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HIGHLIGHTS

e Synergistic effect enhances pre-nucleation clusters formation.

o Steric effect suppresses pre-nucleation clusters formation.

e Formation rates are positively correlated with the monomers’ concentration.
e Formation rates are negatively correlated with temperature.

ARTICLE INFO ABSTRACT

Keywords: New particle formation (NPF) is the main source of atmospheric aerosols, and amino acids have been detected as
New particle formation the important components of atmospheric particulate matter. However, the role played by amino acids with
Amino acids

different functional groups in the initial events of nucleation remains unclear. In this study, the interactions of
Synergistic effect alanine (Ala) and serine (Ser), which differ structurally by one hydroxyl group, with sulfuric acid were studied at
Steric effect the M06-2X/6-311 + G (d, p) theory level. Structural and thermochemical analysis results show that in small
Formation rate clusters, the introduction of the Ser’s hydroxyl groups leads to the synergistic effect, which promotes proton
transfer and improves the stability of the clusters. With the increase of cluster’s size, the synergistic effect
gradually reduces, the introduction of hydroxyl groups hinders the formation of hydrogen bonds between amino
and carboxyl groups of Ser molecules with sulfuric acid molecules, resulting in the steric effect, reducing the
stability of the clusters. Atmospheric relevance analysis results show that the formation rates of the clusters are
positively correlated with the concentrations of sulfuric acid and amino acid, but negatively correlated with
temperature. The temperature dependence of (SA)y, (Ser), is lower than that of (SA), (Ala), (n, m = 1-2, n = m),
indicating for small clusters, the synergistic effect improves the stability of the clusters and plays an important
role in the formation rates. The formation rates of (SA)y, (Ser)y, are slightly lower than that of (SA), (Ala), (n, m
= 3-4), indicating for large clusters, the steric effect reduces the stability of the clusters and the concentrations of
amino acid and sulfuric acid, temperature have greater influence on the formation rates.

Proton transfer

1. Introduction Kalberer et al., 2004). New particle formation (NPF) is an important part
of the formation of atmospheric aerosols (Bianchi et al., 2016; Cai and

Nowadays, atmospheric aerosols have received widespread attention Jiang, 2017; Lin et al., 2019), which contains two main stages: the
for their important effects on human health, visibility, global radiation formation of a critical nuclei and growth of a critical nuclei to larger
balance and tropospheric chemistry (Zhang et al., 2007; Kulmala et al., sizes (>3 nm) (Zhang et al., 2012; Chu et al., 2019; Lee et al., 2019).
2004; Saxon and Diaz-Sanchez, 2005; Saikia et al., 2016; Kulmala, 2003; Although there are actual field measurements, laboratory experiments
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and theoretical studies of atmospheric aerosols and nucleation events
(Zhang et al., 2007; Chu et al., 2019; Lee et al., 2019; Zhang and
Anastasio, 2003; Seinfeld and Pandis, 2006; Vaattovaara et al., 2006;
Kourtchev et al., 2009; Kalivitis et al., 2019), the size and chemical
composition of the critical nuclei remain unclear at the molecular level
(Zhao et al., 2010; Jokinen et al., 2012; Junninen et al., 2010; Chen
et al., 2017; Li et al., 2019).

While sulfuric acid (SA) is the most common nucleating precursor
(Laskin et al., 2003; Sipila et al., 2010a; Temelso et al., 2012; Al Natsheh
et al., 2004; Vehkamaki et al., 2002), whose concentration in the at-
mosphere explains the rate of atmospheric nucleation at most situations
(Sipila et al., 2010a), there are many other atmospheric nucleation
precursors, such as ammonia (Ge et al., 2011; Kurtén, 2006, 2007;
Nadykto and Yu, 2007; Ianni and Bandy, 1999), atmospheric ions
(Lovejoy et al., 2004; Bork et al., 2012; Herb et al., 2013; Nadykto et al.,
2008; Ortega et al., 2008) and organic compounds (Kalberer et al., 2004;
Lin et al., 2019; Nadykto and Yu, 2007; Zhang et al., 2004; Wang et al.,
2016; Elm, 2013; Elm et al., 2013; Xu et al., 2010; Kurtén et al., 2008;
Loukonen et al., 2010; Knopf et al., 2018; Smith et al., 2008), partici-
pating in the formation of the critical nuclei, contributing to NPF, and
promoting the formation of atmospheric aerosols.

Organic nitrogen compounds are abundant in the atmosphere and
have significant effects on terrestrial and aquatic ecosystems, air quality,
and climate (Wu and Tanoue, 2002; Cornell et al., 2003; Andreae and
Crutzen, 1997; Milne and Zika, 1993; Aber et al., 1989; Fenn et al.,
1998). Previous studies have shown that water-soluble organic nitrogen
compounds account for about 18% of the total fine particle mass (Zhang
et al., 2002). Amino acids are important forms of organic nitrogen
compounds and have been detected in urban and marine aerosols, rain,
and fog droplets (Zhang and Anastasio, 2001, 2003; Knopf et al., 2018;
Kim et al., 2019; Ren et al., 2018; Feltracco et al., 2019; Scheller, 2001;
Bianco et al., 2016; Matos et al., 2016). Concretely, glycine is the main
amino acid in the quantitative analysis of continental aerosols and ma-
rine aerosols in China, with average contents of 83% and 66% of the
total amino acids, respectively (Huang et al., 2018). In Northern Cali-
fornia, Ornithine is the main component of free amino compounds (FAC)
in PMs 5 and fog water, typically accounting for 20% of FAC (Zhang and
Anastasio, 2003). In Arctic, the total concentration of free amino acids
(FAAs) in PM;( ranges from 2.0 to 10.8 pmol m~3, while combined
amino acids (CAAs) ranges from 5.5 to 18.0 pmol m~3 (Feltracco et al.,
2019). Field measurements have shown that aerosols and particles in the
atmosphere are rich in compounds such as arginine, Ala and Ser (Zhang
and Anastasio, 2003; Mandalakis et al., 2011). Recently, Elm et al.
proposed glycine can act as stabilizers for small clusters containing
sulfuric acid, and enhance the formation of the small clusters in two
directions in geometrical space (Elm et al., 2013). Then, Wang et al.
proposed the amino group in Ala always directly binds with sulfuric
acid, while the carboxyl group always binds with water in the hydrated
(Ala) (SA) core system (Wang et al, 2016). Moreover, Ge et al.
concluded that Ser can form a cyclic structure with sulfuric acid through
hydroxyl and amino groups, and play more important role in stabilizing
sulfuric acid (Ge et al., 2018). In addition, it has been confirmed by
Roosta et al. that the hydrophobic and hydrophilic properties of amino
acids have dual effects on the nucleation and growth rate of hydrates
(Roosta et al., 2018). Those studies have shown that amino acids can
contribute to nucleation (Ge et al., 2018), yet it’s not clear whether
different amino acids have different influence in enhancing the initial
nucleation.

Zhang has proposed that the carboxyl group of organic acids has
more oxygen atoms than hydroxyl group, while oxygen atoms can act as
the acceptors of non-covalent hydrogen bonds (Zhang et al., 2018).
Meanwhile, basic gas can form clusters with sulfuric acids through
acid-base neutralization reactions (Li et al., 2019; Ge et al., 2011; Jen
et al., 2014). Considering that the basic amino groups and acidic car-
boxylic groups can coexist in the amino acid molecule during the for-
mation of clusters of amino acids and sulfuric acids, the two functional
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groups may have different roles in different nucleation stages, and the
functional groups may also affect each other.

In this paper, we choose two amino acids that differ structurally by
one hydroxyl group, Ala and Ser, as the objectives and study how they
interact with sulfuric acids. We will discuss their roles in the processes of
initial nucleation through structural analysis, thermodynamic analysis
and atmospheric relevance. Further, we hope to discover the different
performances of the two amino acids and explore the roles of different
functional groups in the processes. Previous studies have shown that the
small (Ala) (SA) cluster is more favorable in low humidity environments
(Wang et al., 2016), and Ser as hydrophobic amino acids can reduce the
rate of hydrate formation (Roosta et al., 2018). Therefore, we did not
include water molecules in the research system.

2. Methods
2.1. Structural calculations

The initial geometric structures of the (SA), (Ala)y, and (SA), (Ser)ny,
(n, m = 1-4) clusters were obtained using the Basin-Hopping (BH) al-
gorithm coupled with semi-empirical PM7 implemented in MOPAC
2016 (Maia et al., 2012; Huang et al., 2010; Wales and Doye, 1997;
Hostas et al., 2013). For each cluster, we sampled 500 local minimum
structures, and selected 30 low-energy structures for optimization (Li
et al., 2019; Wen et al., 2018; Liu et al., 2014). Then, the stable isomers
within 6 kcal mol~! were optimized at the M06-2X/6-311 + G (d, p)
theory level to determine the final global energy minimum structures
(Ge et al., 2018; Zhao and Truhlar, 2008). To ensure that there are no
imaginary frequencies, a frequency calculation was performed for each
stationary point.

Previous studies have shown that M06-2X performs well in ther-
modynamic properties, non-covalent interactions (NCI), and equilib-
rium structures (Bork et al., 2014; Elm et al., 2012, 2013; Leverentz
et al., 2013), and has been widely used in the calculation of the clusters
containing amino acids recently (Wang et al., 2016; Elm et al., 2013; Ge
et al.,, 2018). And the M06-2X theory level has good performance
consistent with the MP2 theory level based on the similar results
compared with MP2 (see Table S1, S2 in SI), which is an application of
approximate integrals in ab initio theory with high accuracy, so we
chose this method to obtain the structures and thermodynamic proper-
ties of the (SA), (Ala)y, and (SA), (Ser),m (n, m = 1-4) clusters in this
study.

We used the reduced density gradient (RDG) approach to clarify non-
covalent interactions (NCI) (Johnson et al., 2010), and visualized it by
the visual molecular dynamics (VMD) program (Humphrey et al., 1996),
and analyzed the characteristics of bond critical points (BCPs) based on
the “atoms in molecules” (AIM) theory of Bader (Bader, 1985; Carroll
et al., 1988; Bone and Bader, 1996). All the above calculations were
implemented by Multiwfn 3.0 (Lu and Chen, 2012).

2.2. Atmospheric cluster dynamics simulation

Thermodynamic data calculated at the M06-2X/6-311 + G (d, p)
theory level was applied to the Atmospheric Cluster Dynamics Code
(ACDC) kinetic model to perform cluster dynamics simulation and study
the formation rates of the clusters in the atmosphere (McGrath et al.,
2012; Kontkanen et al., 2018). ACDC investigates the temporal devel-
opment of molecular cluster distribution by explicit solution of the
birth-death equations, and the birth-death equations can be described as

de; 1 1
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where i and j represent the clusters whose concentrations are given in
the system, f;; represents the collision coefficient between clusters i and
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Jj> ci and ¢;j represent the number densities of cluster i and cluster j, Q;
represents the additional source term of cluster i, and S; represents the
possible loss term for cluster i. The collision coefficient f; taken from the
kinetic gas theory is written as (Ortega et al., 2012)
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where k; means the Boltzmann constant, T means the temperature, m;
and V; mean the mass and volume of cluster i, respectively. y;_; means
the evaporation coefficient of a cluster i divided into two smaller clusters
including cluster j, and can be given as
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where cl? represents the equilibrium concentration of cluster i , AG;
represents the free energy of formation of cluster i, and crsrepresents the
monomer concentration of the reference vapor. The formation rate is
defined as the flux of clusters outside the system and can be calculated
with

= i i Z Zﬁzk,;l CikCjt @

0k=01=0

1.89
0\\ d

? 1.48
b2

9
(SA)(Ser)
9
1.82

1.84 ‘1.86
—_
J1.61 1.92
1.66
2 1.69

(SA) (Ser)2

Off

1.79
418

1.76
. 13’[\.’

1.98

(SA)3(Ser)3

(SA),(Ser),

Fig. 1. The lowest-energy structures of the (SA), (Ala), (n = 1-4) and (SA)y, (Ser), (m = 1-4) clusters calculated at the M06-2X/6-311 + G (d, p) theory level. The
lengths of hydrogen bond are given in A. The red ellipses mark the un-bonded groups exposed at the edge of the clusters. (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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where m and n correspond to the boundaries of the system, i and j
correspond to the number of sulfuric acid molecules in the first and
second cluster, respectively, and k and [ correspond to the number of
amino acid molecules, respectively. Ortega et al. proposed that clusters
with more bases than acids are unstable (Ortega et al., 2012). Therefore,
in the acid-base system simulation of McGrath et al. (2012), the re-
striction condition that the clusters contain at least one acid molecule
was given. However, since both amino and carboxyl groups exist in
amino acids, there is no need to add this restriction in our system, that is,
the number of acid molecules in the formula can be increased from
0 (Zhao et al., 2019), the maximum number of sulfuric acid or amino

(SA),(Ala),
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acid molecules in the cluster is 4. Meanwhile, we set different boundary
sizes to study the contribution of clusters of different sizes to NPF (Zhao
et al., 2019). Sulfuric acid concentrations range from 10° to 10° mole-
cules em ™3, depending on atmospheric observations and laboratory
simulations of nucleation (Kulmala, 2003; Sipila et al., 2010b). We use
the enthalpy (AH) and entropy (AS) in place of the Gibbs free energy
(AG = AH-— TAS) (McGrath et al., 2012), and the temperature range
is set from 258.15 K to 298.15 K, corresponding to different ambient
temperatures. Previous studies have pointed out that the atmospheric
concentration of Ala and Ser in Beijing is at pptv level (Ren et al., 2018),
so the concentration of amino acids is set to range from lpptv to

(SA) (Ser),

Fig. 2. Isosurfaces of the lowest-energy structures of the (SA), (Ala), (n = 1-4) and (SA),, (Ser),, (m = 1-4) clusters calculated at the M06-2X/6-311 + G (d, p)

theory level.
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100pptv.

3. Results and discussion
3.1. Structural analysis

All the structures of lowest Gibbs free energy of monomers and the
(SA), (Ala)y, and (SA), (Ser)m (n, m = 1-4) clusters are calculated at the
MO06-2X/6-311 + G (d, p) theory level and displayed in the Supporting
Information Fig S1, Fig S2 and Fig S3. In order to discuss the structural
differences between the two different amino acids in the process of
forming clusters with sulfuric acid, we conduct structural analysis of
(SA), (Ala), (n = 1-4) and (SA)y, (Ser)y (m = 1-4) (see Fig. 1). The
gradient isosurfaces provide abundant visualization information of non-
covalent interactions while the blue area indicates strong attractive
interaction, and red area indicates strong space steric effect (see Fig. 2).
The disc formed by the isosurfaces between the hydrogen donor and the
oxygen acceptor is characteristic of hydrogen bonds (Johnson et al.,
2010). The “atoms in molecules” (AIM) theory of Bader is used to
analyze the characteristics of bond critical points (BCPs) in the
two-membered clusters (Bader, 1985; Carroll et al., 1988; Bone and
Bader, 1996). The electron density (p), its Laplacian (Azp), the electronic
kinetic energy density (G), the electronic potential energy density (V)
and the electronic energy density (H) calculated by the Multiwfn pro-
gram are given in Table 1 (Lu and Chen, 2012).

An Ala monomer has one amino group and one carboxyl group, and a
Ser monomer has one more hydroxyl group than the Ala. For (SA) (Ala),
there are two hydrogen bonds between the carboxyl group of the Ala and
the sulfuric acid, with lengths of 1.54 and 1.72 A, respectively. At the
same time, it can be found in the isosurfaces that two blue discs form at
the corresponding positions. However, for (SA) (Ser), the amino group
and the hydroxyl group of the Ser participate in the formation of
hydrogen bonds, while the carboxyl group doesn’t. The length of the
hydrogen bond between the hydroxyl group and the O atom in the
sulfuric acid is 1.89 A. Note that proton transfer occurs between the
amino group of the Ser and the carboxyl group of the sulfuric acid, and a
hydrogen bond with the length of 1.48 A forms at the same time. The
—-G/V values corresponding to the hydrogen bonds formed by the oxygen
atoms of sulfuric acid and the two amino acids (a2 and b1 in Table 1) are
close to 1 and both A% and H are positive, indicating that the in-
teractions are non-covalent interactions and the hydrogen bonds are
weak (Kim et al., 1994; Rozas et al., 2000). On the contrary, for the
hydrogen bonds formed between hydrogen atoms of sulfuric acid and
amino acids (al and b2 in Table 1), A%p are positive and H are negative,
which are regarded as medium hydrogen bonds. And according to -G/V
values, the interactions are partially covalent. Among them, the elec-
tronic density value of the hydrogen bond of length of 1.54 A in (SA)
(Ala) is 0.065 a.u., the electronic density value of the hydrogen bond of
length of 1.48 Ain (SA) (Ser) is 0.082 a.u., and the larger the electronic
density is, the stronger the hydrogen bond is (Gdlvez et al., 2001). This
indicates that the proton transfer does enhance the strength of the
hydrogen bond (Stinson et al., 2016; Xu et al., 2017).

For (SA)2(Ala),, there are four hydrogen bonds, two protons transfer
between the carboxyl groups of sulfuric acid molecules and the amino
groups of Ala molecules with the lengths of 1.60 and 1.46 A, respec-
tively. The other two hydrogen bonds are formed between sulfuric acid

Table 1
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and the Ala with lengths of 1.95 and 1.75 A. In this cluster, the carboxyl
groups of the Ala don’t participate in the formation of hydrogen bonds,
and no hydrogen bonds are formed between the two Ala molecules. The
formations of hydrogen bonds of (SA)2(Ser); are more complicated
compared with those of (SA)5(Ala),. It can be found that three groups of
the Ser in (SA)2(Ser); cluster are involved in the formation of hydrogen
bonding, hydrogen bonds are formed between the two Ser molecules. In
the (SA)a(Ser)s cluster, a four-membered ring of -SA-SA-Ser-Ser-is
formed by the bridged proton transfer.

As for (SA), (Ala), and (SA)y, (Ser), (n, m = 3-4) clusters, sulfuric
acid molecules are located at the center, and Ala or Ser molecules
interact with sulfuric acids to form hydrogen bonds and grow outward in
general. In this process, proton transfer and the formations of hydrogen
bonds between Ala molecules or Ser molecules occur frequently as well.
For (SA), (Ala), (n = 3-4), the carboxyl and amino groups of Ala mol-
ecules mostly form hydrogen bonds with sulfuric acid at the center of the
cluster, while the methyl groups are exposed at the edge of the cluster.
For (SA)p, (Ser)y, (m = 3-4), the hydroxyl groups of Ser molecules are
more involved in the formation of hydrogen bonds at the center of the
cluster, while the carboxyl and amino groups are more exposed at the
edge of the cluster.

In conclusion, for two-membered and four-membered clusters, the
introduction of the Ser’s hydroxyl groups provides more hydrogen
bonding sites and causes a synergistic effect between hydroxyl, amino
and carboxyl groups, resulting in more functional groups participated in
the formation of hydrogen bonds, promoting proton transfer between
the amino and sulfuric acids occur earlier, and making the Ser more
conducive to the formation of hydrogen bonds than the Ala in small
clusters. In addition, the strong bridged proton transfer in (SA)y, (Ser)m
(m = 1-2) clusters enhances the strength of hydrogen bonds, making the
structures of the clusters more stable. For six-membered and eight-
membered clusters, in general, the formation of hydrogen bonds in the
clusters depend mainly on sulfuric acid molecules. For (SA), (Ser)p, (m
= 3-4), the synergistic effect caused by the Ser’s hydroxyl groups will
gradually decrease. On the contrary, the introduction of hydroxyl groups
hinders the formation of hydrogen bonds between the carboxyl and
amino groups of Ser molecules and sulfuric acid molecules, that is the
steric effect, resulting in more un-bonded carboxyl and amino groups
exposed at the edge of the cluster, making the structures of (SA), (Ser)m
cluster less stable than those of (SA), (Ala), (n, m = 3-4, n = m).

3.2. Thermochemical analysis

The calculation results of the relative zero-point correction energy
AE (0 K), the intermolecular enthalpy AH (298.15 K) and the Gibbs free
energy AG (298.15 K) of (SA), (Ala),, and (SA), (Ser), (n, m = 1-4)
clusters at the M06-2X/6-311 + G (d, p) theory level are given in Table 2
and Table 3, respectively. In each Table, the values are calculated with

AE(s4),(x), = E(sa),(x),, — nEsa — mEx (5)
AH ), (x), = Hsa, (x),, — nHsy — mHy ()
AGs), ), = Gsw, (x), —nGsa — mGy Q)

where X represents Ala or Ser.
According to Tables 2 and 3, all the AG values are negative,

Lengths of hydrogen bonds and topological parameters of the BCPs in (SA) (Ala) and (SA) (Ser) clusters at the M06-2X/6-311 + G (d, p) theory level. The labels are

given in Fig. 1.

Clusters Labels L/A p/a.u. G/a.u. V/a.u. H/a.u. A%p/a.u. -G/V
(SA) (Ala) al 1.54 0.065 0.055 —0.072 —0.016 0.156 0.764
a2 1.72 0.037 0.036 —0.036 0.000 0.141 1.000
(SA) (Ser) bl 1.89 0.028 0.026 —0.025 0.002 0.112 1.040
b2 1.48 0.082 0.065 —0.094 —0.029 0.143 0.691
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Table 2
The calculation results of AE, AH and AG of (SA), (Ala),, (n, m = 1-4) clusters at
the M06-2X/6-311 + G (d, p) theory level. The energies are in kcal mol .

Reactions AE (0 K) AH (298.15K) AG (298.15 K)
SA + Ala < (SA) (Ala) -19.6 —20.2 -85
SA+2Ala < (SA) (Ala)y —39.5 —39.8 -14.3
SA+3Ala < (SA) (Ala)s -57.5 -57.7 —20.0
SA+4Ala < (SA) (Ala), -72.7 -72.6 -21.8
2SA + Ala < (SA)x(Ala) —46.0 —46.6 -20.9
2SA+2Ala © (SA)z(Ala), -74.1 -74.3 -37.0
2SA+3Ala < (SA)(Ala)s -95.1 —95.6 —42.7
2SA+4Ala < (SA)z(Ala)y —116.4 —116.4 —52.6
3SA + Ala « (SA)3(Ala) -72.9 -73.9 -33.3
3SA+2Ala & (SA)3(Ala), —-101.8 —-103.3 —49.4
3SA+3Ala < (SA)s(Ala)s —-136.3 —137.2 —69.7
3SA+4Ala < (SA)3(Ala), —152.1 —152.5 -73.6
4SA + Ala & (SA)4(Ala) —100.2 —100.8 —48.5
4SA+2Ala < (SA)4(Ala), -118.2 —119.2 —53.2
4SA+3Ala & (SA)4(Ala)s —166.4 -167.3 —87.2
4SA+4Ala « (SA)4(Ala), —197.2 —198.5 —-103.3

Table 3
The calculation results of AE, AH and AG of (SA), (Ser), (n, m = 1-4) clusters at
the M06-2X/6-311 + G (d, p) theory level. The energies are in kcal mol L.

Reactions AE (0 K) AH (298.15 K) AG (298.15K)
SA + Ser < (SA) (Ser) —24.2 —24.3 -12.2
SA+2Ser « (SA) (Ser), —47.3 —47.3 —22.2
SA+3Ser < (SA) (Ser)s —69.0 —69.3 —-29.9
SA+4Ser < (SA) (Ser), —86.5 —86.6 —34.5
2SA + Ser < (SA),(Ser) —55.7 —-55.9 —-31.2
2SA+2Ser < (SA)x(Ser), —74.5 —74.9 —36.2
2SA+3Ser < (SA)x(Ser)s —101.4 -101.6 —50.2
2SA+4Ser < (SA),(Ser)4 —124.5 -124.9 —60.1
3SA + Ser < (SA)3(Ser) —81.5 —81.7 —44.6
3SA+2Ser < (SA)3(Ser), —108.8 -109.1 —58.8
3SA+3Ser < (SA)s(Ser)s —133.9 —134.7 —66.9
3SA+4Ser < (SA)3(Ser)4 —163.1 -163.7 —83.1
4SA + Ser < (SA)4(Ser) -103.4 -103.4 -53.3
4SA+2Ser < (SA)4(Ser) -136.3 -136.5 —72.2
4SA+3Ser < (SA)4(Ser)s -162.2 —163.1 —83.3
4SA+4Ser < (SA)4(Ser)4 —182.9 —-183.4 -90.8

indicating all the reactions in both tables can occur spontaneously in the
atmosphere. For (SA) (Ala)y, (m = 1-4), the AG values are —8.5, —14.3,
—20.0 and —21.8 kcal mol’l, respectively. For (SA) (Ser)y (m = 1-4),
the AG values are —12.2, —22.2, —29.9 and —34.5 kcal mol™}, respec-
tively. Hence, for clusters with the same number of molecules, the AG
values of (SA) (Ser),, are smaller than those of (SA) (Ala), (m = 1-4),
indicating the (SA) (Ser), cluster are more stable than (SA) (Ala)y, (m =
1-4). For (SA)2(Ala), and (SA)x(Ser), (m = 1-4), almost all the AG
values of (SA)a(Ser)y, are smaller than those of (SA)z(Ala)y,, except for
(SA),(Ala), and (SA)a(Ser),, with the values of —37.0 and —36. 2 kcal
mol’l, respectively. For (SA), (Ala)y and (SA), (Ser), (n, m = 3-4),
there are more cases where the relationship of AG does not conform to
the above rule. This possibly indicates that the Ser can form more stable
clusters with sulfuric acids compared with the Ala in small clusters due
to the synergistic effect between hydroxyl, amino and carboxyl groups.
However, with the increase of cluster’s size, the effect of the synergistic
effect will gradually decrease. In large clusters, the introduction of hy-
droxyl groups makes more carboxyl groups and amino groups exposed at
the edge of the clusters, unable to form bonds with sulfuric acid mole-
cules, which in turn reduces the stability of the cluster.

Based on above results, we can find that with the increase of mo-
lecular number in the clusters, the value of AG decreases gradually in
general, which seems to indicate that the cluster can grow spontane-
ously in the atmosphere. Especially for (SA) (Ala)y, and (SA) (Ser)y, (m
= 1-4), the decreasing range of AG also decreases gradually with the
increase of molecular number, and when adding an Ser molecule, the
decreasing range of AG is larger than that of adding an Ala molecule.
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This can be validated by the above analysis that the Ser is more
conducive to the formation of the clusters than the Ala in small clusters.
However, as the sizes of the clusters increase, the steric effect has a
negative feedback effect on the stability of the structures.

Heatmaps of the AG are given in Fig. 3 as an intuitive description of
how the AG value changes with the increasing number of sulfuric acid
molecules and amino acid molecules. To be specific, the AG values of
(SA); (Ala), (n = 1-4) are —8.5, —37.0, —69.7 and —103.3 kcal mol’l,
respectively, while the AG values of (SA)y, (Ser)y, (m = 1-4) are —12.2,
—36.2, —66.9 and —90.8 keal mol ™}, respectively. It can be concluded
that for small clusters, due to the synergistic effect, the structures of SA-
Ser system are more stable than those of SA-Ala system, while for large
clusters, the steric effect makes SA-Ala system more stable than SA-Ser
system. As shown in Fig. 3, the AG of the structure on the diagonal of
the heat map seems to be more negative, which indicates that the
clusters may grow diagonally as well. This may indicates that the SA-
Ser/SA-Ala systems have a trend of low free energy barrier along the
diagonal similar to the acid-base system (Schobesberger et al., 2013; Xu
et al., 2020).

3.3. Atmospheric relevance

In this part, (SA), (Ala), and (SA)n, (Ser);, (n, m = 1-4) clusters on
the diagonal of heatmaps of AG are selected to calculate the formation
rates by ACDC (McGrath et al., 2012) and perform atmospheric rele-
vance analysis. The method of controlling variables is used to set
different conditions, discussing the effect of temperature and concen-
tration on the formation rate in the two types of clusters with different
size.

3.3.1. Formation rates vs the concentration of sulfuric acid

Most atmospheric observation results indicate nucleation occurs
when the concentration of sulfuric acid is slightly higher than 10°
molecules cm ™3, which have been successfully simulated under atmo-
spheric laboratory conditions (Kulmala, 2003; Sipila et al., 2010b; Bir-
mili et al., 2000; Kuang, 2008; Weber, 1996, 1999; Berndt et al., 2005;
Nieminen et al., 2009). To discuss the relationship of the formation rates
of the clusters on the diagonal, the formation rates of the (SA), (Ala),
and (SA)n, (Ser)n (n, m = 1-4) clusters at the concentration range of
sulfuric acid of 10° to 10° molecules cm > are described in Fig. 4.

As shown in Fig. 4, we can find that under the same conditions, when
the concentration of sulfuric acid increases, the formation rates of the
clusters will gradually increase. Comparing the formation rates of (SA),
(Ala), (n = 1-4) at the same concentration of sulfuric acid, we can find
the ranking of the formation rates of the four clusters is as follows: (SA)
(Ala) > (SA)z(Ala)y > (SA)3(Ala)s > (SA)4(Ala)y, the formation rate
gradually decreases with the increase of cluster’s size. When the sulfuric
acid concentration varies from 10° to 10° molecules cm ™3, the formation
rates of (SA) (Ala), (SA)2(Ala),, (SA)3(Ala)s and (SA)4(Ala)4 increase by
4, 8, 10 and 12 orders of magnitude, respectively. And in this process,
the ranking of the increases of the formation rates of the four clusters is
as follows: (SA) (Ala) < (SA)a(Ala)y < (SA)s(Ala)s < (SA)4(Ala)g. It can
be speculated that as the sulfuric acid concentration increases, the dif-
ference between the formation rates of four clusters will decrease. This
may be due to that the formation rates of large clusters are much more
depended on the concentration of sulfuric acid than those of small
clusters. And the analysis results for (SA)y, (Ser), (m = 1-4) clusters in
this part are the same as those of (SA), (Ala), (n = 1-4) clusters.

For two-membered and four-membered clusters, when the sulfuric
acid concentration is 10° molecules cm’3, the formation rates of (SA)
(Ala), (SA) (Ser), (SA)o(Ala); and (SA)o(Ser), are 1071, 102, 1076 and
1075 em 3571, respectively. And when the sulfuric acid concentration is
10° molecules em™3, the formation rates of (SA) (Ala), (SA) (Ser),
(SA)x(Ala), and (SA)y(Ser); are 10% 107, 107 and 10° em™> s77,
respectively. This shows that under the same conditions, the formation
rates of (SA)y (Ser), (m = 1-2) are higher than that of (SA), (Ala), (n =
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1044 Ren et al. reported that the high annual average concentration of
— amino acids in the Beijing area may be related to biological or bacterial
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100 role in particles containing cell proteins (Feltracco et al., 2019; Matos
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= 10°% ] and 100 pptv to discuss the effect of the concentration of amino acid on
g o] cluster formation rate. Fig. 5 shows the formation rates curves of the
=107 94— (SA)(Ser) —® -(SA)(Ala) (SA),, (Ala), and (SA), (Ser)m (n, m = 1-4) clusters at the concentration
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1074 ] >— (SA)3(Ser)3 — 4 -(SA)3(Ala)3 tration range of Ala and Ser from 1 to 100pptv.
- ®— (SA)4(Ser)q — ¥ - (SA)4(Ala)y As shown in Fig. 5, we can find that under the same conditions, when

T T T T T
10° 10° 107 10 10°
SA (molecules cm'3)

Fig. 4. The cluster formation rate (em~3s71) as a function of the concentration
of sulfuric acid for different clusters: the black solid line represents (SA) (Ser),
the blue solid line represents (SA)»(Ser),, the red solid line represents
(SA)3(Ser)s, the purple solid line represents (SA)4(Ser)4, the black dotted line
represents (SA) (Ala), the blue dotted line represents (SA),(Ala),, the red dotted
line represents (SA)3(Ala)s, the purple dotted line represents (SA)4(Ala)y. The
concentration of sulfuric acid ranges 10° to 10° molecules cm’s, [amino acid]
=10 pptv, 298.15 K. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

1-2), And this can indicate that the synergistic effect caused by hydroxyl
groups and the stronger bridged proton transfer make the Ser more
favorable for nucleation than the Ala in small clusters.

For six-membered and eight-membered clusters, when the sulfuric
acid concentration is 10° molecules cm~3, the formation rates of
(SA)s(Ala)s, (SA)3(Ser)s, (SA)4(Ala), and (SA)4(Ser)s are 107°, 10710,
107'2 and 107® cm™> 57!, respectively. And when the sulfuric acid
concentration is 10° molecules cm 3, the formation rates of (SA)s(Ala)s,
(SA)3(Ser)s, (SA)4(Ala)g and (SA)4(Ser)s are 10%, 10, 10° and 10° em ™3
s71, respectively. It can be seen that when the concentration of sulfuric
acid is 10° molecules cm’S, the formation rates of (SA), (Ala), (n = 3-4)
are higher than those of (SA), (Ser), (n = 3-4). This could be explained
by that the steric effect, reduces the stability of the cluster’s structure.
When the concentration of sulfuric acid is 10° molecules cm’3, the
formation rates of (SA), (Ala), (n = 3-4) and (SA), (Ser),, (n = 3-4) are
on the same order of magnitude. This shows that for clusters with more
sulfuric acid molecules, the effect of the steric effect on clusters could be
ignored and the formation rate of clusters mainly depend on the con-
centration of sulfuric acid. Therefore, at high sulfuric acid concentra-
tions, there are no obvious difference in the formation rates of (SA),

the concentrations of amino acid increase, the formation rates of clusters
will gradually increase. Take (SA), (Ala), (n = 1-2) clusters for example,
when the sulfuric acid concentration is 10° molecules cm_s, the con-
centration of Ala is set to 1, 10 and 100pptv, the formation rates of (SA)
(Ala) are 10’3, 10 'and 10’ em 357! respectively, the formation rates
of (SA),(Ala), are 10_9, 10 °and 10 3 cm 357! respectively. As con-
centration of sulfuric acid increases, the increase of formation rates of
(SA), (Ala), (n = 1-2) promoted by Ala’s concentration are the same,
and the corresponding formation rate curves at three concentrations of
amino acid in Fig. 5 are almost parallel.

3.3.3. Temperature dependence of formation rates

To discuss the effect of temperature on the formation rate of (SA),
(Ala), and (SA)n, (Ser)p, (n, m = 1-2, n = m) clusters, three temperature
points were considered at 258.15, 278.15 and 298.15 K, respectively. As
shown in Fig. 6, the formation rate curves of the (SA), (Ala), and (SA),
(Ser), (n, m = 1-4, n = m) clusters at the concentration range of sulfuric
acid from 10° to 10° molecules cm ™3, the concentrations of Ala and Ser
are set at 10pptv.

Comparing the formation rates of (SA), (Ala), and (SA)y, (Ser)n (n,
m = 1-4) at the same concentration and different temperature condi-
tions, we can find the ranking of the formation rates of the same cluster
under three temperature conditions is as follows: 258.15 K > 278.15 K
> 298.15 K, the formation rates of clusters gradually decrease with the
increase of temperature, which is similar to the relationship of tem-
perature dependence of HoSO4—NH,4 experimental results reported by
Dunne et al. (2016).

For most cases, at lower concentration of sulfuric acid, the effect of
increasing temperature on the formation rates of clusters is significantly
greater than that at higher concentration of sulfuric acid. For example,
when the sulfuric acid concentration is 10° molecules cm ™ and tem-
perature is 258.15, 278.15 and 298.15 K respectively, the formation
rates of (SAy(Ser), are 4.11 x 107, 7.70 x 107!° and 3.08 x 10716
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Fig. 5. The cluster formation rate (em~3s71) as a function of the concentration of amino acid for different clusters: (a) (SA) (Ala) and (SA) (Ser), (b) (SA)»(Ala), and
(SA)2(Ser),, (c) (SA)3(Ala); and (SA)3(Ser)s, (d) (SA)4(Ala)4 and (SA)4(Ser)s. Black represents [amino acid] = 1 pptv, blue represents [amino acid] = 10 pptv, red
represents [amino acid] = 100 pptv, the dotted lines represent SA-Ala system, the solid lines represent SA-Ser system. The concentration of sulfuric acid ranges 10° to
10° molecules cm ™3, 298.15 K. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

cm 3 st respectively, that is, the formation rate of (SAjs(Ser)s

decreased by 10 orders of magnitude when temperature increased by 40
K. However, when the sulfuric acid concentration is 10° molecules cm ™3,
the formation rate of (SA)4(Ser)4 decreased by 5 orders of magnitude
when temperature increased by 40 K. This may be related to the
contribution of temperature effect on the formation rates would be re-
duces as the increasing of the concentration of sulfuric acid.

For (SA) (Ala) and (SA) (Ser), when the sulfuric acid concentration is
10° molecules em ™ and temperature is 258.15, 278.15 and 298.15 K
respectively, the formation rates of (SA) (Ala) are 2.47 x 107,4.36 x 10°
and 6.91 x 10° cm 357! respectively, the formation rates of (SA) (Ser)
are 1.31 x 108, 8.01 x 107 and 1.92 x 107 ecm ™3 57! respectively. It can
be seen that the formation rate of (SA) (Ala) decreases by 2 orders of
magnitude with every 20 K increase in temperature, while the formation
rates of (SA) (Ser) are basically an order of magnitude under adjacent
condition. This seems to indicate the same temperature change has
smaller effect on the formation rate of (SA) (Ser) than that of (SA) (Ala),
and a similar conclusion can be obtained for (SA)y(Ala); and
(SA)a(Ser),. The temperature dependence of (SA)y, (Ser)n is less than
that of (SA), (Ala), (n, m = 1-2, n = m), which may be explained by the
synergistic effect and the enhancement of the stability of clusters by the
strong bridged proton transfer. However for large clusters, temperature
and the concentrations of sulfuric acid and amino acid have a greater
influence on the formation rates than amino acid’s structure, and the
temperature dependence of the two systems is not significantly different.

4. Conclusions

In this study, the lowest energy structures and thermodynamic
analysis of the (SA), (Ala)y, and (SA), (Ser)m (n, m = 1-4) clusters are
calculated at the M06-2X/6-311 + G (d, p) theory level. The (SA), (Ala),
and (SA)n (Ser),, (n, m = 1-4, m = n) clusters are selected for atmo-
spheric relevance analysis.

Analysis results based on structural and thermochemical data show
that in small clusters, the introduction of the Ser’s hydroxyl groups
causes a synergistic effect between hydroxyl, amino and carboxyl
groups, resulting in more functional groups participate in the formation
of hydrogen bonds, promoting proton transfer and improving the sta-
bility of the clusters. With the increase of cluster’s size, the synergistic
effect will gradually decrease, the introduction of the Ser’s hydroxyl
groups will interfere with the bonding between amino and carboxyl
groups of Ser and sulfuric acid molecules, resulting in the steric effect,
which leads to the decrease of the stability of the clusters.

Atmospheric relevance studies have shown that as the concentration
of sulfuric acid increases, the formation rates of clusters will gradually
increase. Under the same conditions, the formation rates of (SA), (Ser)m
are higher than that of (SA), (Ala), (n, m = 1-2, n = m), while the
formation rates of (SA)n, (Ser)y, are slightly lower than those of (SA),
(Ala), (n, m = 3-4), indicating the synergistic effect improves the sta-
bility of small clusters, while the steric effect reduces the stability of
large clusters. As the concentration of amino acid increases, the
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formation rates of clusters will gradually increase and the increase of
formation rates promoted by amino acid’s concentration is the same.
Temperature dependence analysis of the formation rates shows that the
lower the temperature, the higher the formation rates. At lower con-
centration of sulfuric acid, the effect of increasing temperature on the
formation rates is significantly greater than that at higher concentration
of sulfuric acid. It is worth noting that the temperature dependence of
(SA)m (Ser)y is less than that of (SA), (Ala), (n, m = 1-2, n = m),
indicating the structures of SA-Ser system are more stable than those of
SA-Ala system in small cluster, while in large clusters, temperature and
the concentrations of sulfuric acid and amino acid have a greater in-
fluence on the formation rates than amino acid’s structure, and the
temperature dependence of the two systems is not significantly different.

Our study shows that both Ala and Ser can form clusters with sulfuric
acid, but the nucleation mechanism of the two amino acids shows
obvious differences, which provides a starting point for further studies
on the role of different amino acids with different functional groups in
NPF. In addition, a more diversified system involving sulfuric acid and
amino acids needs further study.
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