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a b s t r a c t

Glycine (Gly) is ubiquitous in the atmosphere and plays a vital role in new particle for-

mation (NPF). However, the potential mechanism of its on sulfuric acid (SA) - ammonia (A)

clusters formation under various atmospheric conditions is still ambiguous. Herein, a

(Gly)x$(SA)y$(A)z (z � x þ y � 3) multicomponent system was investigated by using density

functional theory (DFT) combined with Atmospheric Cluster Dynamics Code (ACDC) at

different temperatures and precursor concentrations. The results show that Gly, with one

carboxyl (eCOOH) and one amine (eNH2) group, can interact strongly with SA and A in two

directions through hydrogen bonds or proton transfer. Within the relevant range of at-

mospheric concentrations, Gly can enhance the formation rate of SA-A-based clusters,

especially at low temperature, low [SA], and median [A]. The enhancement (R) of Gly on

NPF can be up to 340 at T ¼ 218.15 K, [SA] ¼ 104, [A] ¼ 109, and [Gly] ¼ 107 molecules/cm3. In

addition, the main growth paths of clusters show that Gly molecules participate into

cluster formation in the initial stage and eventually leave the cluster by evaporation in

subsequent cluster growth at low [Gly], it acts as an important “transporter” to connect the

smaller and larger cluster. With the increase of [Gly], it acts as a “participator” directly

participating in NPF.

© 2019 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.

Published by Elsevier B.V.

Introduction

It has been widely demonstrated that atmospheric aerosols

have a widely deleterious effect on air visibility (Huang et al.,

2017; Qiao et al., 2018), health of human being (Saikia et al.,

2016; Dimitriou and Kassomenos, 2017), and atmospheric

circulation directly by changing solar radiation (Baker and

Peter, 2008; Deng et al., 2016) and indirectly by serving as

cloud condensation nuclei (CNN)/ice nuclei (IN) (Zhang et al.,

2012; Meng et al., 2015). New particle formation (NPF) has

been observed under various environmental conditions and

contributes to more than half of CCN/IN in the atmosphere

(Zhang et al., 2015). As the primary source of atmospheric

aerosol particles, NPF is generally considered to be a two-step

process: First, nucleation forms a “critical nucleus,” which

then grows to a detectable size (Zhang, 2010). Numerous

studies have been investigated the initial formation mecha-

nisms, but there are still many uncertain compositions and

the nucleation species that contribute to the formation and

growth of atmospheric aerosols particles at the molecular

level (Kuang et al., 2011; Kulmala et al., 2013).
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Sulfuric acid (SA) is believed to be a common precursor to

drive the conversion from gas to particle under various at-

mospheric conditions (Sipil€a et al., 2010), but another

component is required to explain observedNPF rates (Kulmala

et al., 2004; Weber et al., 2007; Kirkby et al., 2011). Ammonia

(A), an important component of increasing atmospheric NPF,

is ubiquitous in the atmosphere due to various emission

sources ranging from livestock farming to marine organism

biodegradation (Schlesinger and Hartley, 1992; Makar et al.,

2009; Behera et al., 2013). Noncovalent interaction between

SA and A can significantly reduce the partial pressure of SA by

forming ammonia sulfate and ammonium bisulfate (Marti

et al., 1997). Hence, laboratory and theoretical studies show

that A has a greatly influence on the formation rate of SA-

based particles (Coffman and Hegg, 1995; Kulmala et al.,

2000; Vaittinen et al., 2014). However, even if SA and A are

taken into account, the high nucleation rate of aerosols par-

ticles in some areas still cannot be well explained under

typical atmospheric conditions, which shows that additional

precursors species in the atmosphere may be involved in the

process of nucleation (Zhang et al., 2012). Nowadays, it has

also become clear that more stabilizing species, such as

organic nitrogenous compounds (Xie et al., 2017) and highly

oxygenated molecules (HOMs) (Elm et al., 2017c; Shi et al.,

2019), are more likely to participate in the nucleation of at-

mospheric NPF within the last decades. Nevertheless, the

underlying nucleation mechanism involving organic nitrogen

compounds remains unclear.

Organic nitrogen compounds are an important component

of atmospheric particulate matter (Mace et al., 2003; Zhang

et al., 2002). Approximately 34% of the nitrogen in the atmo-

spheric precipitation exists in the form of organic nitrogen

(Cape et al., 2011). The N-containing organic compounds not

only serve as CNN/IN but also affect the hygroscopic growth of

aerosol particles (Ren et al., 2018). Amino acids are the main

component of organic nitrogen compounds, which have been

detected in atmospheric aerosols in nearly all geographic re-

gions, ranging from coastal areas to the hinterland (Scalabrin

et al., 2012; Ren et al., 2018). In general, sources of amino acids

are derived from direct emissions from the terrestrial or ma-

rine origin (such as microorganisms and fragments of all va-

rieties of living things), biomass burning, as well as

anthropogenic activities (Di Filippo et al., 2014; Ren et al.,

2018). It has been proved that organic acids and amines

interact strongly with SA, and it obvious enhances the for-

mation rate of SA-containing NPF. The geminate group prop-

erties of the amino acids may act as an interesting possibility

to participate in NPF (Elm et al., 2013). Many studies have been

investigated about the atmospheric roles of amino acids in

aerosol particles. For example, Elm et al. (2013) found that

glycine (Gly) can be used as a stabilizer of small clusters

containing SA in the atmosphere. Wang et al. (2016) pointed

out that alanine (Ala) can interact strongly with SA in two

directions by hydrogen bonds; the ability to form hydrogen

bond is similar to that of A. Ge et al. (2018) indicated that

threonine (Thr) may be a possible participant in ion-induced

nucleation mainly because Thr$SA isomers have a high

value of dipole moment. Similar to Thr, serine (Ser) plays an

indispensable role in stabilizing SA and promoting the initial

process of NPF. This means that studying clusters of amino

acids with atmospheric nucleation precursors is of great

importance for gaining a new and insightful understanding of

atmospheric nucleation phenomena at the molecular level,

especially in the initial stage. Studies indicated that most of

the amino acid in PM2.5 are enriched in protein-type glycine

(Zhang and Anastasio, 2003). Gly, with one eCOOH and eNH2

groups, is the simplest amino acid. Compared with other

amino acids, Gly is one of the most abundant amino acids,

accounting for 23% of total concentrations of atmospheric

amino acids (Barbaro et al., 2011; Scalabrin et al., 2012; Ren

et al., 2018). In general, concentrations of glycine range from

106e109 molecules/cm3 in the atmosphere (Ren et al., 2018;

Zhang and Anastasio, 2003). However, the effect of struc-

tural characteristics and thermochemical properties of Gly on

the nucleation mechanism of SA and A has almost remained

unexplored in NPF.

In this study, we investigated the formation of (Gly)x-
$(SA)y$(A)z (z � x þ y � 3) clusters using density functional

theory (DFT) and Atmospheric Cluster Dynamics Code (ACDC)

(McGrath et al., 2012) at different temperatures and precursor

concentrations with the aims of (1) determining the effect of

Gly by comparing formation rates of ternary Gly-SA-A-based

cluster with that of binary SA-A-based cluster, (2) exploring

the effect of temperature and precursor concentration con-

ditions on the enhancement of Gly, and (3) tracing the influ-

ence of Gly on the main growth paths. Overall, this work may

lead to a better understanding of the properties of amino acid-

containing organic aerosol under typical atmospheric

conditions.

1. Computational method

1.1. Quantum chemical calculations

All calculations were carried out by using the Gaussian 09

software package (Frisch et al., 2009). Many benchmark

studies show that the M06-2X (Zhao and Truhlar, 2008) func-

tional has good performance compared to other common

functionals for gaining the Gibbs free energies (Elm et al., 2012;

Bork et al., 2014a, 2014b) of atmospheric clusters involving SA.

For all the M06-2X calculations the 6e31þþG(d,p) basis set

was used, as it is a good compromise between accuracy and

efficiency and does not yield significant errors in the thermal

contribution to the free energy compared to much larger basis

sets such as 6e311þþG(3df, 3pd) (Elm and Mikkelsen, 2014)

and aug-cc-pV5Z4 (Myllys et al., 2016a). So, all optimizations

and vibrational frequency were calculated at M06-2X/

6e31þþG(d, p) level. To identify the lowest Gibbs free energy

structure of the organic compounds, firstly the initial struc-

ture of 1000 clusters was randomly generated by the ABClus-

ter program (Zhang and Dolg, 2016). All the molecules were

described by the CHARMM36 force field (MacKerell et al., 1998)

in the ABCluster program. These structures were further

optimized by the semiempirical PM6 method (�Rez�a�c et al.,

2009) in MOPAC 2016 (Stewart, 2013). Moreover, then, up to

100 conformations with relatively low energies were chosen

for re-optimization using M06-2X/6-31 þ G(d). Finally, the 10
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best of the resulting structures were optimized at the M06-2X/

6e31þþG(d,p) level of theory. The single-point energy was

corrected by a domain-based local pair natural orbital

coupled-cluster method DLPNO-CCSD(T) (Riplinger and

Neese, 2013) with an aug-cc-pVTZ basis set as implemented

in ORCA (Neese, 2012). Recent studies indicated that the

DLPNO-CCSD(T)/aug-cc-pVTZ method had been shown to

yield a mean absolute error of 0.3 kcal/mol compared to

CCSD(T) complete basis set estimates (Elm and Kristensen,

2017b). The configuration optimization, frequency analysis,

and the value of DGthermal for relevant clusters were performed

at M06-2X/6e31þþG(d,p) level. The accurate binding energy

(DEbind) of corresponding clusters based on the M06-2X ge-

ometry was obtained by a higher level of theory (DLPNO-

CCSD(T)/aug-cc-pVTZ). The approximate DGCCSDðTÞ
bind value for

monomers and clusters was calculated as follows (Myllys

et al., 2016b):

DGCCSDðTÞ
bind ¼DECCSDðTÞ

bind þ DGDFT
thermal

In order to evaluate the effect of temperature on the ther-

modynamical properties, the Gibbs free energies DGCCSDðTÞ
bind of

formation of the clusters were calculated at five different

temperatures (218.15, 238.15, 258.15, 278.15, and 298.15 K). The

thermochemical parameters are calculated by using a rigid

rotor and harmonic oscillator approximations, and all values

are reported at 1 atm.

In addition, the ESP analysis was carried out to study

reactivity. The topological analysis was performed using

Atoms in Molecules (AIM) theory to get insight into the na-

ture of hydrogen bonds (Bader, 1991). The wavefunctions

obtained at the M06-2X/6e31þþG(d,p) level were used to

calculate the electron density r and the Laplace electron

density V2r at the bond critical points (BCPs). All wave-

function analysis was performed by Multiwfn 3.6 package

(Lu and Chen, 2012).

1.2. Atmospheric Cluster Dynamics Code (ACDC) kinetic
model

The ACDC is a dynamical program to model the kinetics of

clusters by an explicit solution of the birth-death equation

(McGrath et al., 2012) using the ode15s solver in the MATLAB-

R2014a program (Shampine and Reichelt, 1997), which is

effective in solving systems of stiff differential equations. The

birth-death equation can be written as (McGrath et al., 2012)

dci
dt

¼1
2

X

j< i

bj;ði�jÞcjcði�jÞ þ
X

j

gðiþjÞ/icðiþjÞ �
X

j

bi;jcicj �
1
2

X

j< i

gi/jci

þ Qi � Si

where, ci and cj are the concentration of the clusters i and j, bi,j
is the collision coefficient between clusters i and j, gi/j is the

evaporation coefficient of cluster i into cluster j, Qi and Si are

possible additional source and sink terms of cluster i,

respectively. A coagulation sink coefficient of 2.6 � 10�3 s�1

was used for all clusters (Dal Maso et al., 2008; Zhang et al.,

2017), as it is the median condensation sink coefficient of

sulfuric acid vapor on pre-existing aerosol particles.

Variations in this value between 10�3 s�1 and 5 � 10�3 s�1 did

not affect the main conclusions of this kind of study (Bork

et al., 2014a, 2014b).

For clusters i and j the collision rate coefficient bi,j was

given as (Steinfeld, 2006)

bi;j ¼ pðri þ rjÞ2
ffiffiffiffiffiffiffiffiffiffiffi

8kBT
pm

s

where, ri and rj are the radius of cluster i and j, kB is the Boltz-

mann constant, T is the temperature, and m ¼ mimj=ðmi þmjÞ is
the reducedmass of cluster i and j. The cluster radius is half of

the sumof the distance between the center of themost distant

atoms in the cluster given by theMultiwfn 3.6 program (Lu and

Chen, 2012) and the van der Waals radii of these atoms.

Evaporation coefficients g(iþj)/i can be calculated from the

corresponding collision coefficients and the Gibbs free en-

ergies of formation of clusters using (McGrath et al., 2012)

gðiþjÞ/i ¼bi;j

pref

kBT
exp

 

DGiþj � DGi � DGj

kBT

!

where DG is the quantummechanically calculated free energy

at the reference pressure pref (in this case, 1 atm). For the re-

action of monomer molecules i and j to form cluster (i þ j), the

Gibbs free energy of formation of the cluster (i þ j) is

DGiþj ¼Giþj � ðDGi þDGjÞ
In this paper, water molecules were not considered

because of the large computational costs required to obtain

the necessary thermodynamic data of the hydrated clusters.

Generally, hydration can be expected to stabilize weakly

bound clusters more than strongly bound clusters (Bork et al.,

2014a, 2014b). For the studied system, the interactions be-

tween acid and base molecules are stronger than those

hydrogen bonds, and hydration is not likely to have a signifi-

cant effect on the stability of clusters. Thus the main growth

pathways are not expected to be affected significantly by hy-

dration (Paasonen et al., 2012; Almeida et al., 2013; Henschel

et al., 2014).

In addition, the maximum total number of acid and base

molecules is 3. The flux outside of the system studied for a

cluster is determined by choice of boundary conditions. The

boundary conditions require the outgrowing clusters to have

a favorable composition so that the clusters are stable

enough not to evaporate back immediately. In general, when

the number of acid molecules is equal to or more than that

of base molecules, these clusters have the potential to

further grow into larger sizes (Paasonen et al., 2012), a

neutral cluster or a weakly acidic cluster is more favorable

for the subsequent cluster growth. Considering the forma-

tion Gibbs free energy (Appendix A Table S2) and evapora-

tion rates (Appendix A Table S1) of all clusters, it can be

found that the clusters containing pure SA and A molecules

as well as the clusters containing a Gly molecule are mostly

more stable and therefore are allowed to form larger clusters

and contribute to particle formation rates. In this case,

clusters (SA)4$(A)2 and Gly$(SA)3$(A)2 are set to be boundary

clusters.
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2. Results and discussion

2.1. Structures and thermodynamics

Therearealtogether27most stablestructures in (Gly)x$(SA)y$(A)z
(z � x þ y � 3) system obtained at M06-2X/6e31þþG(d,p) level.

Eight key hydrogen-bonded cluster structures with the lowest

Gibbs free energy are presented in Fig. 1. The DGCCSDðTÞ
bind of corre-

sponding clusters are shown in Table 1. Structures and ther-

modynamic properties for all other clusters are listed in

Appendix A. The eCOOH and eNH2 groups in Gly directly

combine with SA and A by hydrogen bonds in all clusters. This

indicatesthatglycinecanformhydrogenbondsintwodirections

to enhance the formation rate and further stabilize small clus-

ters. The relative stabilities of clusters could be assessed by

Fig. 1 e The molecular structures of the identified lowest Gibbs free energy complexes at the M06-2X/6e31þþG(d,p) level of

theory. The distances are given in angstroms. The red balls represent oxygen atoms, blue is for nitrogen atoms, yellow is for

sulphur atoms, and white is for hydrogen atoms.
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comparing their formation energies in NPF process (Ge et al.,

2018). As can be seen in Fig. 1, the values of DGCCSDðTÞ
bind both

Gly$SA and SA$A cluster are �9.30 and �8.34 kcal/mol, respec-

tively. It indicates that Gly$SA cluster is more stable than SA$A

cluster. ForGly$SAstudiedhere,onecyclestructure is formedby

two intermolecular hydrogen bonds. Proton transfer did not

occur, but the length of OH covalent bond in Gly$SA cluster

increased by 0.026 �A compared original length of OH bond

(0.970 �A) in Gly monomer. These characteristics differ from the

case of Thr$SA and Ser$SA clusters, where one proton is trans-

ferred fromSA toThr andSer due to the effect of the substituent

group (Geetal., 2018). These results suggest thatdifferentamino

acids have different interaction patternswith sulfuric acid. This

further indicates that Glymay play an extremely important role

in stabilizing and promoting initial formation processes of SA-

containing NPF.

When one Gly molecule was added to SA$A cluster to form

Gly$SA$A cluster, SA directly binds with A and one proton is

transferred from SA to A, but Gly only binds with SA through

hydrogen bonding and the proton transfer did not occur. The

previous studies (Liu et al., 2018; Zhang et al., 2018a, 2018b)

suggest that the formation path has changed significantly in

these clusters containing at least two Gly molecules. These

clusters containing two Gly molecules are a primary focus

later. It is noted that an intermolecular proton transfer

occurred when the second Gly molecular was added to the

Gly$SA$A cluster. In the (Gly)2$SA$A cluster, one proton is

transferred from SA to A to form eNH3
þ ion, meanwhile, the

length of OH bond in SA is elongated by 0.572 �A. Another

proton is transferred from SA to the N atom in Gly to form

[GlyeH]þ ion structure. The values of DGCCSDðTÞ
bind both Gly$SA$A

and (Gly)2$SA$A are �17.69 and �26.11 kcal/mol, respectively.

It indicates that the formation of Gly$SA$A and (Gly)2$SA$A

clusters are spontaneous process from a thermodynamic

point of view. It is obvious that more glycine molecules are

favorable for the stable SA-A-based cluster. In addition, the

values of DGCCSDðTÞ
bind both Gly$(SA)2 A and Gly$(SA)2$(A)2

decreased by 7.68 and 8.58 kcal/mol compared that of (SA)2 A

(�27.14 kcal/mol) and (SA)2$(A)2 (�36.19 kcal/mol), respec-

tively. It also suggests that the presence of Gly is beneficial to

the formation of SA-A-based cluster. However, in larger

clusters, SA is significantly more stabilized compared to Gly,

which is mainly due to its strong acidity. Additionally, besides

the Gly dimer, clusters containingmore than oneGlymolecule

are less stable than corresponding SA-containing analogues

(Appendix A Table S2). When the total number of A molecules

is equal to or less than the total number of acid (Gly and SA)

molecules, A molecule is protonated easily. One proton is

transferred from SA to A molecule, but the SO2�
4 ion is not

found in all clusters because the complete deprotonating of SA

hardly occurs in actual atmospheric environments.

For studying and predicting intermolecular interaction

sites between Gly with SA and A molecules, an in-depth

investigation of the ESP on molecular vdW surface is

further studied (Lu and Manzetti, 2014). In the process of

clustering, the binding site could be analyzed by combing

the featured group and ESP. The site possessing more

negative ESP has a stronger ability to attract proton while

those with more positive ESP tend to provide proton if the

proton is available (Manzetti and Lu, 2013). Here we take the

Gly$(SA)2 A cluster, for instance, since both eCOOH and

eNH2 are directly involved in nucleation among ternary Gly-

involved cluster. As can be seen in Fig. 2, all molecules have

some electropositive extreme points (little cyan spheres)

and electronegative extreme points (little yellow spheres)

on the molecular vdW surface, which means that all mole-

cules can be used as either donor or acceptor. The electro-

positive extreme points are on N and O atoms, and the

electronegative extreme points are on H atoms, especially

which connected to N or O atoms. It is found that hydrogen

bond interaction mainly occurs at the extreme points be-

tween electropositive and electronegative. Finally,

hydrogen bonds form to make the cluster energy as low as

possible.

In order to investigate the interaction strength in all clus-

ters formed by nucleation precursors, the electron density r

and the Laplace electron density V2r at the BCPs were

analyzed by AIM at M06-2X/6e31þþG(d,p) level, are listed in

Appendix A Table S3. A positive value of V2r at the BCPs

suggests the closed-shell interactions, whereas the value of

V2r for covalent bond is negative. The strength of the

hydrogen bonds correlateswith r (Gilli et al., 1994; Zhang et al.,

2018a, 2018b). Two quantitative criteria have been suggested

to characterize the types of hydrogen bond: r and V2r, in the

range of 0.002e0.035 and 0.024e0.139 a.u., respectively

(Grabowski, 2004; Koch and Popelier, 1995). For those clusters

studied, the electron densities r at the BCPs are in the range of

0.013e0.086 a.u. and the Laplace electron densities V2r(BCPs)

ranges from 0.047 a.u. to 0.181 a.u.. These values are higher

than the upper value of the criteria for a hydrogen bond due to

the strong hydrogen bonding induced by the acid-base reac-

tion. The topological analysis indicates that strong hydrogen

bonding exists extensively in clusters studied.

2.2. Clustering enhancements

To analyze the clustering abilities of Gly, a series of ACDC

simulations based on these thermodynamics were performed

under different conditions. A suitable measure for the

enhancement of the cluster formation rates is the ratio (R) in

the existence of Gly to that without Gly,

Table 1 e Reaction Gibbs free energies of formation
(DGCCSDðTÞ

bind ) for clusters composed of atmospheric
precursors calculated at 298.15 K and 1 atm. (kcal/mol).

Reactions DGCCSDðTÞ
bind

Gly þ SA / Gly$SA �9.30

Gly þ A / Gly$A �5.58

SA þ A / SA$A �8.34

Gly þ SA þ A / Gly$SA$A �17.69

(Gly)2 þ SA þ A / (Gly)2$SA$A �26.11

(SA)2 þ A / (SA)2 A �27.14

Gly þ (SA)2 þ NH3 / Gly$(SA)2 A �34.82

(SA)2 þ (A)2 / (SA)2$(A)2 �36.19

Gly þ (SA)2 þ (A)2 / Gly$(SA)2$(A)2 �44.77

Gly: glycine; SA: sulfuric acid; A: ammonia.
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R¼ Jð½SA� ¼ a; ½A� ¼ b; ½Gly� ¼ cÞ
Jð½SA� ¼ a; ½A� ¼ b; ½Gly� ¼ 0Þ

where J denotes the cluster formation rate under the indicated

conditions and a, b, c stands for the monomer concentrations

of SA, A, and Gly. The concentrations of SA, A are set to be

104e108 and 107e1011 molecules/cm3, which are related to the

corresponding atmospheric concentration (Riipinen et al.,

2007; Benson et al., 2011; Almeida et al., 2013; Schobesberger

et al., 2013). The Gly concentration is set to be 106e109 mole-

cules/cm3, which is in the range of its detected atmospheric

concentrations (Ren et al., 2018). When R is larger than 1.0, Gly

will show the enhancement effect of SA-A-based clusters. The

generated R at varying temperatures ranging from 218.15 to

258.15 K and different concentrations are summarized in

Appendix A Tables S4eS6.

2.2.1. The influence of temperature on R
Fig. 3 shows the effect of temperature on R of Gly at varying SA

and A concentrations under the conditions of [Gly] ¼ 107

molecules/cm3 in the system. The red, green and blue lines

represent the low, median and high concentrations of SA,

respectively. The square, circle and triangle lines represent

the low, median and high concentrations of A, respectively.

From Fig. 3, the common trend is that the enhancement of

Gly on the formation rate of clusters decreases gradually with

the increase of temperature in all simulation ranges. The

value of R begins to be obvious at the temperature of lower

than 238.15 K. The R reaches the highest value at low SA

concentration (104 molecules/cm3) and median A concentra-

tion (107 molecules/cm3) and can be as high as 340 at 218.15 K.

The value of R moderately decreased with the increase of

temperature at 238.15 K � T � 278.15 K, and it approximately

equals 1.0 when T > 278.15 K. The main reason is that the

Gibbs free energies of the clusters increase with the increase

of temperature, and the evaporation rate of monomer in-

creases correspondingly, which ultimately leads to the

decrease of the cluster formation rate. Hence, the temperature

218.15 K will be a proper choice for the further research. At

different Gly concentrations, the variation of R is approxi-

mately the same (Appendix A Fig. S1).

2.2.2. Influence of concentration on R
In order to understand the relationship among themonomers,

the effect of concentration on R of Gly was further studied.

Fig. 4 shows the R under the different concentration condi-

tions. It is observed that R increases gradually with the in-

crease of [Gly].

Fig. 4a shows that the value of R decreases with the in-

crease of [SA], and the change of R is the most obvious at low

[SA]. This is mainly because the acidity of SA is stronger than

that of Gly, SA$A cluster (�10.81 kcal/mol) is more stable than

the Gly$A cluster (�7.92 kcal/mol) (Appendix A Table S2), leads

to a competition between SA and Gly in the process of inter-

action with A. When the [A] and [Gly] is changeless, the added

SA molecule can bind with A, causing the initial Gly$A

hydrogen bonds to break and the new SA$Ahydrogen bonds to

form. In addition, the evaporation rate of Gly$A cluster is

higher than those of SA$A cluster (Appendix A Table S1).

Finally, R decreases even if the overall particle rate increases.

Fig. 2 e The Electrostatic Potential (ESP) analysis of SA, Gly, A and Gly·(SA)2 A cluster. The red, yellow, blue, cyan and white

balls stand for O, S, N, C and H atoms, respectively. Small yellow and cyan spheres on the surface of molecular van der

Waals are represented max-positive and mini-negative locations of ESP, respectively.

Fig. 3 e The enhancement (R) of Gly on the formation rate of

clusters at varying temperatures ranging from 218.15 to

298.15 K and varying concentrations of SA and A. All the

simulations were under the conditions of [Gly] ¼ 107

molecules/cm3.
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From Fig. 4b, it is found that the effect of [A] on R is

completely different from [SA]. R firstly increases and then

decreases with the increase of [A]. R can reach the maximum

value of 240 at [A] ¼ 109 molecules/cm3. This phenomenon

may be explained by intermolecular interactions. As the only

base molecule existed in the system studied, the increased

number of A molecule can provide more hydrogen bonding

sites for the Gly and SA. R firstly increases when [A] is low,

theremay be additional Glymolecules that have not been fully

bonded. Therefore, Gly shows an enhancement effect by

interacting with A through hydrogen bonds.With the increase

of [A], Gly can approach to interaction sites saturation, thus

reaching the maximum enhancement of Gly. Subsequently

the added A molecules will break the hydrogen bonds be-

tween Gly and SA, leading to the decreased interaction be-

tween Gly and SAmolecules, andmaking the interaction sites

of Gly unsaturated, thereby decreasing R. The same conclu-

sion can be obtained at varying concentration conditions in

Appendix A Figs. S2-S3.

2.3. Growth paths

In order to further determine the enhancementmechanism of

Gly, the main growth paths of the cluster were traced by

ACDC. According to section 2.2, R reaches themaximum value

at this condition where T ¼ 218.15 K, [SA] ¼ 104, [A] ¼ 109

molecules/cm3. Hence, the following researches were per-

formed at the same conditions. Growth paths of Gly-SA-A-

based clusters at three different Gly concentrations (106, 107,

and 108 molecules/cm3) are presented in Fig. 5. The green and

red lines represent the growth paths of pure SA-A-based

clusters and Gly-containing cluster, respectively.

As can be seen in Fig. 5, the growth paths of pure SA-A-

based clusters are the same, but the growth paths of Gly-

containing cluster are significantly different. From the green

line, the formation of (SA)2 and SA$A is the first step. Secondly,

the (SA)2 A cluster is formed by the collision of (SA)2 andA, and

SA$A and SA. Then, (SA)2 A collides with A molecular to form

(SA)2$(A)2 cluster, and it collides with SA molecular to form

(SA)3$(A)2 cluster. Finally, as a primary cluster of flux out, the

(SA)3$(A)2 cluster grows out of the simulated system. The

growth paths of SA-A-based clusters are inconsistent with

those previous studies (Li et al., 2018a, 2018b). For different red

line, the growth mechanism of Gly-containing clusters is

simple at low [Gly]. With the increase of [Gly], the growth

mechanism becomes more complicated. When [Gly] ¼ 106

molecules/cm3 (Fig. 5a), Gly$SA$A and (Gly)2$SA$A, as the

initially generated Gly-containing clusters, are formed by the

collision of one and two Gly molecules with SA$A cluster,

respectively. From Section 2.1, the (Gly)2$SA$A cluster is more

stable than Gly$SA$A cluster, and the former has a higher

evaporation rate (4.92 � 10�2 s�1) and is easily converted to

Gly$SA$A cluster by evaporation of Gly monomer (Appendix A

Table S1). After it, Gly$SA$A cluster collides with SA$A to form

Gly$(SA)2$(A)2 cluster. However, it is found that the main flux

out is the (SA)2$(A)2 cluster rather than Gly$(SA)2$(A)2 cluster,

it is confirmed that Gly molecule plays a role of “transporter”

in clusters growth at low [Gly]. When [Gly] is increased to 107

molecules/cm3 (Fig. 5b), it is found that there is an additional

growth path originated from the collision of one Gly and one

SA molecule formed Gly$SA cluster in the initial stage of

clusters formation. The growth path of containing Gly mole-

cules is different from those paths in Fig. 5a, the main reason

is that the Gly$SA dimer (DGCCSDðTÞ
bind ¼ �12.14 kcal/mol) is very

stable in the whole system (Appendix A Table S2). The previ-

ous study (Elm, 2017a; Liu et al., 2018; Li et al., 2018b) shows

that the stability of acid-base clusters is far higher than that of

pure acid clusters due to more hydrogen bonds and strong

electrostatic interaction, namely “base stabilization mecha-

nism.” After, the collision of Gly$SA with A formed Gly$SA$A

cluster via a similar base stabilization mechanism, the

Gly$SA$A cluster grows through the following two paths: (1)

Gly$SA$A/ Gly$(SA)2 A/ Gly$(SA)2$(A)2 (41%)/ flux out and

(2) Gly$SA$A / Gly$(SA)2$(A)2 (17%) / flux out. It is obvious

that Gly$(SA)2 A cluster is a very important intermediate due

to its strong hydrogen bonding, low DGCCSDðTÞ
bind , and low evap-

oration rate. It also suggests that the path (2) is favorable for

the subsequent growth of clusters. The Glymolecule shows an

ability to directly participate in the cluster formation, sug-

gesting that the role of Gly is a “participator” in the nucleation

process. When [Gly] ¼ 108 molecules/cm3 (Fig. 5c), it is found

that the number of growth paths containing Gly molecules

continuously increase. The enhancement strength R gradually

Fig. 4 e The enhancement (R) of Gly on the formation rate of clusters at varying [Gly] ranging from 106 to 109 molecules/cm3.

All the simulations were under the conditions of T ¼ 218.15 K. (a) [A] ¼ 109 molecules/cm3; (b) [SA] ¼ 106 molecules/cm3.
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Fig. 5 e Main growth paths of the simulated system at T ¼ 218.15 K with varying [Gly]. (a) 106 molecules/cm3; (b) 107

molecules/cm3; (c) 108 molecules/cm3. The green and red flux stands for the paths containing pure SA-A-based clusters and

Gly molecules, respectively.
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increases with the increase of [Gly], which further confirmed

that the role of Gly in the formation of clusters is more and

more important. The formation of Gly$SA$A cluster follows

the following three growth paths: (1) SA$A / Gly$SA$A (25%)

(2) (Gly)2$SA$A / Gly$SA$A (62%) (3) Gly$SA / Gly$SA$A

(10%). The main growth path is path (2), which is formed

(Gly)2$SA$A cluster and eventually evaporate a Gly molecule.

Subsequently, the Gly$SA$A cluster grows to form Gly$(SA)2-
$(A)2 cluster. Finally the Gly$(SA)2$(A)2 cluster grows out of the

system. The Gly molecule plays the part of “participator” in

NPF. This shows that with the further increase of [Gly], its role

becomes even more important. Though the concentration of

glycine is not high in some areas, it can cycle to use in facili-

tating NPF.

3. Conclusions

Glycine is abundant in the gas and aerosol phases (Barbaro

et al., 2011; Ren et al., 2018; Scalabrin et al., 2012; Zhang and

Anastasio, 2003). The role of Gly in the formation of molecu-

lar clusters in atmospheres containing various quantities of

Gly, SA and A are studied using the ACDC kinetic model and

DFT calculations. The main conclusions are summarized as

follows:

(a) Gly has two functional groups (eCOOH and eNH2) that

can enhance the formation of small clusters through

hydrogen bonds or proton transfer in two directions.

(b) The enhancement R presents a positive dependence on

[Gly] and a negative dependence on temperatures. The

enhancement R of Gly decreases with the increase of

[SA]. Moreover, R firstly increases and then decreases

with the increase of [A].

(c) The Gly-containing clusters can directly participate in

the cluster formation and eventually leave the cluster

by evaporation at low [Gly]. The role of Gly can be a

“transporter” to connect the smaller and larger clus-

ters. With the increase of [Gly], it could directly

participate in the growth path and act as a “partici-

pator” in NPF.
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