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H I G H L I G H T S  

� Clusters consisting of HOAc, DMA and H2O are relatively stable. 
� Water molecules make the hydrogen bond in HOAc-DMA stronger. 
� High RH could promote the HOAc-DMA cluster growth. 
� Hydration could decrease the evaporation rates of HOAc and DMA.  
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A B S T R A C T   

Atmospheric aerosols are closely related to weather, climate and human health, and New particle formation 
(NPF) is a major source of atmospheric aerosols. Currently, some field observations and experiments indicate that 
acetic acid (HOAc) could be involved in NPF events. However, mechanism of acetic acid nucleation is still un-
clear. In this study, the low-lying structures and thermodynamics of acetic acid (HOAc)-dimethylamine (DMA)- 
water (W) system were studied at PW91PW91/6–311þþG (3df, 3pd) level. We found that acetic acid forms 
relatively stable clusters with dimethylamine, and that proton transfer enhances the strength of the hydrogen 
bond in (HOAc) (DMA) (H2O)n (n ¼ 2–4) clusters. Temperature has an important effect on the distribution of 
isomers, especially for (HOAc) (DMA) (H2O)2 clusters. Besides, all the isomers contribute to the nucleation of 
clusters. The various RH has a negligible effect on the hydrate distribution. However, the non-hydrated clusters 
are always dominant and they are easy to form stable cluster, as seen from the comparison of hydrate distri-
butions and cluster formation rates. The above analyses indicate that (HOAc) (DMA) is relatively stable and some 
larger clusters based on (HOAc) (DMA) may participate in new particle formation.   

1. Introduction 

Atmospheric aerosols have a tremendous impact on Earth’s radiation 
budget, photochemistry, human health, and climate (Zhang et al., 2007; 
Saxon and Diaz-Sanchez, 2005; Saikia et al., 2016; Li et al., 2005; 
Makkonen et al., 2012; Baker and Peter, 2008; Kulmala et al., 2004). 
New particle formation (NPF) contributes to atmospheric aerosol for-
mation and dominates concentrations of cloud condensation nuclei 
(CCN) (Kulmala, 2003; Merikanto et al., 2009). Although nucleation 
phenomena have been intensively investigated in the past, role of some 

nucleating species and nucleation mechanisms are yet not well under-
stood (Lanz et al., 2007; Zhang et al., 2011; Bzdek et al., 2012), espe-
cially in the case, when small molecular clusters are nucleating (Chen 
et al., 2017a; Junninen et al., 2010; Jokinen et al., 2012; Zhao et al., 
2010). 

Sulfuric acid (SA) has been proved as a critical aerosol nucleation 
precursor through numerous field observations and laboratory studies 
(Vehkam€aki et al., 2002; Sipil€a et al., 2010; Kurt�en et al., 2008). How-
ever, since the concentration of sulfuric acid in the range of 105 to 
107 cm� 3 is not large enough to explain the measured nucleation events 
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in the actual atmospheric environment, other species could be involved 
in the nucleation events (Kuang et al., 2010; Kulmala and Kerminen, 
2008; Paasonen et al., 2010), such as ammonia, ionic species, and 
organic compounds (Kurten et al., 2006; Han et al., 2018; Nadykto and 
Yu, 2007; Nadykto et al., 2008a, 2008b, 2009, 2014, 2018; Herb et al., 
2011, 2012; Ortega et al., 2008; Olenius et al., 2013; Bork et al., 2011a, 
2011b; Zhang et al., 2004, 2009; Kildgaard et al., 2018; Lv et al., 2018; 
Kupiainen-M€a€att€a et al., 2014; Ryding et al., 2012; Ma et al., 2018; Zhu 
et al., 2014; Miao et al., 2015; Xu et al., 2009, 2010; Kurt�en et al., 2014). 

The pioneering laboratory experiments about nucleation of organic 
acids and many theoretical studies have clearly shown that organic acids 
promote the growth of nanoparticles (Han et al., 2018; Nadykto and Yu, 
2007; Zhang et al., 2004; Zhao et al., 2006, 2009). The interactions 
between five dicarboxylic acids and sulfuric acid have been studied by 
Zhang group (Xu and Zhang, 2012). Among them, oxalic acid is a most 
prevalent dicarboxylic acid in the atmosphere and a major constituent of 
aerosol particles (Limbeck et al., 2001; Chebbi and Carlier, 1996; Mar-
tinelango et al., 2007; Huang et al., 2005; Zobrist et al., 2006). Oxalic 
acid has been shown that it could contribute to the aerosol nucleation 
process by binding to sulfuric acid and ammonia (Xu and Zhang, 2012). 
The theoretical investigation of Yu et al. predicted that oxalic acid 
significantly enhances the stability of ionic clusters and catalyzes pre-
nucleation clusters with positive charges (Xu et al., 2010). Moreover, 
Tao et al. reported that thermodynamically stable C2H2O4–NH3 core 
clusters could participate in NPF events (Weber et al., 2012). The 
interaction between oxalic acid and dimethylamine is strongly depen-
dent on the degree of hydration of the acid and dimethylamine (Chen 
et al., 2017a). While nucleation of dicarboxylic acids have been exten-
sively studied in the past, role of monocarboxylic acids in atmospheric 
nucleation is yet to be understood, In this study, the role of mono-
carboxylic acetic acid, one of the most abundant organic species in the 
atmosphere has been investigated (Andreae et al., 1988; Galloway et al., 
1982). For example, in the Amazonia region of Brazil, the average 
concentration of gas-phase acetic acid is 2.2 � 1.0 ppb and it is about 2 
orders of magnitude higher than that of the other corresponding organic 
acids in the atmospheric aerosol (Andreae et al., 1988). In Denmark, the 
formic acids and acetic acids account for 18% � 8% of the total acids in 
rain (Granby et al., 1997). In Austria, the most abundant Carboxy acids 
were acetic (average: 0.93  μg ml� 1) at a continental background site 
(L€oflund et al., 2002). Nadykto et al. indicated that common 
low-molecular acetic acids considerably promote new particle formation 
(Nadykto and Yu, 2007). Besides, acetic acids could efficiently stabilize 
small sulfuric acid–water complexes and can also interact actively with 
ammonia (Nadykto and Yu, 2007). In particular, hydration of (HOAc) 
(SA)2 has a profound impact on ion-mediated nucleation (Zhu et al., 
2014). Despite the abundance of HOAc, the atmospheric property of 
acetic acids is poorly understood. In particular, the contribution of acetic 
acids and strong bases to atmospheric nucleation remains unknown. 

Laboratory studies and recent field observations have reported that 
amines are involved in new particle formation (Smith et al., 2010; Zhao 
et al., 2011; Almeida et al., 2013). Dimethylamine (DMA), the most 
common and strongest organic base in the atmosphere, promotes neutral 
and ion-induced sulfuric acid–water nucleation (Ge et al., 2011; Jen 
et al., 2014). Experiments using the CLOUD chamber at CERN have 
indicated that the concentration of DMA is exceeding three parts per 
trillion by volume, and it has a much higher nucleation rate than 
ammonia in the atmosphere (Almeida et al., 2013). 

According to previous studies, both HOAc and DMA are involved in 
NPF events, however, impacts of the interaction of HOAc and DMA have 
not been investigated. In this study, structures and thermodynamics of 
the (HOAc) (DMA) (H2O)n (n ¼ 0–4) are studied by PW91PW91/ 
6–311þþG (3df, 3pd) level. Topological analysis, atmospheric rele-
vance, the formation rates and evaporation rates of the (HOAc) (DMA) 
(H2O)n (n ¼ 0–4) clusters are also explored. 

2. Methods 

The low energy structures of (HOAc) (H2O)n (n ¼ 1–4) and (HOAc) 
(DMA) (H2O)n (n ¼ 0–4) clusters were obtained using the Basin-Hopping 
(BH) algorithm coupled with semiempirical PM7 implemented in 
MOPAC 2016 (Hosta�s et al., 2013; Wales and Doye, 1997; Huang et al., 
2010; Maia et al., 2012). To obtain the low-lying structures with the BH 
method, two steps were needed: firstly, new configuration was gener-
ated through the random displacement of molecules in the cluster; and 
then, the structure was optimized to the local minimum by PM7 method. 
Secondly, Boltzmann temperature was set to range from 2000 to 5000 K 
in this study, and the energy of optimized local minimum was used as 
the criteria to accept or reject the initial structures by Metropolis 
guidelines (Chen et al., 2017b; Zhao et al., 2017; Jiang et al., 2014). For 
each size cluster, ten separate BH searching were performed and each 
searching contained 500 sampling structures at the Boltzmann temper-
ature. Then, the energy was sorted from low to high and 30 low energy 
geometries relative to global minimum were selected to be optimized 
(Liu et al., 2014; Wen et al., 2018). The initial geometries of (HOAc) 
(H2O)n (n ¼ 1–4) and (HOAc) (DMA) (H2O)n (n ¼ 0–4) were first opti-
mized at the PW91PW91/6-31 þ G* level. After that, the stable isomers 
within 6 kcal mol� 1 were further optimized at the 
PW91PW91/6–311þþG (3df, 3pd) level to determine the final geome-
tries (Peng et al., 2015; Wang et al., 2018). Cartesian geometries of 
global minima are given in the Supporting Information. For each sta-
tionary point, the vibration frequency is calculated to confirm that no 
imaginary frequencies were present. All the geometry optimizations and 
frequency calculations were implemented by Gaussian 09 program 
(Frisch et al., 2004). 

Nadykto et al. (Nadykto and Yu, 2007) indicated that the comparison 
between theoretical results and the experimental data shows that 
PW91PW91/6–311þþG (3df, 3pd) over-performs both 
MP2/6–311þþG (3df, 3pd) and B3LYP/6–311þþG (3df, 3pd) in the 
study of strong hydrogen bonding between atmospheric nucleation 
precursors and common organics. PW91PW91 functional was selected 
as the specific method in this study, due to its fine performance in 
obtaining stable structures, thermochemistry, and non-covalent in-
teractions (NCI) for different atmospheric clusters, and its predictions 
are highly similar to the experimental results (Xu et al., 2009, 2010; Xu 
and Zhang, 2012). Meanwhile, the 6–311þþG (3df, 3pd) basis set was 
selected due to its wide applications in atmospheric clusters (Nadykto 
and Yu, 2007; Nadykto et al., 2008b; Miao et al., 2015). 

To elucidate the non-covalent interactions (NCI) of the clusters, we 
implemented it in Multiwfn 3.079 and visualized it by the visual mo-
lecular dynamics (VMD) program (Humphrey et al., 1996), which has 
been certified to be effective and convenient for identifying NCI. In 
addition, the results from the quantum chemistry calculations were 
implemented in a dynamics model to simulate the kinetics of molecular 
cluster populations (McGrath et al., 2012), and we can also study the 
formation rates and the evaporation rates of the (HOAc) (DMA) (H2O)n 
(n ¼ 0–4) clusters. The Atmospheric Cluster Dynamics Code (ACDC) 
simulation was operated at 298.15 K. The HOAc concentration and the 
DMA concentration were set to 5 � 1010 molecule cm� 3 and 5 ppt, 
respectively (Andreae et al., 1988; Almeida et al., 2013). The relative 
humidity (RH) in the study of formation rate is set to 0–100%, and the 
hydration effect on evaporation rates is also considered. 

3. Results and discussion 

3.1. Structure 

The geometries of (HOAc) (H2O)n (n ¼ 1–4) and (HOAc) (DMA) 
(H2O)n (n ¼ 0–4) were optimized at PW91PW91/6–311þþG (3df, 3pd) 
level, shown in Fig. 1 and Fig. 2. All the low-energy structures are listed 
in the Supporting Information. The Gibbs free energies of the structures 
are ordered by a<b < c < d < e. The representations of these structures 
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are defined using n-i notation. In this notation, “n” (n ¼ 0–4) represents 
the number of water molecules. “i” (i ¼ a-e), denotes different isomers 
with the same value of n. 

For (HOAc) (H2O)n (n ¼ 1–4), the optimized global minimum 
structures are presented in Fig. 1. For monohydrated clusters, there are 
two hydrogen bonds between water and the acetic. The distance of 
hydrogen bond between the acetic OH group and the oxygen in water is 
1.727 Å. In the case of dehydrate of acetic acid, a three-membered ring is 
formed through the two water molecules and acetic acid, and it is made 
up of three hydrogen bonds, with the length of 1.606 Å, 1.683 Å and 
1.711 Å, successively. In this cluster, the strength of hydrogen bond 
between the acetic acid and water appears to be higher than that of 
monohydrate. In the case of the trihydrate global minimum, there are 
five O⋯H hydrogen bonds in the lowest energy configuration. In the five 
hydrogen bonds of this cluster, the hydrogen bond between acetic acid 
and the oxygen in water of 1.512 Å appears to be the shortest one. It is 
obvious that, when adding the third and the fourth water to acetic, water 
molecules begin to form O⋯H hydrogen bond with themselves, which 
may be caused by space steric effect. With the increasing number of 
water molecules, the clusters gradually form more stable three- 
dimensional structures. 

Optimized structures of global minima of (DMA) (HOAc) (H2O)n 
(n ¼ 0–4) clusters are presented in Fig. 2. For (HOAc) (DMA) dimer, the 
most stable structure has one hydrogen bond, with the length of 1.625 Å 
between the amino group and carboxyl group. For the most stable 
structure of (HOAc) (DMA) (H2O)1, one hydrogen bond is formed be-
tween the acid group and the nitrogen of dimethylamine, with a distance 
of 1.468 Å. For the most stable structure of (HOAc) (DMA) (H2O)n 
(n ¼ 2–4), proton transfer from acetic acid to dimethylamine occurs. For 
the (HOAc) (DMA) (H2O)2 cluster, a four-membered ring is formed 
through two water molecules, acetic acid and dimethylamine, which is 
composed of four O⋯H hydrogen bonds, with the length of 1.347 Å, 
1.600 Å, 1.631 Å and 1.760 Å, successively. As the number of water in-
creases up to three, the most stable one has two adjacent cyclic hydrogen 
bonded networks, and the distance of OH hydrogen bond between the 
acid groups and the nitrogen of dimethylamine is 1.476 Å. Besides, the 
water molecules begin to form OH⋯O hydrogen bond with themselves. 
For (HOAc) (DMA) (H2O)4, the most stable structure has a stable quasi- 
cubic configuration. 

The addition of DMA can promote the formation of intermolecular 
hydrogen bond in the cluster, because the presence of DMA provides 

more the sites of hydrogen bond, and the addition of DMA enables itself 
to act as a receptor for proton transfer with HOAc, which makes the 
occurrence of the intermolecular hydrogen bond in HOAc-DMA is easier 
than that of HOAc-H2O. The carboxyl group is directly connected to the 
amino group in all the most stable configurations. When adding two or 
more water molecules, proton transfer from HOAc to DMA occurs in 
clusters. Proton transfer enhances the strength of hydrogen bond as well 
as promotes the generation of global minimum structures. 

3.2. Thermochemical analysis 

Thermodynamic analysis of the global minimum of (HOAc) (H2O)n 
(n ¼ 1–4), (DMA) (H2O)n (n ¼ 1–4) and (HOAc) (DMA) (H2O)n (n ¼ 0–4) 
was carried out by PW91PW91/6–311þþG (3df, 3pd) level. The relative 
single-point energy, △E (0 K), is obtained by two main reaction paths, 
as shown in equations (1) and (2): △E1 is calculated by adding a single 
molecule, and △E2 is calculated by adding water to the acid-base dimer, 
the other paths are placed in path S1and path S2 in SI. The intermo-
lecular enthalpy △H (298.15 K) and the Gibbs free energy △G 
(298.15 K) are also calculated by those two ways. The thermodynamic 
analysis of the global minimum for (HOAc) (H2O)n (n ¼ 1–4), (DMA) 
(H2O)n (n ¼ 1–4) and (HOAc) (DMA) (H2O)n (n ¼ 0–4) is listed in Ta-
bles 1 and 2. 

path1 : ΔE1¼EðHOAcÞðDMAÞðH2OÞn � EðHOAcÞ � EðDMAÞ � nEðH2OÞ (1)  

path2 : ΔE2¼EðHOAcÞðDMAÞðH2OÞn � EðHOAcÞðDMAÞ � nEðH2OÞ (2) 

The △G values of (HOAc) (H2O)n (n ¼ 1–4) and (DMA) (H2O)n 
(n ¼ 1–4) are summarized in Table 1, and almost all the △G values are 
positive except for (HOAc) (H2O)1, which has a value of 
� 0.47 kcal mol� 1, indicating the (HOAc) (H2O)1 could spontaneously 
form in the atmosphere. It may be deduced from Table 1 that (HOAc) 
(H2O)n (n ¼ 2–4) and (DMA) (H2O)n (n ¼ 1–4) clusters could not be 
favorable in the atmosphere. 

When HOAc interacts with DMA, the △G value turns to be negative, 
which is � 3.48 kcal mol� 1. In path 1, the △G value of (HOAc) (DMA) 
(H2O)1 is � 4.61 kcal mol� 1, which is 4.14 kcal mol� 1 less than that of 
(HOAc) (H2O)1, while the △G values of the (HOAc) (DMA) (H2O)2, 
(HOAc) (DMA) (H2O)3, (HOAc) (DMA) (H2O)4 are � 3.33 kcal mol� 1, 
-2.62  kcal mol� 1 and -1.08  kcal mol� 1, respectively. The △G values of 
the Ternary clusters are lower than the acetic hydrate. With the addition 

Fig. 1. Global minima of (HOAc) (H2O)n (n ¼ 1–4) calculated at the PW91PW91/6–311þþG (3df, 3pd) level.  
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Fig. 2. Global minima of (HOAc) (DMA) (H2O)n (n ¼ 0–4) calculated at the PW91PW91/6–311þþG (3df, 3pd) level. The intramolecular and intermolecular 
interaction distances and the corresponding isosurfaces are given. 
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of water molecules, clusters are less likely in the atmosphere. In path 2, 
the △G value of (HOAc) (DMA) (H2O)3 shows the most negative value 
(� 7.18  kcal mol� 1), indicating that the clusters constructed by three 
waters and the acid-base dimer could be more favorable than other 
clusters in the atmosphere. 

When adding the DMA to (HOAc) (H2O)n (n ¼ 1–4), the △G values 
become lower. DMA facilitates the progress of the reaction and increases 
the stability of the clusters, which is consistent with the structural 
analysis and temperature dependence analysis in later depictions. 

3.3. Analysis of the topological parameters and the non-covalent 
interaction (NCI) 

The topological parameters and the NCI of the global minimum of 
(HOAc) (DMA) (H2O)n (n ¼ 0–4) will be discussed in this section. In 
order to explore the nature of the hydrogen bonds on the stability of the 
global minimum structures, the “atoms in molecules” (AIM) theory of 
Bader is used to analyze the characteristics of bond critical points (BCPs) 
in H–N⋯H⋯O (Han et al., 2018; Bader, 1990; Carroll et al., 1988; Gao 

et al., 2013; Bone and Bader, 1996; Rozas et al., 2000). To analyze the 
topological characteristics at the bond critical point, we study five pa-
rameters: the electron density (ρ), its Laplacian (△2ρ), the electronic 
kinetic energy density (G) and the electronic potential energy density 
(V), with the latter two composing the third one, the electronic energy 
density (H). One of the most important parameters is the electron den-
sity, which reveals the existence of the electron density redistribution at 
hydrogen bond. All of the topological parameters at BCPs of the N⋯H 
bonds and O⋯H hydrogen bonds are presented in Table 3, including the 
length of hydrogen bonds calculated at the PW91PW91/6–311þþG 
(3df, 3pd) level, and the gradient isosurfaces display a vivid visualiza-
tion of strength of NCI in the right half of Fig. 2. Both the topological 
analysis of AIM theory and the analysis of the NCI were carried out by 
Multiwfn program (Contreras-García et al., 2011) and VMD (Humphrey 
et al., 1996) program. 

As the number of water molecules in (HOAc) (DMA) (H2O)n in-
creases from one to two, the length of H–N⋯H bond quickly decreases 
from 1.468 Å to 1.186 Å, while the electronic density value sharply in-
creases from 0.1038 a.u. to 0.2180 a.u, which means the strength of the 
hydrogen bond increases. It has been known that the larger the elec-
tronic density is, the stronger the hydrogen bond is (Galvez et al., 2003). 
In (HOAc) (DMA) (H2O)2, proton transfer from the oxygen atom of 
HOAc to the nitrogen atom of DMA occurs, indicating the second water 
triggers the proton transfer. However, when adding the second water to 
(HOAc) (H2O), no proton transfer occurs. This indicates that the pres-
ence of DMA plays important role in proton transfer. 

The strength of hydrogen bond can be classified by the value of △2ρ 
and H. When both △2ρ and H are negative, hydrogen bond is strong. 
When △2ρ is positive and H is negative, it is regarded as medium 
hydrogen bond. When both △2ρ and H are positive, the hydrogen bond 
is weak (Rozas et al., 2000). The△2ρ value is used to distinguish co-
valent or non-covalent interactions. Generally, when the△2ρ value is 
negative, it represents the covalent bond; when the △2ρ value is posi-
tive, it means the non-covalent bond (Han et al., 2018; Kim et al., 1994). 
Therefore, these criteria are used to characterize different hydrogen 
bonds in the global minima of (HOAc) (DMA) (H2O)n (n ¼ 0–4). For 
(HOAc) (DMA) and (HOAc) (DMA) (H2O)1 clusters, △2ρ > 0 and H < 0 
suggest medium hydrogen bonds. For (HOAc) (DMA) (H2O)n (n ¼ 2–4) 
clusters, both △2ρ and H are negative, indicating strong hydrogen 
bonds in the closed-shell interactions. 

The reduced gradient isosurfaces (s ¼ 0.05 a.u.) are displayed in the 
right half of Fig. 2. The NCI analysis method can be seen as an extension 
of AIM, and the reduced density gradient is able to be used to confirm 
non-covalent interactions and covalent interactions in real space. Blue 
color represents hydrogen bonds; green represents van der Waals forces; 
and red means steric hindrance. The darker the corresponding color is, 
the stronger the interaction is. For (HOAc) (DMA) and (HOAc) (DMA) 
(H2O)1, the blue color at N⋯H bond represents the hydrogen bonds. For 
(HOAc) (DMA) (H2O)n (n ¼ 2–4), acid and base are directly connected 
by NH⋯O bond, which could be explained by the proton transfer ac-
cording to the AIM results. 

3.4. Temperature dependence of conformational populations 

In previous studies, it was shown that the thermodynamic properties 

Table 1 
Energy changes associated with the reaction of (HOAc) (H2O)n (n ¼ 1–4) and 
(DMA) (H2O)n (n ¼ 1–4). The energies are in kcal mol� 1, and were calculated at 
the PW91PW91/6–311þþG (3df, 3pd) level.  

Reaction △E (0 K) △H (298.15 K) △G (298.15 K) 

HOAc þ H2O ↔ (HOAc) (H2O) � 9.77 � 10.08 � 0.47 
HOAc þ 2H2O ↔(HOAc) (H2O)2 � 17.45 � 20.85 0.97 
HOAc þ 3H2O ↔(HOAc) (H2O)3 � 21.70 � 27.57 3.34 
HOAc þ 4H2O ↔(HOAc) (H2O)4 � 22.76 � 31.28 6.06 
DMA þ H2O ↔ (DMA) (H2O) � 4.16 � 6.63 0.79 
DMA þ 2H2O ↔(DMA) (H2O)2 � 9.66 � 15.37 2.25 
DMA þ 3H2O ↔(DMA) (H2O)3 � 13.43 � 22.61 4.23 
DMA þ 4H2O ↔(DMA) (H2O)4 � 20.10 � 32.44 5.23  

Table 2 
Energy changes are associated with the formation of (HOAc) (DMA) (H2O)n 
(n ¼ 0–4). The energies are in kcal mol� 1, and were calculated at the 
PW91PW91/6–311þþG (3df, 3pd) level.  

Reaction △E 
(0 K) 

△H 
(298.15 K) 

△G 
(298.15 K) 

HOAc þ DMA↔ (HOAc) (DMA) � 14.24 � 12.25 � 3.48 
HOAc þ DMA þ H2O ↔ (HOAc) 

(DMA) (H2O) 
� 23.24 � 23.35 � 4.61 

(HOAc) (DMA)þH2O↔ (HOAc) 
(DMA) (H2O) 

� 9.00 � 11.10 � 1.17 

HOAc þ DMAþ2H2O↔(HOAc) 
(DMA) (H2O)2 

� 28.86 � 31.99 � 3.33 

(HOAc) (DMA)þ2H2O↔ (HOAc) 
(DMA) (H2O)2 

� 13.73 � 16.02 � 3.99 

HOAc þ DMA þ3H2O ↔ (HOAc) 
(DMA) (H2O)3 

� 34.07 � 41.89 � 2.62 

(HOAc) (DMA)þ3H2O↔ (HOAc) 
(DMA) (H2O)3 

� 13.00 � 15.04 � 7.18 

HOAc þ DMA þ 4H2O ↔ (HOAc) 
(DMA) (H2O)4 

� 37.69 � 47.07 � 1.08 

(HOAc) (DMA)þ4H2O↔ (HOAc) 
(DMA) (H2O)4 

� 8.43 � 8.49 � 6.66  

Table 3 
N⋯H distances (Å) and topological parameters at intermolecular and intramolecular bond critical points (BCPs) of the H–N⋯H⋯O bonds in the global minima of 
(HOAc) (DMA) (H2O)n (n ¼ 0–4) calculated at the PW91PW91/6–311þþG (3df, 3pd) level.  

n D (N…HO) /Å ρ /a.u. G /a.u. V /a.u. H /a.u. △2ρ /a.u. -G/V 

0 1.625 0.0696 0.0394 � 0.0667 � 0.0273 0.0484 0.5907 
1 1.468 0.1038 0.0485 � 0.1066 � 0.0581 0.0385 0.4550 
2 1.186 0.2180 0.0553 � 0.3133 � 0.2580 � 0.8107 0.1765 
3 1.070 0.2626 0.0516 � 0.4146 � 0.3630 � 1.2458 0.1245 
4 1.090 0.2869 0.0499 � 0.4694 � 0.4195 � 1.4787 0.1063  
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of clusters depend on temperature, which in turn affects the order of the 
conformational populations (Han et al., 2018; Miao et al., 2015; Mhin 
et al., 1993). Therefore, it is important to investigate the effect of tem-
perature on the formation of (HOAc) (DMA) (H2O)n (n ¼ 0–4) clusters. 

However, it is hard to complete experiments under low temperature 
conditions, due to the increasing wall losses of the clusters. Fortunately, 
theoretical calculation can be used to predict possible results. 

The changes in Gibbs free energy with temperatures from 100 to 

Fig. 3. Conformational population changes vs. temperature for the low-energy isomers of (HOAc) (DMA) (H2O)n (n ¼ 0–4) calculated at the PW91PW91/6–311þþG 
(3df, 3pd) level. 
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400 K could have a large influence on the relative populations of 
different isomers. Thus, an effect of temperature on the relative pop-
ulations of different isomers with the same size is needed to explore. The 
relative conformation population is defined by: 

pi¼ expð � ΔΔGi =RTÞ
.X

i
expð � ΔΔGi =RTÞ (3) 

In equation (3): R is the ideal gas constant, T represents the tem-
perature, pi means the relative population of the ith isomer at one 
cluster size, △△Gi represents the Gibbs free energy of the ith isomer 
compared to the most stable one. 

For (HOAc) (DMA) (Fig. 3(a)) dimer, our results predict a very sharp 
decrease in the proportion of 0a from practically 100%–73.4% with the 
increasing temperature, the proportions of isomer-b and isomer-c in-
crease slightly. For monohydrate (Fig. 3(b)), 1a is the most prevalent 
conformer with a share of 100 percent at 100 K. As temperature 
increasing to 400 k, 1a still plays a dominant role with a proportion of 
91.6%. As a comparison, 1 b only has a proportion of 6.8%, and the sum 
of the weight of 1a and 1 b almost reaches 1. In the process, other iso-
mers are negligible. In (HOAc) (DMA) (H2O)2 (Fig. 3(c)), the most 
prevalent conformer is 2a, dropping significantly from 94.5% to 62.5% 
as the temperature increases in the range of 100–400 K. When the 
temperature reaches 400 K, the proportions of 2 b and 2c are approxi-
mately 30.7% and 6.2%, respectively. 

For (HOAc) (DMA) (H2O)3 (Fig. 3(d)), the proportion of 3a steadily 
decreases from 99.9% to 77.8% in the range of 100–400 K. The isomers 
of 3 b and 3c have similar trends. For the n ¼ 4 (Fig. 3(e)), 4a weighs 
more than other low-lying isomers as temperature changes. However, 
the weight of following 4 b cannot be ignored, which increases signifi-
cantly in the range of 100–400 K. 

In conclusion, it is crucial to understand how a specific nucleation 
mechanism works at different temperatures. As the temperature rises, 
the weight of the global minima decreases while that of other local 
minimum increase. Kim et al. indicated that it is easy to change the 
stabilities of the clusters containing multiple hydrogen bonds when the 
temperature rises, which is a result of the entropy effect (Kim et al., 
1994), and it may explain the phenomenon that the strong temperature 
dependence for (HOAc) (DMA) (H2O)n (n ¼ 0–4). 

3.5. Atmospheric relevance and parameters in kinetic code 

Previous studies (Han et al., 2018; Xu and Zhang, 2013) have shown 
that hydration plays a vital role in the nucleation of amines and organic 
acids. In order to explore what kind of clusters is dominating at a certain 
relative humidity (RH), the results of the hydrate distributions of the 
“core (HOAc) (DMA) at four different RHs (20%, 50%, 80%, 100%) with 
a temperature of 298.15 K are revealed. As an n-hydrate in this study, its 
relative concentration is defined by:   

In equation (4), Kn are the equilibrium constants, related to the 
formation energy of an n-hydrate formed from one water molecule and 
(n-1)-hydrate (Loukonen et al., 2010). ρ represents the concentration of 
different species, and S is the saturation ratio, which is defined as the 
ratio of the proper partial pressure of the water vapor to the saturation 

vapor pressure Peq
W (Loukonen et al., 2010; Noppel et al., 2002). Besides, 

relative humidity is defined as RH ¼ 100% � S, and the reference pres-
sure (P) is 1 atm (Miao et al., 2015; Temelso et al., 2012). 

As illustrated in Fig. 4, the non-hydrated cluster is always dominant, 
the monohydrate and the dihydrate account for a small proportion, and 
the trihydrate and tetrahydrate are practically nonexistent. As the RH 
increases from 20% to 100%, the non-hydrated decreased slightly from 
99% to 96%, while the monohydrate is virtually increased from 0.6% to 
3%. In conclusion, the sensitivity of the hydrate distributions of (HOAc) 
(DMA)clusters to relative humidity is negligible, and the non-hydrated 
cluster dominates all the time. 

The formation rate of clusters is a crucial parameter in the NPF (Chen 
et al., 2012; Wen et al., 2019). Fig. 5(a) shows the cluster formation rates 
(Jcalc) as a function of relative humidity (RH: ranging from 0 to 100%) 
for HOAc concentration is 5 � 1010 molecule cm� 3 (Andreae et al., 
1988), DMA concentration is 5 ppt (Almeida et al., 2013), and the 
temperature is 298.15 K. Generally, the cluster formation rate decreases 
with the increasing RH for the considered conditions. When the 
RH<25%, the simulated cluster formation rate Jcalc decreases rapidly, 
indicating that the cluster formation rate is significantly reduced by the 
hydration environment. Whereas for the RH >25%, the Jcalc decreases 
slowly compared to the values when RH <25%, indicating that 25% RH 
is a turning point. It is worth noting that the cluster formation rate Jcalc is 
9.98 � 106 cm� 3 s� 1 at RH ¼ 25%, which is around the usual experi-
mental humidity (Wen et al., 2019). The result is consistent with the 
conclusion in atmospheric relevance that non-hydrated clusters have the 
high proportion at low relative humidity. 

Recently, the evaporation rates of clusters based on the formation 

free energy have been identified to be a meaningful parameter to study 
the early stage of particle formation (Ortega et al., 2012; McGrath et al., 
2012). In terms of magnitude of the evaporation rate, the data in Fig. 5 
(b) is comparable to our previous study (Chen et al., 2017a; Wen et al., 
2018). 

In Fig. 5(b), the evaporation of H2O is larger than the evaporation of 
HOAc and DMA, because proton transfer from HOAc to DMA is 

Fig. 4. Hydrate distributions of (HOAc) (DMA) (H2O)n (n ¼ 0–4) clusters at the 
temperature of 298.15 K. 

ρð1;mÞ
ρtotal

HOAc� DMA
¼

ρð1;mÞ
ρð1; 0Þ þ ρð1; 1Þ þ…þ ρð1; nÞ¼

K1K2…
�

S Peq
W
P

�m

1þ K1S Peq
W
P þ…þ K1K2…Kn

�

S Peq
W
P

�n (4)   
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significant in stabilizing the acid-base cluster. And hydration can 
decrease the evaporation rates of HOAc and DMA, because the partici-
pation of water promotes the proton transfer from HOAc to DMA. The 
result is consistent with the analysis about structures of the clusters. In 
this study, it is clear that the evaporation rates are dependent on the △G 
value, so the accuracy about the calculation of △G value is very 
important and worthwhile to obtain more accurate kinetic data in the 
further studies. 

4. Conclusions 

In this study, the nucleation mechanisms of (HOAc) (H2O)n (n ¼ 1–4) 
and (HOAc) (DMA) (H2O)n (n ¼ 0–4) are theoretically investigated by 
PW91PW91/6–311þþG (3df, 3pd) level. Structures, thermodynamic 
analysis, topological parameters, temperature effect, atmospheric rele-
vance, formation rates and evaporation rates of the clusters are 
explored. 

In (HOAc) (DMA) (H2O)n (n ¼ 2–4) clusters, proton transfer from 
HOAc to DMA occurs. Proton transfer enhances the strength of hydrogen 
bond as well as promotes the generation of global minimum structure. 
The analyses of the electron density and noncovalent interactions reveal 
that intermolecular hydrogen bond plays a significant role in (HOAc) 
(DMA) (H2O)n (n ¼ 0–4) clusters. In addition, through the previous 
studies, we conclude that the synergistic effect of HOAc and DMA might 
enhance the stability of clusters containing sulfuric acid. 

The relative populations of different isomers within the same cluster 
size at various temperatures from 100 K to 400 K show that the weight of 
the global minimum decreases but that of other local minima increase, 
and all the isomers contribute to the nucleation of clusters. The non- 
hydrated clusters are always dominant. With higher RH, the percent-
age of non-hydrated clusters decreases slightly, and the RH effect on the 
hydrate distributions of (HOAc) (DMA) clusters is negligible. Through 
the studies of the formation rates and evaporation rates of the clusters, it 
was confirmed that the nucleation ability of the HOAc-DMA clusters is 
relatively strong, and the non-hydrated clusters prefer to existing in low 
humidity environment. In addition, hydration could decrease the 
evaporation rates of HOAc and DMA. 

While our work provides a starting point for further studies of at-
mospheric nucleation involving acetic acid, dimethylamine and water, 
there exist a number of questions yet to be answered. For example, it is 
still unclear how HOAc reacts with other atmospheric nucleation pre-
cursors in the presence of dimethylamine and water. Further field ob-
servations, theoretical calculations and experimental studies are 
required to investigate the possible reactions under atmospheric 
condition. 
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