with clusters than that of DEA. 

3.5. New particle formation rates 

Cluster formation rate can be used as an important indicator to 
characterize the stabilization of acid and base NPF (Almeida et al., 2013; 
McGrath et al., 2012; Xie et al., 2017; Olenius et al., 2017; Jen et al., 
2014). Experimental evidence has shown that SA–DMA and 
SA–methylamine (MA) systems at the ppt level have the potential for 
NPF (Almeida et al., 2013; Jen et al., 2014). Chen et al. (2015b) pointed 
out that MSA–DMA plays an important role in driving NPF. To verify the 
nucleation potential of MSA and DEA, the simulated formation rate of 
the MSA–DEA system was compared with that of SA–DMA and SA–MA 
systems of the same cluster size (3 � 3 box) (Xie et al., 2017) and that of 
MSA–DMA system of a slightly different size (3 � 2 box) (Bork et al., 
2014). Considering that the most appropriate functional for describing 
the geometric and thermodynamic properties of each cluster is different, 
the thermodynamic parameters of each cluster were obtained by using 
their most suitable functional. Other simulation conditions are the same. 

Fig. 4. Evaporation rates for ðMSAÞmðDEAÞn  ðm¼ 0 � 3  and  n¼ 0 � 3Þ on the 
MSA–DEA grid at 278.15 K. 

Fig. 5. The cluster formation rate J (cm� 3 s� 1) as a 
function of acid monomer concentration for different 
systems: (a) MSA-DEA, (b) MSA-DMA, (c) SA-MA, (d) 
SA-DMA. The black solid lines represent [base] ¼ 0.1 
ppt, the red dashed lines represent [base] ¼ 1 ppt and 
the blue dotted lines represent [base] ¼ 10 ppt. All 
simulations were performed at 278.15 K and 1 atm. 
(For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web 
version of this article.)   
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The cluster formation rate as a function of acid monomer concen-
tration at 278.15 K is shown in Fig. 5. More importantly, for the same 
cluster size, when sharing the same precursor concentration, the for-
mation rate of the MSA–DEA system was 101–103 times that of the 
MSA–DMA system, 1–6 times that of the SA–MA system, and 10� 4–10� 5 

times that of the SA–DMA system. It can be expected that the MSA-DEA 
system has a strong ability of new particle formation, which is between 
SA-DMA and SA-MA system. However, MSA–DEA has a higher forma-
tion rate than MSA–DMA, corresponding to the more negative Gibbs free 
energies between MSA and DEA. When comparing the dimers of the 
MSA-DMA system and the MSA-DEA system, we found that MSA and 
DEA formed a stable planar cyclic structure, while MSA and DMA did not 
form a similar ring structure. 

The SA–DMA and the SA–MA systems at the ppt level have been 
shown to promote atmospheric NPF (Almeida et al., 2013; Jen et al., 
2014). Therefore, it can be concluded that the MSA–DEA system can 
enhance NPF when the atmospheric concentration of DEA and MSA 
reaches the ppt level. 

4. Conclusions 

In this study, the strong aerosol formation capabilities of DEA when 
interacting with MSA have been demonstrated using cluster kinetic 
modelling. The results agree well with the high-particulate DEA con-
centrations observed in field studies in the marine environment. Spe-
cifically, by comparing the formation rates of the MSA–DEA system with 
several other systems of the same size, it was shown that the nucleation 
potential of the MSA–DEA system is inferior to that of sulfuric acid (SA)– 
DMA, and slightly superior to that of SA–methylamine (MA) but superior 
to that of MSA–DMA. The mechanism of NPF has been studied system-
atically and in some detail: structural and thermodynamic results indi-
cate a tendency for clusters to be stable for increasing cluster size. 
Furthermore, combining the diagonal distribution of lower free energy 
clusters and the number of proton transfers, the influence of proton 
transfer on cluster growth is revealed. In view of the low evaporation 
rate, clusters near the diagonal can be considered stable. In addition, the 
evaporation rate of clusters containing amine molecules is greater than 
that of clusters with acid groups, indicating that MSA has a stronger 
binding capability than DEA. 

Studies of the influence of hydration on NPF in the SA/ammonia and 
SA/DMA systems show that the effect of hydration on NPF in the system 
diminishes with increasing nucleation ability of the binary acid-base 
system (Henschel et al., 2016). Therefore, it is reasonable to assume 
that the role of water in the MSA–DEA system is weaker than in the 
MSA–DMA system. However, the specific impact of hydration on the 
MSA–DEA system still needs further investigation. 
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