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H I G H L I G H T S  

• The possibility of Valine participating in the formation of new particles in the urban-suburban environment. 
• A new formation routes mode has been generated with the existence of VAL compared with pure SA-DMA. 
• Valine may play a more important role in the growth stage than the initial nucleation stage. 
• Lower temperature could promote the formation of clusters.  
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A B S T R A C T   

New Particle Formation (NPF) is considered as the dominant source of aerosol particles, influencing the envi-
ronment and human health tightly. In recent years, valine (VAL) has been identified in field detection in urban 
areas, which reveals that VAL may play an important role in participating in atmospheric nucleation. However, 
there have been no categorical reports explaining how VAL participates in the multi-component nucleation with 
precursor Sulfuric Acid (SA) and the atmospheric organic amine Dimethylamine (DMA) so far. In this paper, 
quantum chemical calculation and cluster kinetic simulation have been studied to research the nucleation 
mechanism of (SA)x(DMA)y(VAL)z (0≤x, y, z ≤ 3) system. Structural and thermodynamic analysis at ωB97XD/6- 
31++G(d, p) theory level and basis set shows that VAL could form various stable structures through hydrogen 
bonds with SA and DMA, and proton transfer in ternary structure enhances the stability of system. However, in 
the clusters of SA-DMA-VAL system with large numbers of molecules, there has been steric hindrance between 
molecules of cluster due to the high proportion of inactive groups in VAL, which insulates the further formation 
of hydrogen bonds. With regard to the distribution of Gibbs free energy on VAL-DMA grid, the energy decreases 
rapidly along the diagonal with VAL and DMA in different numbers of SA molecules, predicting possible 
nucleation path along the diagonal. Besides, there is a synergistic effect of VAL in system SA-DMA-VAL, and VAL 
tends to replace the role of DMA in the ternary system. Evaporation rate analysis indicates that the ternary 
system containing SA is more stable. The simulating formation rate of SA-DMA-VAL system compared with the 
CLOUD experiment at CERN shows that the nucleation potential of SA-DMA-VAL is superior to that of SA-NH3- 
H2O, but inferior to that of SA-DMA-H2O, inferring that VAL may show more potential in growth processes than 
the initial nucleation processes in the light of the specific value of formation rate.   

1. Introduction 

Atmospheric aerosols have brought a wide and profound impact on 

the global climate balance through direct climate forcing or indirect 
climate forcing (Charlson et al., 1992a, 1992b; Haywood and Ram-
aswamy, 1998; Raes et al., 2000; Satheesh and Krishna Moorthy, 2005), 
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influencing the weather, visibility, air quality, and public health (Meehl, 
1996; Rosser et al., 2020; Saxon and Diaz-Sanchez, 2005; Smith et al., 
2017). It is reported that the transmission of global coronavirus disease 
2019(COVID-19) via aerosols can spread a more extended distance and 
time than contact spread (Zhang et al., 2020). Generally, new particle 
formation (NPF) is considered as a dominant source of atmospheric 
aerosol particles in terms of the number concentration at the global scale 
(Kecorius et al., 2019; Wendisch et al., 2019; Zhang et al., 2012). 

There have been great quantities of field measurement and labora-
tory simulations reported on NPF currently (Kerminen et al., 2018; 
Kulmala et al., 2004; Lee et al., 2019; Wu et al., 2007). Various nucle-
ation mechanisms have been proposed, such as binary nucleation, 
ternary nucleation, ion-induced nucleation, and iodine oxide nucleation, 
etc. (Kulmala et al., 2000; Kürten et al., 2015; O’Dowd et al., 2002b; Yu 
and Turco, 2000) However, sulfuric acid (SA) is generally considered as 
the key species in NPF (Boy et al., 2005). Experimental data confirmed 
that the NPF event is related to the concentration of SA vapor (Sipilä 
et al., 2010). However, SA concentration is not enough to explain the 
NPF observed in the field measurement (Berndt et al., 2005; Kerminen 
et al., 2010; Kuang et al., 2008). Zhang et al. have pointed out that there 
are two processes in the occurrence of nucleation events (Kulmala, 
2003), the initial small cluster grows very slowly until a critical size 
cluster is formed, then the cluster grows in size by SA condensation and 
is simultaneously stabilized by amines, ammonia, or organic vapors, at 
last, the cluster could grow rapidly to a detected size (Almeida et al., 
2013; Kirkby et al., 2011). It has been verified that amines can enhance 
nucleation, stabilize clusters and reduce evaporation, which could be 
explained by a base-stabilization mechanism involving acid-amine pairs 
(Almeida et al., 2013; Kulmala et al., 2013; Kürten et al., 2014). 
Dimethylamine (DMA) is one of the most abundant aliphatic amines in 
ambient particles (Kuwata et al., 1983). DMA has lower volatility 
compared with NH3, and has a stronger enhancement effect in the 
nucleation of sulfuric acid in the presence of water (W) (Ge et al., 2011; 
Loukonen et al., 2010; Youn et al., 2015). Almeida et al. indicated that 
particle formation rates could increase by up to 1,000-fold when the 
concentration of DMA above three parts per trillion by volume 
compared with ammonia using the CLOUD chamber at CERN, partially 
explaining the fast particle formation rate observed in the atmosphere 
(Almeida et al., 2013). A recent measurement result by Jasper et al. 
revealed that the concentration level of DMA in the environment was of 
considerable variability (Almeida et al., 2013; Kirkby et al., 2011). In 
such cases, the binary isotropic nucleation of DMA and SA in the pres-
ence of W was still insufficient to explain the reported nucleation rate in 
the low DMA concentration region, which indicated that there were 
other atmospheric vapors involved in nucleation (Zhang et al., 2004). 
Numerous reports indicated that low volatile highly oxidized organic 
molecules (HOM), organic acids, and nitrogen-containing organic 
compounds were involved in nucleation (Ehn et al., 2014; O’Dowd et al., 
2002a; Zhang et al., 2004). 

Nitrogen-containing compounds account for a large proportion of 
amines (Cornell, 2011). In addition, amino acids are also important 
components of nitrogen-containing compounds (Cornell et al., 2003). 
Abundant amino acids were found in the atmosphere of the Antarctic 
Arctic, cities, plains, rural areas, and oceans (Barbaro et al., 2011; Fel-
tracco et al., 2019; McGregor and Anastasio, 2001). More than 30 amino 
acids were detected in rainwater and atmospheric particles, and these 
amino acids are usually in the form of free amino acids or combined 
amino acids (Ge et al., 2011). Martin reported that combined amino 
acids (CAA) and free amino acids (FAA) are enriched up to 50 types in 
marine surface water (Wedyan and Preston, 2008). Free and combined 
amino acids are important components of water-soluble organic nitro-
gen (DON) in rainwater and aerosols, occupying 20-50% of the total 
content (Cornell, 2011; Zhang and Anastasio, 2003). Amino acids 
derived from human activities were thought to derive from biological 
proteins and biomass burning, promoting the formation of secondary 
aerosols (De Haan et al., 2009). Considering their atmospheric 

abundance, amino acids are speculated to participate in the formation of 
new particles serving as potential nucleation stabilizers (Wedyan and 
Preston, 2008). In addition, field investigations proved that the free 
amino acids in the aerosol showed an obvious seasonal correlation (Ren 
et al., 2018; Xu et al., 2019), which is consistent with the seasonality of 
the aerosol CCN (Asmi et al., 2016; Charlson et al., 2001; Merikanto 
et al., 2009). Amino acids can change the order and aggregation of water 
molecules through their hydrophilic groups, amino groups, carboxyl 
groups, and side chains, promoting the growth of hydrates. Free amino 
acids can preserve water even at low Relative Humidity (RH) for its 
hygroscopicity and could be involved in efficient cloud condensation 
nuclei formation (Chan et al., 2005; Di Filippo et al., 2014). At the same 
time, there are both carboxyl groups and amino groups in the molecules 
of amino acids, similar to the reports of enhanced nucleation in the two 
acid directions of dicarboxylic acids, this property makes the amino 
acids involved in nucleation could also combine other molecules from 
two directions (Arquero et al., 2017; Xu and Zhang, 2012). Therefore, it 
is meaningful to study the involvement of amino acids in nucleation for 
further understanding of atmospheric nucleation. So far, there have 
been some theoretical nucleation calculations about common amino 
acids. The interaction of serine and threonine with SA and W has been 
studied by Pu Ge (Ge et al., 2018). Threonine can interact with SA and W 
in three directions, and Threonine plays an important role in stabilizing 
sulfuric acid. Glycine has been shown to enhance its interaction with 
aerosol precursors through its inherent amphoteric nature to form a 
protonated state when interacting with atmospheric nucleation pre-
cursors W, NH3, SA (Elm et al., 2013b). 

In the aerosol collected in Beijing from 2012 to 2013, VAL was 
detected to be one of the three most abundant amino acids, and these 
three amino acids accounted for 46% of the total amino acids (Ren et al., 
2018). Four PM2.5 samples collected in Nanjing in February 2001 came 
to the same conclusion, the concentration of VAL is among the top 3 
(Yang et al., 2005). Rich protein and FAA were detected in fine partic-
ulate matter samples in rural areas of Guangzhou. Among FAA, VAL 
accounted for 18.5%, slightly lower than glycine(Song et al., 2017) 
(19.9%). However, the concentration of VAL in amino acid samples 
collected in the Arctic and marine regions was not as rich as that 
detected in cities and suburbs (Feltracco et al., 2019). This indicates that 
studying the nucleation of VAL is of great significance to reveal the 
nucleation process of aerosols in cities and rural areas away from the 
ocean and Polar region (Matsumoto and Uematsu, 2005). 

Research on atmosphere amino acids involved with atmospheric 
nucleation precursors is numerous (Barbaro et al., 2011; Kristensson 
et al., 2010; Milne and Zika, 1993; Sun et al., 2013), however, the study 
of VAL with the participation of acids and bases at the molecular level is 
rare. In this paper, the ternary nucleation of VAL and sulfate-amine 
systems was studied by molecular dynamics simulation on the basis of 
the ωB97XD/6-31++G (d, p) method using the density functional (DFT) 
method. The lowest energy structures of these different clusters were 
calculated, and the thermodynamic properties and temperature depen-
dence, and concentration dependence of these clusters were analyzed in 
this work. 

2. Method 

2.1. Thermodynamics calculations 

Basin-Hopping (BH) algorithm coupled with semi-empirical PM7 
implemented in MOPAC 2016 were used to search all the low energy 
geometries of clusters (SA)x(DMA)y(VAL)z (0≤x, y, z ≤ 3) (Hostaš et al., 
2013; Huang et al., 2010), our previous calculation has proven that this 
method is effective in predicting equilibrium structures, thermody-
namics, and properties of molecular and atomic systems (Hou et al., 
2016; Jiang et al., 2014; Liu et al., 2014; Wales and Doye, 1997). The 
following two steps were executed to obtain the minimum energy 
configuration of each size cluster: Firstly, displace single molecular 
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randomly to generate configurations in the cluster, and the 
semi-empirical PM7 method was then used to optimize the structures to 
a local minimum (Hostaš et al., 2013). The local minimum was 
considered to be characterized when the final search result shows the 
same value three times (Xu et al., 2020). Secondly, the optimized local 
energy minimum was used as a criterion, if the energy of current newly 
generated structure was lower than it, the local energy minimum would 
be replaced with the current energy, otherwise, accept initial generated 
structure spaces with Boltzmann weight at a finite temperature (Liu 
et al., 2014). 

The isomers obtained by the BH method were then sorted according 
to relative energy. The top 30 isomers with the low energy were selected 
for each cluster, and then, these structures were further optimized at the 
theory level of ωB97XD function and 6-31++G (d, p) basis set. Harmonic 
vibrational frequency calculations were operated for each stationary 
low-lying structure to guarantee no imaginary frequencies. Geometry 
optimization and frequency calculation are all carried out on the 
Gaussian 09 program package (Frisch et al., 2013). Single point energy 
was calculated at DLPNO-CCSD(T)/aug-cc-pVTZ theory level and basis 
set used the ORCA 4.0 suite of programs (Neese, 2018; Riplinger and 
Neese, 2013). 

The ωB97XD functional was frequently chosen in calculating the 
binding energy of atmospheric clusters for its good performance (Elm 
et al., 2013a; Xie et al., 2017). Theoretical results and the experimental 
data has verified that ωB97XD yielded the lowest mean absolute error 
and maximum errors below 1 kcal mol− 1 with a test set of atmospheri-
cally relevant clusters compared to DF-LCCSD(T)-F12a/VDZ-F12 and 
CCSD. To prove the correctness of choosing ωB97XD functional, some 
more accurate density functional (M06-2X, PW91PW91, ωB97XD, 
B3LYP) were compared with high-precision density functional of MP2 in 
Gibbs free energy change, the benchmark result (Table S1) demon-
strated that ωB97XD functional shows very good accuracy and consis-
tency with MP2 functional. Meanwhile, the 6-31++G(d, p) basis set is a 
compromise between efficiency and accuracy, which represents a 
cost-effective methodology, thus it was utilized in this study (Xie et al., 
2017). 

2.2. Kinetic calculations 

Here, we used the birth-death equations (BDE) proposed by McGrath 
(McGrath et al., 2012; Ortega et al., 2012) to describe the growth pro-
cess of the clusters, which described the collision coefficient of molec-
ular clusters, and the formation free energies of SA-DMA-VAL clusters 
calculated by quantum chemical methods were used to obtain the 
clusters evaporation rate coefficient. Finally, the condensation and 
evaporation of molecular clusters were comprehensively considered to 
obtain the formation rate of clusters. 

Friedlander et al. have given the collision rate βi,j by kinetic gas 
theory as(Licht and Friedlander, 1977): 

βi,j =

(
3

4π

)1/6(6kbT
mi

+
6kbT

mj

)1/2(
Vi

1/3 + Vj
1/3)2 (1)  

βi,j represents the collision rate of two clusters i and j, where mi and mj 

are the masses of cluster i and cluster j, Vi and Vj are their respective 
volumes, kb is the Boltzmann constant, and T refers to the temperature. 
The evaporation rate can be calculated from the above collision coeffi-
cient and thermodynamic parameter as follows (Ortega et al., 2011): 

γ(i+j)→i,j = βi,jcref exp
(

ΔGi+j − ΔGi − ΔGj

kbT

)

(2)  

γ(i+j)→i,j represents the evaporation rate of cluster i and j from the cluster 
evaporation of i+j, where ΔGi+j, ΔGi, ΔGj are the Gibbs free energies of 
formation of clusters i + j, i and j from monomers at reference pressure 
cref The corresponding Gibbs free energy is zero if the cluster is a 

monomer. cref is a temperature-dependent parameter, resulting in the 
evaporation rate a temperature-dependent value as well. Studies has 
shown that temperature change has a significant effect on the steady- 
state concentration of all clusters. 

From the collision coefficient and evaporation rate of the cluster, the 
time development of molecular cluster distributions at different con-
centrations ci can be further described by the analysis of the dynamic 
code of the atmospheric cluster (ACDC), which can be explicitly solved 
by the birth-death equations as follows72: 

dci

dt
=

1
2
∑

j<i
βj,(i− j)cjci− j +

∑

j
γ(i+j)→ic(i+j) −

∑

j
βi,jcicj −

1
2
∑

j<i
γi→jci +Qi − Si

(3)  

3. Results and discussion 

3.1. Structure analysis 

Previous studies have shown that the stability of a cluster can be 
greatly affected by the strength of the molecular hydrogen bond and 
proton transfer, it seems that shorter hydrogen bonds and proton 
transfer could enhance cluster stability summarized from previous 
studies (Elm et al., 2016; Kollman and Allen, 1972). Here, the global 
minimum energy structures of clusters from (SA)x(DMA)y(VAL)z (0≤x, 
y, z ≤ 3) were calculated and optimized at ωB97XD/6-31++G(d, p) level 
of theory and basis set in this study. Fig. 1 shows the most stable con-
figurations of SA involved dimers and some key trimers. The structural 
information of other clusters is listed in Fig. S1. 

As presented in Fig. 1, for binary clusters, it is obvious that SA and 
DMA are combined with two hydrogen bond and proton transfer occurs 
in (SA)1⋅(DMA)1. A ring structure is formed in (SA)1⋅(VAL)1 where VAL 
combines SA through two hydrogen bonds with the length of 1.737 Å 
and 1.544 Å, which is shorter than that of (SA)1⋅(DMA)1 (1.680 Å and 
1.738 Å), but no proton transfer occurs in the (SA)1⋅(VAL)1 cluster. For 
the cluster of (SA)1⋅(NH3)1, there is only one hydrogen bond compared 
with the dimer of (SA)1⋅(VAL)1. It is worth noting that the carboxyl 
group (-COOH) instead of the amino group (-NN2) of VAL molecule 
combines with SA molecule in (SA)1⋅(VAL)1, which differs from the 
structures of (Ser)1⋅(SA)1, (Thr)1⋅(SA)1 studied by Pu Ge(Ge et al., 2018), 
in which structures, hydroxyl group instead of the –COOH combines 
with the SA. These results indicate that amino acids molecules with 
different methyl groups would have different interaction patterns even 
though they have both amino and carboxyl functional groups. 

When a VAL monomer is added to the cluster (SA)1⋅(DMA)1, the 
initial ring structure of (SA)1⋅(DMA)1 molecule is broken, then 
(VAL)1⋅(SA)1⋅(DMA)1 cluster exhibits a three-membered ring with three 
hydrogen bonds of length 1.711 Å, 1.659 Å and 1.618 Å respectively, 
and proton transfer occurs between SA and DMA molecules. For the 
cluster of (VAL)2⋅(SA)1⋅(DMA)1, the two VAL molecules are connected to 
SA and DMA through carboxyl and amino groups, respectively. Mean-
while, one hydrogen of SA in this cluster is transferred to DMA through 
proton transfer. The result verifies the previous conjecture that amino 
acids can combine with other molecule from both amino and carboxyl 
directions. When the number of VAL molecules increases to three, a 
more complex three-ring structure (VAL)3⋅(SA)1⋅(DMA)1 is formed. In 
this system, proton transfer occurs among DMA, VAL, and SA molecules, 
and the VAL molecule acts as both hydrogen-bond acceptor and donor 
for proton transfer. In the other clusters listed in Fig. 1, either amino 
group or carboxyl group of VAL participates in the combination when 
the number of molecules involved in clusters is small, which may be 
related to space steric hindrance effect. The clusters centered on VAL 
occupies a larger space position due to the non-bonding group of VAL, 
which prevents the bonding group of SA and DMA from attacking the 
amino and carboxyl groups of VAL. 

However, as the number of molecules increasing, both the two 
functional groups form hydrogen bonds with other molecules and the 

Y. Liu et al.                                                                                                                                                                                                                                      



Atmospheric Environment 254 (2021) 118373

4

Fig. 1. Some representative molecular geometries of the global minima of (SA)x(DMA)y(VAL)z(0≤x, y, z ≤ 3) obtained at the ωB97XD/6-31++G(d, p) level of theory 
and basis set. The unit of molecular hydrogen bond distance is angstroms. (The red balls represent oxygen atoms, blue is for nitrogen atoms, yellow is for sulfuric 
atoms, and white is for hydrogen atoms.). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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structure becomes more complex and stable as well. 
In general, amino acids can participate in the nucleation along with 

different directions according to different functional groups when pre-
dicting their participation in NPF. 

3.2. Thermodynamics analysis of clusters 

Table 1 illustrates the relative binding energy changes (ΔE0K), 
intermolecular enthalpies (ΔH 278.15 K) and Gibbs free energy changes 
(ΔG 278.15 K) of the lowest energy conformer dimers and some trimers 
clusters of (SA)x(DMA)y(VAL)z(0≤x, y, z ≤ 3) system at the ωB97XD/6- 
31++G(d, p) theory level and basis set. These three parameters are 
important features for studying the stability of aerosol nucleation. A 
negative relative binding energy indicates that the reaction is 
exothermic and the system tends to be stable and a negative value of 
Gibbs free energy indicates that the reaction can proceed spontaneously. 
ΔG is obtained by the reaction path of adding a single molecule, as 
shown in equation (4), and ΔE and ΔH are calculated in the same way.  

path: ΔG = G(SA)x⋅(DMA)y⋅(VAL)z-x G(SA)-y G(DMA)-z G(VAL)                   (4) 

The ΔG value of the cluster given in Table 1 is all negative. It can be 
seen that the ΔG value of (VAL)1⋅(SA)1 is lower than that of (SA)1⋅(SA)1 
cluster (− 9.16 kcal mol− 1 vs. − 5.88 kcal mol− 1), which indicates that SA 
is easier to combine with VAL rather than SA itself. In binary clusters 
involved VAL, the ΔG value of SA-VAL cluster is lower than that of DMA- 
VAL cluster (− 9.16 kcal mol-1 vs. − 3.58 kcal mol-1), which could be 
explained by the strong hydrogen bonded molecular interactions be-
tween SA and VAL, for VAL is a weak acid compared with SA. The ΔG 
value of the dimer (VAL)1⋅(SA)1 is less negative than that of 
(SA)1⋅(DMA)1 (− 9.16 kcal mol− 1 vs − 15.19 kcal mol− 1), which may be 
due to the strong acid-base stabilization in SA-DMA clusters, meanwhile, 
proton transfer occurs in SA-DMA cluster, but no proton transfer occurs 
in SA-VAL cluster in the structural analysis, which could also explain the 
result. However, the ΔG value of the ternary SA-DMA-VAL clusters are 
more negative as VAL continuously added to the acid-base dimer 
(SA)1⋅(DMA)1 cluster. From a thermodynamic point of view, the addi-
tion of VAL is favorable for stabilizing SA-DMA clusters. 

Table 2 lists the Gibbs free energy of binary SA-DMA cluster and 
ternary SA-DMA-VAL cluster at the same total number molecules and 
the same SA number molecules, just making DMA replaced by VAL 
correspondingly. The ternary clusters ΔG value is less than that of binary 
clusters when the number of SA molecules is 1, which indicates that the 
stability of ternary SA-DMA-VAL is better than that of binary SA-DMA 

and the synergistic effect of VAL on acid and base makes ternary clus-
ters easier to form. However, the Gibbs free energy of acid-base binary 
combination is smaller and the clusters tend to be more stable than the 
ternary SA-DMA-VAL clusters as the number of SA increasing. This may 
benefit from the strong binding ability of strong acids and strong bases of 
SA and DMA. 

As shown in Table S4, when VAL molecular is made to replace SA 
molecular in the SA-DMA system, the Gibbs free energy of ternary sys-
tem SA-DMA-VAL is always higher than that of binary system SA-DMA, 
and the values of energy difference vary greatly, which indicates that 
VAL is more inclined to replace DMA acting as a base in the nucleation of 
cluster SA-DMA rather than replacing SA acting as an acid when sharing 
the same number of molecules. 

Fig. 2 demonstrates the Gibbs free energy of different size of SA- 
DMA-VAL clusters, Fig. 2a shows the Gibbs free energy of binary clus-
ters (VAL)x(DMA)y (0≤x, y ≤ 3) when the number of SA is zero, and b, c, 
and d show the heat maps of Gibbs free energy formed by the ternary 
(SA)x(DMA)y(VAL)z (1≤x, y, z ≤ 3) when the number of SA molecules in 
the cluster is 1, 2, and 3, respectively. 

The Gibbs free energy of the cluster tends to gradually decrease with 
the increasing number of SA, DMA, and VAL molecules. The Gibbs free 
energy changes significantly when the cluster contains both SA and 
DMA compared with the clusters containing no SA, which may be 
related to the proton transfer between acid and base. Meanwhile, pro-
tons transfer occurs in VAL as VAL is added to the cluster, which may 
further enhance the stability of the clusters. The smallest Gibbs free 
energy existing in cluster (SA)x(DMA)y(VAL)z (0≤x, y, z ≤ 3) reaches 
− 123 kcal mol− 1. It can be seen from all four figures that the Gibbs free 
energy decreases rapidly along the diagonal, thus, it can be inferred that 
the large-sized nucleation may grow along the diagonal direction to 
detectable particle size. 

3.3. Evaporation rates 

Quantum chemical calculation was used to calculate the thermody-
namic parameters of different clusters to better understand new particle 
formation. These thermodynamic parameters reflect the relative stabil-
ity of the cluster, however, they are not sufficient to evaluate the growth 
of clusters from small to large in the real atmospheric environment. The 
influence of kinetics should also be considered in addition to the ther-
modynamics analysis (Ortega et al., 2011). It is generally believed that 
clusters of a given size are formed by collisions of two smaller clusters as 
well as the evaporation of larger clusters, and they move to another size 
when they collide or evaporate with other clusters. Therefore, it is 
necessary to study the collision and evaporation rate to reveal the for-
mation and stability of the cluster. 

The evaporation rates of (SA)x(DMA)y(VAL)z (0≤x, y, z ≤ 3) ternary 
clusters containing different numbers of SA molecules of VAL-DMA grid 
at 278.15K at ωB97XD/6-31++G(d, p) theory level and basis set are 
shown in Fig. 3. When paying attention to the number of SA molecules 
and DMA molecules in these four pictures, it can be found that the 

Table 1 
The thermodynamic parameters (kcal mol− 1) of binary clusters (VAL)1⋅(SA)1, 
(SA)1⋅(DMA)1, (VAL)1⋅(DMA)1 and ternary clusters when VAL is sequentially 
added to (DMA)1⋅(SA)1, (DMA)2⋅(SA)2, (DMA)3⋅(SA)3. The energy is calculated 
at the theory level and basis set of ωB97XD/6-31++G (d, p).  

Reactions △E (0 K) △H (278.15 
K) 

△G (278.15 
K) 

VAL+DMA→(VAL)1⋅(DMA)1 − 13.86 − 13.92 − 3.58 
SA+SA→(SA)2 − 17.96 − 18.20 − 5.88 
VAL+SA→(VAL)1⋅(SA)1 − 19.37 − 19.37 − 9.16 
SA+DMA→(SA)1⋅(DMA)1 − 23.81 − 23.60 − 15.19 
VAL+DMA+SA→ 

(VAL)1⋅(DMA)1⋅(SA)1 

− 46.50 − 46.20 − 25.64 

2VAL+DMA+SA→ 
(VAL)2⋅(DMA)1⋅(SA)1 

− 69.61 − 69.80 − 34.43 

3VAL+DMA+SA→ 
(VAL)3⋅(DMA)1⋅(SA)1 

− 91.01 − 91.59 − 43.12 

2VAL+2DMA+2SA→ 
(VAL)2⋅(DMA)2⋅(SA)2 

− 117.59 − 117.77 − 60.45 

3VAL+2DMA+2SA→ 
(VAL)3⋅(DMA)2⋅(SA)2 

− 143.35 − 143.29 − 75.43 

3VAL+3DMA+3SA→ 
(VAL)3⋅(DMA)3⋅(SA)3 

− 220.92 − 222.62 − 123.33  

Table 2 
The Gibbs free energy (kcal mol− 1) of SA-DMA and SA-DMA-Val clusters sharing 
the same number of molecules. The energy is calculated at the theory level and 
basis set of ωB97XD/6-31++G (d, p).  

Cluster ΔG Clusters ΔG 

(SA)1⋅(DMA)2 − 18.36 (SA)1⋅(DMA)1⋅(Val)1 − 24.16 
(SA)1⋅(DMA)3 − 22.00 (SA)1⋅(DMA)1⋅(Val)2 

(SA)1⋅(DMA)2⋅(Val)1 

− 31.88 
− 33.51 

(SA)2⋅(DMA)2 − 49.74 (SA)2⋅(DMA)1⋅(Val)1 − 37.14 
(SA)2⋅(DMA)3 − 59.45 (SA)2⋅(DMA)1⋅(Val)2 

(SA)2⋅(DMA)2⋅(Val)1 

− 51.45 
− 54.44 

(SA)3⋅(DMA)2 − 65.96 (SA)3⋅(DMA)1⋅(Val)1 − 59.91 
(SA)3⋅(DMA)3 − 85.31 (SA)3⋅(DMA)1⋅(Val)2 

(SA)3⋅(DMA)2⋅(Val)1 

− 67.33 
− 80.79  
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Fig. 2. The Gibbs free energies changes for (SA)x(DMA)y(VAL)z (0≤x, y, z ≤ 3) clusters on different numbers of SA molecules at the ωB97XD/6-31++G(d, p) theory 
level and basis set and at 298.15 K at 1 atm. Where, a, b, c, d corresponds to the number of SA molecules equals 0, 1, 2, 3 respectively. 

Fig. 3. Evaporation rates for (SA)x(DMA)y(VAL)z (0≤x, y, z ≤ 3) on the VAL-DMA grid at 278.15 K and at ωB97XD/6-31++G(d, p) theory level and basis set. Where 
figure a, b, c, d represent the number of SA molecules as 0, 1, 2, and 3, respectively. 
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evaporation rate of the cluster is generally very large when the number 
of SA molecules is less than that of DMA molecules compared with the 
case where the number of SA molecules is greater than or equal to the 
number of DMA molecules. This may be explained by the steric hin-
drance, which may become the main element that affects the stability of 
the cluster when the number of DMA is greater than or equal to SA. 
Therefore, it is generally believed that a cluster containing more number 
of DMA molecules than SA molecules is not thermodynamically stable. 

As shown in Fig. 3 c, the cluster contains 2 molecules of SA. It can be 
seen that when the number of DMA is greater than 2, the minimum 
evaporation rate of the cluster is 106 orders, the largest is 1014 orders, 
however, the evaporation rate of those clusters containing less than or 
equal to 2 molecules of DMA is mostly below 105 in addition to three 
unique values, and the lowest evaporation rate can even reach 10− 5. 
When there is no SA molecule in the cluster, as shown in Fig. 3 a, the 
evaporation rate of the vast majority of clusters is above 106, which is 
much larger than the other three cases containing SA molecule. The 
above results reveal that SA molecules can enhance the nucleation 
ability of VAL-DMA. 

Table S2 lists the evaporation rates of acid-base binary clusters 
(SA)x(DMA)y (0≤x, y ≤ 3) and ternary clusters (SA)x(DMA)y(VAL)z 
(0≤x, y, z ≤ 3) on different evaporation paths. For acid-base binary 
system (SA)x(DMA)y (0≤x, y ≤ 3), when the number of SA and DMA 
molecules is not equal, the main evaporation path is that the monomers 
with a larger number of molecules in SA and DMA tend to evaporate 
from the cluster, in contrast, when the number of SA and DMA is equal, 
DMA is more inclined to evaporate from clusters. However, cluster 
(SA)2⋅(DMA)3 is preferred to evaporate the dimer (DMA)2, which may be 
an explanation by that the Gibbs free energy of (SA)2⋅(DMA) is lower 
than that of (SA)2⋅(DMA)2 and thus (SA)2⋅(DMA)1 has a more stable 
structure. When SA-DMA-VAL is included in the cluster simultaneously, 
the main path in all cases is that DMA monomer evaporate from the 
cluster, which illustrates the strong stability of SA-DMA indirectly(Yao 
et al., 2018). 

3.4. Comparison with results from CLOUD experiments 

A report from the CLOUD experiment at CERN by João Almeida et al. 
(Kirkby et al., 2011) showed observations of SA and amine/ammonia 
nucleation at atmospheric against SA concentration at 278 K and 38% 
relative humidity (RH), which was considered representative of a wide 
range of boundary layer conditions(Almeida et al., 2013; Kirkby et al., 
2011). The results of the CLOUD data demonstrated that under condi-
tions (0.1 p.p.t.v. DMA and 2–250 p.p.t.v. NH3), the J (the formation 
rates of the clusters obtained by dynamics simulation based on Atmo-
spheric Cluster Dynamics Code) of ammonia ternary (SA-NH3-W) is 
10− 2 cm− 3s− 1 when the concentration of SA is about 107 cm− 3, and the J 
is less than 101 cm− 3s− 1 when the concentration of SA is about 108 cm− 3. 
However, under conditions (5-140 p.p.t.v. DMA), the J of amine ternary 
(SA-DMA-W) is 10− 2 cm− 3s− 1 when the concentration of SA is about 
106 cm− 3, and the J is 102 cm− 3s− 1 when the concentration of SA is 
about 107 cm− 3. 

Fig. 4 shows the theoretical nucleation expectations of amine ternary 
(SA-DMA-VAL) simulated by Atmospheric Cluster Dynamics Code model 
(ACDC) at 278 K. Here, the concentrations of VAL and DMA were set to 
100 ppt and 10 ppt respectively, while SA concentration ranged from 
105 to 109 cm− 3. Comparing with the atmospheric CLOUD data at the 
same temperature, the nucleation rate of SA-DMA-VAL is higher than 
that of SA-NH3-W, but lower than that of SA-DMA-W, indicating that the 
nucleation rate of SA-DMA-VAL is between amine ternary and ammonia 
ternary. Besides, the slope of the straight line of SA-DMA-VAL nucle-
ation rate is lower than that of SA-DMA-VAL, the growth rate of J value 
against SA would be much lower with the increment of SA concentration 
than SA-DMA-W. The formation rates of SA-DMA from ACDC simulation 
are higher than the CLOUD measurements, which might due to the 

smaller simulation size (three SA and three DMA), thus, the formation 
rates of SA-DMA are expected to overestimate the result from the 
CLOUD experiments. The phenomenon is consistent with the previous 
studies. 

In clusters of larger molecules, the functional groups of amino acids 
that could participate in the reaction are in a saturated state, and there 
are no other binding sites, which increases the steric hindrance effect 
and hinders the further proximity and collision of other molecules 
(SA&DMA), which inhibits the further growth of the ternary cluster in 
the initial nucleation stage. The growth in the initial stage may be 
dominated by SA and DMA acid-base nucleation mechanisms. 

Previous studies have shown that the thermodynamic parameters of 
clusters are affected by temperature, so the evaporation rate and for-
mation rate of clusters are temperature-dependent parameters (Li et al., 
2019; Tiszenkel et al., 2019). Research by N. Bork et al. reveals that the 
difference in the formation rate of clusters at different temperatures is 
relatively large(Bork et al., 2014). In view of the effect of temperature, 
we discuss the influence of temperature on the nucleation rate. 

Fig. 5 shows the relation between the formation rate of the ternary 
system (SA)x(DMA)y(VAL)z (0≤x, y, z ≤ 3) and the SA molecular con-
centration at three different temperatures. For the same cluster size and 
the same concentration of nucleating substances, when the temperature 
is 298K, 278K, and 258K, the formation rate change ranges from 10− 6- 
101 cm− 3s− 1, 10− 5-102 cm− 3s− 1, and 10− 3-103 cm− 3s− 1 respectively. 
The result indicates that the influence of temperature on the formation 
rate is negatively correlated, the lower the temperature, the more 
favorable for the formation of new particles. 

In order to better understand the role of VAL in the nucleation of SA- 
DMA-VAL system, the main formation pathways of pure SA-DMA and 
VAL-containing SA-DMA-VAL system traced by ACDC is shown in Fig. 6. 
The condition is consistent with the simulation where [SA] = 3e6 cm− 3, 
[DMA] = 10 ppt, [VAL] = 100 ppt. 

It can be seen from Fig. 6, the growth path of pure SA-DMA clusters 
shows the same tendency with the previous studies, the cluster 
(SA)1(DMA)1 is the first step (Bork et al., 2014; Olenius et al., 2013). 
SA-DMA grows along diagonal to form (SA)2(DMA)2 or collides with SA 
monomer to form (SA)2DMA and then collides with DMA to form 

Fig. 4. Plot of formation rates J (cm− 3s − 1) of ternary cluster SA-DMA-W, SA- 
NH3-W and SA-DMA-VAL against SA concentration. The red dots represent the 
formation rate of SA-DMA-W, green stars represent the formation rate of SA- 
DMA-VAL, the dark hexagons represent the formation rate of SA-DMA, and 
the blue squares represent the formation rate of SA-NH3-W. The observed for-
mation rates of cluster SA-NH3-W and SA-DMA-W are all from the CLOUD in 
boundary layer conditions. The formation rate of cluster SA-DMA-VAL and 
cluster SA-DMA were simulated at ωB97XD/6-31++G (d, p) theory level. All 
observations and simulations were performed at 278 K. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 
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(SA)2(DMA)2 at last. The pathways of cluster (SA)2(DMA)2 to 
(SA)3(DMA)3 show the same ways with the cluster (SA)(DMA) to 
(SA)2(DMA)2. However, for the formation routes of VAL-containing 
system, as shown in yellow lines, the (SA)(VAL) is the first step in the 
initial nucleation stage, rather than (SA)(DMA). Though (SA)(DMA) is 
rather more stable than (SA)(VAL) for base stabilization mechanism. 
Then (SA)(VAL) collides with VAL monomer to form (SA)(VAL)2, after 
that, there are two paths to form (SA)3(VAL)2(DMA)3 from the cluster 
(SA)(VAL)2: (1) (SA)(VAL)2 + DMA → (SA)(VAL)2(DMA), (SA) 
(VAL)2(DMA)+(SA)2(DMA)2 → (SA)3(VAL)2(DMA)3 (2) (SA) 
(VAL)2+(SA)2(DMA)3 → (SA)3(VAL)2(DMA)3. The two paths shows that 
the collision between cluster and cluster to form bigger cluster is the 
main pathway, rather than cluster and monomers or dimers, which 
differs from SA and DMA. It is obvious that VAL plays an important role 
in the SA-DMA-VAL system, it acts as a direct participant in the cluster 
formation and changes the formation pathways mode of pure SA-DMA. 

4. Conclusion 

Large amounts of valine (VAL) were found in droplets and gas-phase 
aerosols in cities and suburbs. The effect and role of VAL in the forma-
tion of (SA)x(DMA)y(VAL)z (0≤x, y, z ≤ 3) molecular clusters in atmo-
spheres have been investigated in this study. The low-energy 
configurations of the clusters were optimized to get global minimum 
structures and the thermodynamic properties were calculated. By 
structural analysis, the number of hydrogen bonds in the cluster in-
creases as the cluster size increasing, and proton transfer could be more 
as well, suggesting that the cluster gradually tends to be stable, and VAL 
could combine SA molecular and DMA molecular from both the amino 
and carboxyl group directions. The thermodynamic energy (ΔG 278.15 K) 
of the cluster drops rapidly along with the diagonal distribution, thus the 
clusters near the diagonal could be considered relatively stable and it 
could be inferred that the growth of clusters may grow along the diag-
onal. The Gibbs free energy of the ternary cluster structure is lower than 
that of the binary cluster structure with the addition of VAL, meanwhile, 
the Gibbs free energy gradually decreases with the increasing of clusters 
size, indicating that the cluster has the potential to continue to grow. 
The evaporation rates and formation rates of clusters obtained by the 
simulation of Atmospheric Cluster Dynamics Code (ACDC) at 278 K 
show that ternary clusters containing SA molecules have lower evapo-
ration rates than that of clusters containing only VAL and DMA, which 
indicates that SA has a synergistic effect with binary clusters. The dibasic 
acid-base system tends to evaporate molecules with more numbers, 
while the ternary cluster tends to evaporate the VAL monomer. 
Compared with the observation results from the CLOUD experiment 
under boundary layer conditions, the nucleation rate of SA-DMA-VAL 
system is lower than that of SA-DMA-W system but higher than that of 
SA-NH3-W system, and the nucleation ability of ternary SA-DMA-VAL 
system is negatively related to temperature, it can be speculated that 
SA-DMA-VAL is more likely to nucleate at low temperatures. In sum-
mary, our study may provide an important theoretical guiding signifi-
cance for the nucleation of acid-base system involving VAL in initial 
formation and growth process. 
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Onnela, A., Petäjä, T., Riccobono, F., Riipinen, I., Rissanen, M., Rondo, L., 
Ruuskanen, T., Santos, F.D., Sarnela, N., Schallhart, S., Schnitzhofer, R., Seinfeld, J. 
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Bork, N., Elm, J., Olenius, T., Vehkamäki, H., 2014. Methane sulfonic acid-enhanced 
formation of molecular clusters of sulfuric acid and dimethyl amine. Atmos. Chem. 
Phys. 14, 12023–12030. 

Boy, M., Kulmala, M., Ruuskanen, T.M., Pihlatie, M., Reissell, A., Aalto, P.P., Keronen, P., 
Dal Maso, M., Hellen, H., Hakola, H., Jansson, R., Hanke, M., Arnold, F., 2005. 
Sulphuric acid closure and contribution to nucleation mode particle growth. Atmos. 
Chem. Phys. 5, 863–878. 

Chan, M.N., Choi, M.Y., Ng, N.L., Chan, C.K., 2005. Hygroscopicity of water-soluble 
organic compounds in atmospheric Aerosols: amino acids and biomass burning 
derived organic species. Environ. Sci. Technol. 39, 1555–1562. 

Charlson, R.J., Schwartz, S.E., Hales, J.M., Cess, R.D., Coakley, J.A., Hansen, J.E., 
Hofmann, D.J., 1992a. Climate forcing by anthropogenic aerosols. Science 255, 423. 

Charlson, R.J., Schwartz, S.E., Hales, J.M., Cess, R.D., Coakley Jr., J.A., Hansen, J.E., 
Hofmann, D.J., 1992b. Climate forcing by anthropogenic aerosols. Science 255, 
423–430. 

Charlson, R.J., Seinfeld, J.H., Nenes, A., Kulmala, M., Laaksonen, A., Facchini, M.C., 
2001. Atmospheric science: reshaping the theory of cloud formation. Science 292, 
2025–2026. 

Cornell, S.E., 2011. Atmospheric nitrogen deposition: revisiting the question of the 
importance of the organic component. Environ. Pollut. 159, 2214–2222. 

Cornell, S.E., Jickells, T.D., Cape, J.N., Rowland, A.P., Duce, R.A., 2003. Organic 
nitrogen deposition on land and coastal environments: a review of methods and data. 
Atmos. Environ. 37, 2173–2191. 

De Haan, D.O., Corrigan, A.L., Smith, K.W., Stroik, D.R., Turley, J.J., Lee, F.E., 
Tolbert, M.A., Jimenez, J.L., Cordova, K.E., Ferrell, G.R., 2009. Secondary organic 
aerosol-forming reactions of glyoxal with amino acids. Environ. Sci. Technol. 43, 
2818–2824. 

Di Filippo, P., Pomata, D., Riccardi, C., Buiarelli, F., Gallo, V., Quaranta, A., 2014. Free 
and combined amino acids in size-segregated atmospheric aerosol samples. Atmos. 
Environ. 98, 179–189. 
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Kulmala, M., Vehkamäki, H., 2012. Atmospheric Cluster Dynamics Code: a flexible 
method for solution of the birth-death equations. Atmos. Chem. Phys. 12, 
2345–2355. 

McGregor, K.G., Anastasio, C., 2001. Chemistry of fog waters in California’s Central 
Valley: 2. Photochemical transformations of amino acids and alkyl amines. Atmos. 
Environ. 35, 1091–1104. 

Meehl, G.A., 1996. Climate change from increased CO2 and direct and indirect effects of 
sulfate aerosols. Geophys. Res. Lett. 23, 3755–3758. 

Merikanto, J., Spracklen, D.V., Mann, G.W., Pickering, S.J., Carslaw, K.S., 2009. Impact 
of nucleation on global CCN. Atmos. Chem. Phys. 9, 8601–8616. 

Milne, P.J., Zika, R.G., 1993. Amino acid nitrogen in atmospheric aerosols: occurrence, 
sources and photochemical modification. J. Atmos. Chem. 16, 361–398. 

Neese, F., 2018. Software update: the ORCA program system, version 4.0. WIREs 
Comput. Mol. Sci. 8, e1327. 
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