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Synergy between molecules is ubiquitous in atmospheric clusters and significantly affects new particle
formation (NPF). Herein, the effects of the synergy between base molecules on the stability and
evaporation of MSA-X-Y (MSA = methanesulfonic acid; X, Y = ammonia (A), methylamine (M), or
dimethylamine (D)) trimers were investigated via density functional theory (DFT) and the atmospheric
clusters dynamic code (ACDC) method. The results show that proton transfer from MSA to X is
exothermal and barrierless due to the synergy between X and Y molecules in MSA-X-Y trimers
compared with MSA-X dimers. Cyclic hydrogen bonds are a typical characteristic of the stable trimers.
Topological analysis using atoms in molecules (AIM) theory indicates that the electron density (p) and
Laplacian of the electron density (V2p) at the bond critical points (BCPs) in the trimers exceed the
standard range of hydrogen bonds. The affinity for attaching a Y molecule to the MSA-X dimers and the
substitution of Y; (Y = A and MA) by Y, (Y, = MA and DMA) in the MSA-X-Y trimers are
thermodynamically spontaneous. In addition, the cyclic stabilization energy of the MSA-X-Y trimers
increased as the alkalinities of X and Y increased. The total evaporation rate of the trimers decreased as
the alkalinities of X and Y increased. Low temperature and high pressure significantly facilitate the
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1. Introduction

Atmospheric aerosols have significant influences on air quality,
atmospheric circulation, and human health by directly
changing solar radiation and indirectly serving as cloud
condensation nuclei (CCN)."* New particle formation (NPF)
frequently occurs in different areas, from coastland to inland,
and contributes more than half of the CCN in the atmo-
sphere.*® Increasing studies of NPF have been launched to
explore its initial mechanisms; however, there are still many
uncertainties regarding the nucleation species that contribute
to NPF at the molecular level.™* As one of the important
sources of atmospheric NPF, neutral homogeneous nucleation
plays a primary role in the tropospheric budgets of atmospheric
gases and is a current focus in atmospheric chemistry."”
Hydrogen bonding and electrostatic interactions are considered
to be primarily responsible for homogeneous cluster forma-
tion.”™** However, the influence of the interaction between the
different species on the stability of the clusters is still unclear.

Methanesulfonic acid (MSA, CH;SO;H) is regarded as an
important oxidation product of dimethylsulfide (DMS,
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CH;3SCHj;) released from the sea.'® The concentration of gaseous
MSA is typically in the range of 10° to 10" molecules per cm?® in
the atmosphere, which is approximately 10% to 100% of the
gaseous SA in coastal regions."” Its atmospheric lifetime is long,
and it cannot be easily decomposed by photolysis in the typical
atmospheric environment.”® Although MSA is a potential
candidate for NPF, its mechanism of particle formation is
ambiguous. Recently, NPF involving MSA and ammonia (A,
NHj;), methylamine (M, CH3NH,), or dimethylamine (D, CH;-
NHCHj;) was investigated experimentally by the Finlayson-Pitts
group using a special flow system.'** Their results showed that
MSA and A, M, or D easily form atmospheric aerosol particles
under ambient conditions with medium or high humidity,
where A, M, and D show different dependencies on the
concentration of the MSA precursor. However, the micro-
mechanism of formation of MSA-based clusters remains unre-
solved at the molecular level.

Recently, Glasoe et al. found experimentally that there is an
increase in particle formation when ammonia is combined with
single-digit part per trillion (ppt) levels of amines; this is called
synergy.>* Synergy between molecules is ubiquitous in atmo-
spheric NPF; it significantly affects the structure, thermody-
namic properties, and formation of the initial atmospheric
clusters. Ammonia and methylamine together can significantly
enhance the stability of small SA-based clusters due to synergy,
according to a theoretical investigation."” Recently, the results
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of a theoretical investigation showed that MSA can act as
a nucleation center in NPF through strong noncovalent inter-
actions with other precursors.”® The results of theoretical
calculations by Miao et al. indicate that amines can form more
stable clusters with MSA™ than with A.*® Theoretical research
shows that methyl hydrogen sulfate (MHS)-based and MSA-
based trimers are more thermodynamically favorable and may
participate in atmospheric NPF due to synergy between the base
molecules.***” To our knowledge, the effects of synergy between
basic molecules on the binding energy and stability of the initial
clusters involving MSA is still unclear at the molecular level,
especially for MSA-base-base trimers. In this work, the
hydrogen bonding, thermodynamic properties, evaporation,
and atmospheric relevance of MSA-X-Y (X, Y = A, M, and D)
trimers have been investigated using DFT theoretical methods
and ACDC kinetics simulations.

2. Computational details

Due to its efficiency and convenience, the global minimum
sampling technique is widely used to search for the global-
minimum structures of atmospheric clusters. In this work,
this method was used to locate the global minima of the MSA-X
dimers and MSA-X-Y trimers. A detailed flowchart and relevant
descriptions are presented in Fig. S1 and Section 1 in the ESL T
respectively. Four density functional theory (DFT) methods, i.e.
B3LYP-D3, M06-2X, PW91PW91, and wB97X-D, were utilized to
perform structural optimization, frequency analysis, and ther-
mochemical calculations for all the stable clusters in conjunc-
tion with the aug-cc-pVTZ basis set for C, H, N and O atoms
(aug-cc-pV(T+d)Z for S atom)*2 (see Section 2 in the ESI}). The
binding energies (BEs) were corrected with zero-point vibra-
tional energy (ZPVE), and the thermodynamic properties of the
clusters were investigated by the supermolecular approach (see
Section 3 in the ESI{). In addition, the benchmark results show
that the structural parameters optimized by the B3LYP-D3
method are reliable (see Fig. S2 in the ESIf). Therefore, in this
work, all structural parameters of the MSA-based clusters were
obtained by the B3LYP-D3 method.

Atoms in molecules (AIM) theory** and the noncovalent
interaction (NCI) index* are widely used to characterize non-
covalent interactions.'>*>*>3¢ The change in the atomic charge
(9) at H atom was obtained by natural bond orbital theory
(NBO)*’(see Section 4 in the ESIT). All wavefunctions of the
electron structures for the dimers and trimers were obtained at
the B3LYP-D3/aug-cc-pVIZ level. In addition, the total evapo-
ration rates of the MSA-X-Y trimers were obtained through
ACDC simulations in MATLAB-R2013a**™*° (see Section 5 and
eqn (1)-(4) in the ESIf). In addition, under thermodynamic
equilibrium conditions, the [MSA-X-Y]/[MSA-X] ratios were
calculated through the complex concentration relationship
dominated by the law of conservation of mass (see Section 6 and
eqn (5) and (6) in the ESIf).Topology analyses of AIM and NCI
were performed using the Multiwfn** and VMD** programs.
Theoretical calculations were performed using the ABClus-
ter,*>** MOPAC* and GAUSSIAN 09 (ref. 46) programs.
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3. Results and discussion

3.1. Structure analysis

Herein, the lowest energy configurations of 12 dimers (MSA-A,
MSA-M, MSA-D, A-A, A-M, A-D, M-A, M-M, M-D, D-A, D-M, and
D-D) and 9 heterotrimers (MSA-A-A, MSA-A-M, MSA-A-D, MSA-
M-A, MSA-M-M, MSA-M-D, MSA-D-A, MSA-D-M, and MSA-D-D)
were searched and optimized, as shown in Fig. 1. For all MSA-based
clusters, the ring structures were formed by multiple hydrogen
bonds between electronegative atoms (O and N) and electropositive
atoms (H). In the cyclic clusters, each monomer acts as both
a receptor and donor. The “MSA-X” (X = A, M, and D) notation
represents two interactions: H-O=S of MSA with the N atom of X
and N-H of X with S=0 of MSA, respectively. The notation of the
“MSA-X-Y” (X, Y = A, M, and D) trimer denotes three interactions:
SO-H:--N, N-H:--N, and N-H---O=S in MSA and X, X and Y, and Y
and S=O0 in MSA, respectively. The stability of the cyclic clusters is
stronger than that of the linear clusters due to multiple hydrogen
bonds. Therefore, the stable cyclic clusters are discussed in this
work; the MSA-free homodimers and other high energy structures
of the MSA-based clusters are presented in Fig. S3 and S4.f
Corresponding key geometric information for these stable
cyclic clusters is shown in Table 1. Generally, cyclic structures
formed by SO-H:-*N, N-H--'N, and N-H-:--O=S hydrogen
bonds are a typical characteristic of stable MSA-based clusters.
The six-membered and eight-membered rings are formed by
multiple hydrogen bonds in MSA-X (X = A, M, and D) dimers
and MSA-D-Y (Y = A, M, and D) trimers, respectively; however,
one six- and one eight-membered ring do coexist in the MSA-A-
Y (Y = A, M, and D) and MSA-M-Y (Y = A, M, and D) trimers.
Herein, to compare the structural parameters of the dimers and
trimers, the configuration of the trimers (such as MSA-A-A) can
be divided into two corresponding dimers (such as MSA-A and
A-A). The synergy between X and Y has a significant influence
on the length and strength of the relevant hydrogen bonds in
MSA-X-Y cyclic trimers compared with MSA-X dimers. The
length of the SO-H---N hydrogen bond is 1.611 A in MSA-A,
which is 0.571, 0.554, and 0.548 A longer than its counterparts
in the MSA-A-A (1.040 A), MSA-A-M (1.063 A), and MSA-A-D
(1.057 A) trimers, respectively. The main point to take away here
is that the short lengths of the bonds in the trimers indicate that
the proton has been completely transferred from MSA to the A
molecule. The change of length for the N-H---N hydrogen bond
is similar to that of N-H---S=O. The lengths of the N-H:--N
hydrogen bonds are 1.760, 1.671, and 1.597 A in the MSA-A-A,
MSA-A-M, and MSA-A-D trimers, respectively. By comparing
the lengths of the hydrogen bonds of the trimers with those in
the corresponding dimers, the results show that the lengths of
the hydrogen bonds in the trimers are 0.503, 0.542, and 0.599 A
shorter than those in the corresponding dimers (A-A, 2.263 A,
A-M, 2.213 A, and A-D, 2.196 A, see Table S1t), respectively.
Similar phenomena occur in other trimers, such as MSA-M-Y
and MSA-D-Y trimers. The length of a hydrogen bond is
a common indicator to evaluate its strength. The synergy
between X and Y bases shortens the lengths of the hydrogen
bonds in these trimers. The non-covalent interactions in the

This journal is © The Royal Society of Chemistry 2020
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MSA-D-A

MSA-D-M

MSA-D-D

Fig.1 Structures of the MSA-based clusters optimized at the B3LYP-D3/aug-cc-pVTZ (aug-cc-pV (T+d)Z for sulfur) level. The red, yellow, blue,

gray, and white balls represent O, S, N, C, and H atoms, respectively.

trimers are stronger than those in their corresponding dimers,
and the synergy increases with increasing alkalinity of X and Y.
From Table 1, the results show that the effects of synergy on the
three types of hydrogen bonds are different due to steric
hindrance of the trimers. A trimer is more advantageous than
a dimer to function as a nucleus of aerosol particles in atmo-
spheric NPF.

3.2. AIM and CT analysis

AIM theory is widely used to reveal the physical nature of non-
covalent interactions.*»*” Therefore, the noncovalent interac-
tions in these clusters were assessed qualitatively and
quantitatively by topological analysis. The values of the electron
density (p(r)) and the Laplace of the electron density (V>p(r)) at
bond critical points (BCPs) are presented in Table 2. In

Table1l Selected optimized geometric parameters of the MSA-based clusters at the B3LYP-D3/aug-cc-pVTZ level (aug-cc-pV(T+d)Z for sulfur);

angles in degrees; lengths in A

SO-H---N N-H N-H---0=S$

Trimer ): AR® 6? Rrb AR° 64 ): 4 AR° o7

MSA-A 1.611 0.065 171.6 — — — 2.345 0.003 119.8
MSA-M 1.502 0.102 171.8 — — — 2.487 0.003 107.9
MSA-D 1.672 0.705 146.9 — — — 1.672 0.044 146.9
MSA-A-A 1.040 0.857 138.0 1.760 0.053 159.9 1.986 0.013 163.1
MSA-A-M 1.063 0.672 156.0 1.671 0.076 164.2 2.017 0.011 153.4
MSA-A-D 1.057 0.700 155.4 1.597 0.102 167.3 1.960 0.013 159.3
MSA-M-A 1.038 0.871 139.2 1.796 0.046 161.0 1.986 0.013 163.8
MSA-M-M 1.053 0.723 153.8 1.721 0.062 164.8 2.026 0.010 153.0
MSA-M-D 1.052 0.725 154.7 1.680 0.074 167.7 1.982 0.011 158.9
MSA-D-A 1.063 0.639 169.6 2.024 0.049 150.7 1.767 0.010 154.2
MSA-D-M 1.061 0.651 169.1 1.726 0.060 170.8 1.992 0.011 157.0
MSA-D-D 1.058 0.662 168.2 1.696 0.068 172.4 1.966 0.011 160.7

“ Bond length (R), change of bond length (AR) and bond angle (6) in the clusters. ° Inter-molecular hydrogen bond distance. ¢ AR = Ryjo_y; (dimer/

trimer) — Ry/o_y (monomer). ¢ Inter-molecular hydrogen bond angle.

This journal is © The Royal Society of Chemistry 2020
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Table 2 AIM parameters for the MSA-based heterodimer and heterotrimer clusters obtained at the B3LYP-D3/aug-cc-pVTZ (aug-cc-pV(T+d)Z

for sulfur) level (in a.u.;

in the MSA-X and MSA-MA dimers, there is no N—H---N hydrogen bond or CP)¢

SO-H---N N-H---N N-H---0=S$

Complex A a) V() aqH ) Vi) AqE ) V()
MSA-A —0.002 0.0695 0.0428 — — — 0.050 0.0122 0.0497
MSA-M —0.019 0.0931 —0.0055 — — — 0.045 — —
MSA-D —0.037 0.3130 —1.1763 — — — 0.141 0.0536 0.0417
MSA-A-A —0.047 0.3206 —1.8512 0.093 0.0510 0.0657 0.064 0.0243 0.0797
MSA-A-M —0.047 0.2997 —1.6858 0.086 0.0643 0.0481 0.068 0.0232 0.0787
MSA-A-D —0.048 0.3046 —1.7255 0.077 0.0780 0.0232 0.092 0.0267 0.0854
MSA-M-A —0.050 0.3262 —1.8613 0.102 0.0471 0.0693 0.064 0.0242 0.0797
MSA-M-M —0.046 0.3123 —1.7700 0.099 0.0573 0.0587 0.067 0.0227 0.0777
MSA-M-D —0.047 0.3130 —1.7751 0.094 0.0642 0.0483 0.088 0.0253 0.0827
MSA-D-A —0.044 0.3058 —1.7160 0.126 0.0502 0.0669 0.063 0.0226 0.0776
MSA-D-M —0.045 0.3083 —1.7362 0.120 0.0569 0.0592 0.069 0.0244 0.0816
MSA-D-D —0.045 0.3433 —1.8668 0.120 0.0621 0.0519 0.087 0.0589 0.1090
“ p(r) and V?p at the BCPs in the MSA-X and MSA-X-Y complexes except for MSA-M dimer. ? Aq(H) = ¢(H)gimer/trimer — (H)monomer-

addition, the ginger and yellow balls in Fig. 2 refer to the BCPs
and ring critical points (RCPs), respectively. The results show
that the values of p(r) and V?p(r) were obviously changed by the
strong synergy between the X and Y molecules. For p(r) and
Vp(r) on the SO-H---N hydrogen bonds in these trimers, the
values range from 0.0122 to 0.3433 a.u. and from —1.8668 to

MSA-A

—1.6348 a.u., respectively. As a result, most of these values are
beyond the scope of the criteria of hydrogen bonds (p(r), 0.002
to 0.040 a.u.; Vp(r), 0.014 to 0.139 a.u.) due to the acid-base
reaction.*® The value of V?p is usually used to determine the type
of noncovalent interaction. A negative (V>p(r) < 0) or positive
(V?o(r) > 0) value indicates a shared-shell or closed-shell

MSA-D

MSA-D-A

MSA-D-M

MSA-D-D

Fig. 2 AIM plots of the MSA-based clusters obtained at the B3LYP/aug-cc-pVTZ level. The red, yellow, blue, gray, and white balls represent O,
S, N, C, and H atoms, respectively. The BCPs and RCPs are presented by ginger and yellow balls, respectively.
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interaction in these clusters, respectively. Similar to the SO-H---
N hydrogen bonds, for p(r) and V>p(r) on the N-H---N hydrogen
bonds, the values range from 0.0510 to 0.0780 a.u. and from
0.0230 to 0.0693 a.u., respectively. For the N-H---O=S hydrogen
bonds, the values range from 0.0232 to 0.0589 a.u. and from
0.0777 to 0.1090 a.u., respectively. These results show that the
SO-H:--N hydrogen bond is the strongest in the MSA-X-Y
trimers, followed by N-H---N and N-H---O=S. For the MSA-X-Y
trimers, the proton transfer from MSA to X (X = A, M, or D) is
exothermal and barrierless due to the strong synergy between X
and Y. In addition, the results of the NCI analysis (see Fig. S5;1
the value of the isosurface for RDG is equal to 0.3 a.u.) are
consistent with the conclusions of the AIM analysis.

Charge transfer (CT) from an acceptor to a donor is also
a common phenomenon in the formation of atmospheric
clusters.* The values of Agq(H) on the H atom in the hydrogen
bonds for all the trimers are presented in Table 2. The values for
g(H) of the SO-H:---N hydrogen bonds range from —0.050 to
—0.002 a.u., while the Ag(H) values for N-H---N and N-H:--O=S
range from 0.077 to 0.126 a.u. and from 0.050 to 0.141 a.u.,
respectively. For the MSA-X-Y trimers, CT from the acceptor to
the donor significantly promotes electron delocalization
between the three different hydrogen bonds due to the synergy
of X and Y, which is very beneficial for stabilizing MSA-X-Y
atmospheric clusters. From Table 2, the results indicate that CT
from MSA to X in SO-H---N hydrogen bonds is favored over that
from Y to X in N-H---N and from O=S to Y in N-H---O=S. This
is consistent with the conclusions of the previous analyses by
the AIM and NCI methods. In addition, the distance between
a BCP and an RCP is generally used to assess the relative
strengths of hydrogen bonds in cyclic clusters.* The distances
between the BCP and RCP for the MSA-X-Y trimers are pre-
sented in Table 3. The distance between the BCP of the SO-H- -
N hydrogen bond and the RCP is far longer than those between
the BCPs of the other hydrogen bonds and the RCP; this indi-
cates that SO-H---N is the strongest hydrogen bond in the MSA-
X-Y trimers.

Table 3 Distances (A) between the BCP and RCP in the MSA-based
dimers and trimers (there is no RCP in the MSA—M dimer)*

Complex SO-H---N N-H---N N-H---O=S$§
MSA-A 1.0745 — 0.5081
MSA-M — — —
MSA-D 1.1083 — 0.9198
MSA-A-A 1.6909 1.3626 1.3388
MSA-A-M 1.7170 1.4220 1.2913
MSA-A-D 1.7265 1.4343 1.2816
MSA-M-A 1.6916 1.3639 1.3355
MSA-M-M 1.7260 1.4009 1.2907
MSA-M-D 1.7376 1.4091 1.2797
MSA-D-A 1.6840 1.6680 1.2127
MSA-D-M 1.5795 1.3985 1.3155
MSA-D-D 1.5864 1.4141 1.3071

“ The distances between the BCP and RCP in the MSA-X and MSA-X-Y
complexes except for MSA-M dimer.

This journal is © The Royal Society of Chemistry 2020
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3.3. Interaction energy

BEs and thermodynamic properties are usually used to evaluate
the stability and volatility of atmospheric clusters. Proton
transfer induced by the acid-base reaction is regarded as one of
the fundamental driving forces for the formation of aerosol
particles. Herein, the average values of the BEs, AH,qg « and
AG,os «” for all clusters, which were obtained by four DFT
methods at 298.15 K and 1 atm, are summarized in Tables S2-
S5t and are compared with some published data (see Table
S61). The results show that the synergy between base molecules
has a significant influence on the BE, AH,qg « and AGyos &’
values of the MSA-X-Y trimers. In these trimers, barrier-free
proton transfer can be induced by synergy between the X and
Y molecules. The synergistic effect observed in the experiment
can also be attributed to kinetics, and the kinetic rate will be at
the kinetic limit when the synergy between X and Y is very
strong.?* Herein, the BEs are —56.49 k] mol ", —69.01 k] mol "
and —77.26 k] mol ™" for MSA-A, MSA-M, and MSA-D, respec-
tively (see Table S61). The MSA-X-Y trimers were formed via
attaching a Y (Y = A, MA, and DMA) monomer to the MSA-X
(X = A, MA, and DMA) dimers.

The affinity of a Y (Y = A, MA, and DMA) molecule to the
MSA-X (X = A, MA, and DMA) dimers was investigated in this
section. Table 4 presents the BEs and the changes in the
enthalpy and Gibbs free energy for the reactions where a Y
molecule is added to an MSA-X dimer. According to the values
of ABE, the attachment of Y to all the MSA-X dimers is favor-
able, and the affinity of Y increases as the alkalinity of Y
increases. The affinity of Y (Y = A, MA, and DMA) to the MSA-D
(—12.2 to —17.9 kJ mol ") dimer is much higher than that to
MSA-M (—4.18 to —13.2 k] mol ") but lower than that to MSA-A
(—15.7 to —28.9 kJ mol™'); the difference is determined by the
alkalinities of X and Y. In addition, the affinity is affected by
steric hindrance in the trimers.

Generally, cyclic trimers can be considered as the association
of two relevant dimers. The additional stabilization energy for

Table 4 Comparison of the changes in the binding energy (ABEs),
enthalpy of formation (AAH»gg «), and Gibbs free energy of formation
(AAGoog ) describing the affinity of Y to nucleating MSA—X clusters at
298.15 K and 101.3 KPa“*

MSA-X +Y < MSA-X-Y

X Y ABEs” AAH,oq «° AAG g5
A A —40.5 —45.3 —-15.7

M —50.0 —52.2 —21.8

D —58.0 —~59.0 —28.9
MA A —47.6 —51.5 —4.18

M —56.9 —58.2 —10.2

D —60.0 —60.0 ~13.2
DMA A —53.4 —55.5 —12.2

M —62.0 —62.3 ~15.7

D —65.6 —64.9 -17.9

“ The results are the means obtained from four DFT levels (in k] mol ).
» BEs corrected with ZPVE, ABEs = BES(vsa-x-y) — BESqmsa-x)-
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the trimers induced by the cyclic structure greatly enhances the
stability of the trimers. For example, MSA-A-A can be regarded
as one cluster consisting of two dimers: MSA-A and A-A. The
ABEs were calculated to be —96.99, —56.49, and —7.66 k] mol ™"
for MSA-A-A, MSA-A, and A-A, respectively (see Tables 5 and
S77). For the MSA-A-A trimer, the total value of ABE for MSA-A
and A-A is only —64.15 k] mol '; this shows that the additional
stabilization energy induced by the synergy of two ammonia
molecules reaches 32.8 k] mol™* in the MSA-A-A trimer. A
similar tendency exists in the other clusters (see Table 5). The
additional stabilization energy of cyclic trimers is beneficial to
the formation of the initial clusters. In addition, a conclusion
can be easily drawn that the effects of synergy on the ABE
increased as the alkalinity of the bases increased. The main
reason for the above results is the difference in the alkalinities
of the basic acceptors. It is well known that among these three
base acceptors, D is the most basic, followed by M and A.

The BEs and the changes in the enthalpy and Gibbs free
energy for the substitution of Y, (Y; = A/M) by Y, (Y, = M/D) in
the MSA-X-Y trimers are presented in Table 6. As shown in
Table 6, the substitution of A or M by M or D molecule is more
favorable in the corresponding trimers because the alkalinities
of M and D are stronger than that of A. In other words, the MSA-
X-M and MSA-X-D trimers are more stable than the MSA-X-A
trimer. When the difference in alkalinity between X and Y is
large, the significance of the synergistic effect on the substitu-
tion is greater. Recently, it was further confirmed that base
displacement on the cluster surface is both thermodynamically
and kinetically favorable by the experiments and computations
reported by Bzdek et al.**

In addition, the values of AAG,os ’ for the clusters are
presented in Tables 4-6 and S6-S8;f these values are negative
for the processes of attachment and substitution. The results
show that the addition of a Y molecule to the MSA-X dimers and
the substitution of Y, (M and D) for Y; (A and M) are sponta-
neous processes from the thermodynamic point of view. It was
further confirmed that the synergy between X and Y has
a significant influence on the formation of trimers. The
enthalpy AAH,gs < is also correlated with the stability of

Table 5 Calculated changes in the binding energy (ABEs), enthalpy of
formation (AAH»eg k), and Gibbs free energy of formation (AAGaog k)
at 298 K for the MSA-based clusters®

MSA-X X-Y MSA-X-Y ABES’  AAH,o5’  AAGyog i’
MSA-A  A-A MSA-A-A —32.8 —37.6 —13.7
MSA-A  A-M MSA-A-M —40.1  —425 —22.3
MSA-A  A-D MSA-A-D —46.7  —47.9 —28.9
MSA-M  M-A  MSA-M-A —37.6 —41.6 —23.1
MSA-M M-M  MSA-M-M  —45.0 —47.4 —30.5
MSA-M M-D  MSA-M-D  —46.9  —48.5 —334
MSA-D  D-A MSA-D-A —421  —45.3 —27.9
MSA-D D-M  MSA-D-M  —48.1  —50.3 —34.8
MSA-D  D-D MSA-D-D —50.7 —51.6 —36.8

“ The results are the means obtained from four DFT levels (in k] mol %)
b BEs corrected with ZPVE, ABEs = BES(msa-x-v) — BES(msa-x) — BESx_v).
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Table 6 Reaction enthalpies, entropies, and Gibbs free energy
changes for the substitution of Y, by Y, in the MSA—-X-Y clusters at the
temperature of 298.15 K and pressure of 101.3 KPa“

MSA-X-Y; + Y, < MSA-X-Y, + Y,

X Y, Y, ABEs” AAH, o ¢ AAGog "
A A DMA ~17.5 —13.7 —13.2
A MA 9.5 —6.9 —6.2
MA DMA ~8.0 —6.8 —7.0
MA A DMA —12.4 -85 -9.0
A MA —9.3 —6.7 6.0
MA DMA -3.1 ~1.8 -3.0
DMA A DMA —12.2 —9.4 5.7
A MA —8.6 —6.9 —3.4
MA DMA —-3.6 —2.6 —2.2

“ The results are the means obtained from four DFT levels (in k] mol ).
b BEs corrected with ZPVE, ABEs = BES(vsa-x-v,) — BES(msa-x-v,)-

a complex.?® The values of AAH,qg & of the MSA-based clusters
show that synergy can significantly enhance the stability of the
MSA-X-Y trimers and plays an important role in atmospheric
nucleation.

3.4. The redshift of the O/N-H stretching vibrational
frequency

Analysis of the vibrational frequency of O/N-H is helpful to
understand the nature of hydrogen bonding and proton trans-
fer as well as the formation mechanism of initial atmospheric
clusters. The formation of strong hydrogen bonds in the clus-
ters usually causes a redshift of the stretching vibration of the
H-O/N bonds. The synergistic effect significantly affects the H-
O/N stretching vibrational frequencies in the MSA-X-Y (X, Y =
A, M, and D) trimers. From Tables 2 and 7, the changes in the
bond lengths (AR) and the redshifts of the stretching

Table 7 Redshifts and changes of the O/N-H bond lengths in the
clusters obtained at the B3LYP-D3/aug-cc-pVTZ level (aug-cc-
pV(T+d)Z for sulfur; redshifts in cm™; lengths in A)

SO-H---N N-H---N N-H---0=S
Complex v AV* 7 AV v AV
MSA-A 2541.4 1226.0 3572.0 16.3 — —
MSA-MA 1963.4 1804.0 3566.6 9.0 — —
MSA-DMA 1947.6 1819.8 3492.2 356 — —
MSA-A-A 3118.4 649.1 2684.5 903.8 3318.3 270.0
MSA-A-MA 2762.0 1005.4 2326.9 1261.4 3363.3 212.3
MSA-A-DMA 2837.1 930.3 2005.5 1582.8 3340.8 187.1
MSA-MA-A 3191.2 576.2 2803.4 772.2 3321.0 267.3
MSA-MA-MA 2912.6 854.8 2541.2 1034.4 3371.8 203.8
MSA-MA-DMA 3351.9 415.5 2274.6 1301.0 27159 811.9
MSA-DMA-A 2670.2 1097.3 2670.2 857.7 3361.2 227.1
MSA-DMA-MA 2756.3 1011.1 2556.5 971.4 33589 216.7
MSA-DMA-DMA 2783.0 984.5 2424.8 1103.0 3359.9 168.0

a A ~ ~
Ay = VO(N)-H (monomer) — YO(N)-H (dimer/trimer)*
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frequencies (A7) in the H-O/N bonds are closely related.
Considering the relationship between the bond lengths and the
redshifts of H-O/N in the corresponding trimers, it is clear that
the bond length of H-OS (MSA donor) is lengthened by about
0.700 to 0.871 A and the accompanying stretching frequencies
are decreased by 415.5 to 1097.3 cm~ ' compared with the cor-
responding monomers. It should be noted that the remarkable
increase of the length of the H-OS bond in the trimers occurs
because the proton has been transferred from MSA to the X base
molecule. When the basic X donor donates a proton to the Y
monomer, the redshifts of H-N in the trimers decrease by 772.2
to 1582.8 cm ™! compared with the corresponding X monomers.
The redshifts of the H-N bonds are decreased by 168.0 to
811.9 cm™ " when the Y donor donates a proton to the O atom of
the S=0 group. It can be concluded from the previous analysis
that the influence of the synergy between X and Y on the
redshift of the -N---H-N bonds is greater than that on the
-N---H-OS bonds and the S=0---H-N bonds in the MSA-X-Y
trimers. It was further confirmed that proton transfer from MSA
to X is promoted by adding an additional Y molecule to the
MSA-X-Y trimers or by the synergy between X and Y molecules.
The higher the alkalinity of the X and Y monomers, the more
favorable the proton transfer in the trimers. This is consistent
with the conclusion in Section 3.3. The synergy is favorable for
aerosol particle formation and subsequent growth in the
atmosphere. In addition, the stretching vibrational frequencies
of the H-O/N bonds further confirmed that the S=O-H and
S=O0 groups are superior donors and inferior acceptors of
hydrogen bonds in MSA molecules, respectively.

3.5. The evaporation rate

Based on the analyses of AIM, thermodynamics, and the
stretching vibrational frequencies of O/N-H, we can easily
conclude that the synergy of base molecules can improve the
cluster stability, enhance the noncovalent interaction, and
facilitate the proton transfer for the MSA-X-Y (X, Y = A, M, and
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D) trimers. Herein, the total evaporation rate based on ACDC
simulations has been determined to increase the in-depth
understanding of the formation mechanism of atmospheric
MSA-X-Y trimers. One note is that the values of AG for the
clusters act as an input file for the ACDC simulations (see
Section 6 in the ESIT). For the MSA-X-Y trimers, as can be seen
from Fig. 3, the total evaporation rate for MSA-D-Y is the
lowest; it is orders of magnitude lower than that of MSA-A-Y,
followed by the MSA-M-Y and MSA-A-Y trimers. The evapora-
tion rate of the monomers in MSA-X-Y is shown in Table S9.t}
The conclusions are in agreement with the AIM and NCI anal-
yses above. The difference in evaporation of the MSA-X-Y
trimers is due to the difference in alkalinity of X and Y, the
synergy between the X and Y monomers, and the steric
hindrance within the trimer. Generally, if the alkalinities of X
and Y are greater, the synergy between X and Y is more signif-
icant, and the formation of trimers is more favorable. Based on
the ACDC kinetics simulations, we can easily draw a conclusion
that MSA and common nucleation precursors can form very
stable clusters, especially with a strong base. Thus, MSA is
a strong potential candidate for the formation of atmospheric
aerosol particles in coastal areas.

3.6. Atmospheric concentration

The stability of a cluster is closely related to its BEs. The BEs are
very helpful to understand the formation of MSA-X-Y trimers.
However, BEs alone are insufficient to evaluate the effects of the
precursor concentration on the atmospheric role of MSA-X-Y
trimers. Herein, the AG values (298 K and 1 atm) for the trimers
combined with the concentrations of the precursors were used
to assess their corresponding roles. From station observations,
the total concentration of gaseous MSA ranges from 10> to 107
molecules per cm?, i.e. 2.5 x 10~ * to 2.5 x 10~ ppb,* which is
typically approximately 10% to 100% of the coexisting gaseous
SA in the coastal marine boundary layer.>* The typical concen-
trations of atmospheric ammonia are in the 10 to 100 ppb
range.*® The methylamine and dimethylamine concentrations

Table 8 The concentrations (molecules per cm® of MSA-based
clusters based on the Gibbs free energies of formation given in Table 5

Concentrations Ratio
Complex Min Max [MSA-X-Y]/[MSA-X]
MSA-A 1.3 x 10% 1.3 x 10° —
MSA-M 1.1 x 10? 1.1 x 10° —
MSA-D 3.9 x 10° 3.9 x 10° —
MSA-A-A 3.4 x 10” 3.4 x 10° 2.5
MSA-A-M 4.1 x 10" 4.1 x 10° 0.3
MSA-A-D 7.0 x 10% 7.0 x 10° 5.2
MSA-M-A 3.4 x 10° 3.4 x 10® 31.0
MSA-M-M 3.7 x 10” 3.7 x 10° 3.4
MSA-M-D 1.3 x 10° 1.3 x 10’ 11.0
MSA-D-A 6.4 x 10° 6.4 x 10® 160.0
MSA-D-M 2.5 x 10* 2.5 x 10° 6.5
MSA-D-D 6.3 x 10* 6.3 x 10° 16.0
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Fig. 4 AG values of the MSA-D dimer as a function of the atmospheric temperature and pressure.

are all in the 0.1 to 1.0 ppb range.>® To evaluate the extreme
impacts of MSA-based trimers on NPF, the upper and lower
limits of the vapor concentrations of the monomer are used in
relevant computations for comparison. Thus, the atmospheric
concentrations of MSA-X-Y (X = A, M, and D) trimers have been
calculated according to the law of conservation of mass (see
Section 6, eqn (5) and (6) in the ESIf). From Table 8, the
concentrations of MSA-X dominated by the vapor concentra-
tions of the monomers range from 2 to 6 orders of magnitude.
The results show that MSA has a strong capacity to complex with
A, M, and D. This has a significant influence on the formation of
atmospheric aerosol particles. It is clear that the contribution of
MSA to NPF is obviously underestimated in specific areas,
especially in coastal areas.” In addition, the ratios of [MSA-X-
Y]/[MSA-X] have been calculated using eqn (6) (see the ESI{).
The ratios are 2.5, 0.3, and 5.2 for Y = A, M and D at X = A,
respectively. Meanwhile, the ratios for the same sequence are
31.0, 3.4 and 11.0 for X = M and 1.6 x 102, 6.5, and 16.0 for X =
D, respectively. From the above, the atmospheric concentra-
tions of the MSA-X-Y trimers except for MSA-A-M are higher
than those of the MSA-X dimers, and the concentration of MSA-
D-A is the highest of all the trimers. This convincing evidence
indicates that synergy in MSA-X-Y trimers plays a significant
role in atmospheric NPF.

3.7. Atmospheric implications

It is well known that NPF events take place in the troposphere (0
to 12 km), where the atmospheric temperature (7) approxi-
mately decreases by 6.49 K for every 1 km increase. Ultimately,
a constant temperature (T = 216.69 K) is reached 11 km above
sea level.”” Therefore, the altitude (from 0 to 11 km above sea
level) can be used as a function of T and pressure (P) to

5180 | RSC Adv, 2020, 10, 5173-5182

investigate the influence on the thermochemical properties of
coagulation and evaporation processes in the formation of
atmospheric clusters.*® Herein, the values of AG for the MSA-D-
D trimer at variable T'and P, variable Tand P = 1.0 atm, and T =
298.15 K and variable T conditions are all presented in Fig. 4 (for
the other trimers, the values of AG under different conditions
are shown in Tables S10-S12%). The value of AG decreases by
15.6 to 19.4 k] mol " for the MSA-X-Y (X, Y = A, M, and D)
clusters. The results show that the MSA-X-Y trimers are much
more stable at 216.69 K and 0.19 atm (12 km) than at 298.15 K
and 1 atm (0 km). Low temperature facilitate the formation of
hydrogen bonds and the cluster formation of atmospheric
precursors, and the opposite is true at low pressure. In general,
the effects of temperature on AG of the MSA-X-Y trimers are
more obvious than the effects of atmospheric pressure. It is
essential to assess the influence of temperature and pressure on
the formation of the MSA-X-Y atmospheric trimers. However, it
is very unrealistic to obtain accurate concentrations of relevant
clusters due to the various sources and complicated nucleation
processes of their atmospheric precursors. Although the
simplified model is only used for qualitative evaluation, it is still
helpful to understand the effects of altitude (temperature and
pressure) on the formation mechanism of atmospheric aerosol
particles.

4. Conclusions

In this work, the ternary clusters formed by MSA and common
nucleation species (A, M, and D) were investigated using an
artificial bee colony algorithm, molecular mechanics, semi-
empirical, DFT and ACDC methods. Optimization of the
atmospheric molecular structures and single-point energy
calculations for the stable MSA-X-Y trimers was performed

This journal is © The Royal Society of Chemistry 2020
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using four DFT methods (B3LYP-D3, M06-2X, PW91PW91, and
wB97X-D). The effects of synergy on the structures, hydrogen
bonds, and redshifts of the MSA-X-Y trimers were investigated
by the AIM method. The synergy between molecules X and Y in
the trimers and the effects of synergy on the volatility of the
trimers were evaluated by the average values of AG and kinetics
simulations, respectively. Six- or eight-membered rings formed
by hydrogen bonds are a typical characteristic of trimers. The
redshift of the H-OS stretching (MSA donor) is larger than that
of the H-N stretching (base donor) in the clusters compared
with the monomers. Proton transfer from MSA to X in the MSA-
X-Y (X, Y = A, M, and D) trimers is exothermal and barrierless
due to the strong synergy between X and Y. The formation of
MSA-X-Y is markedly affected by low temperature and high
pressure. For MSA-X-Y, the total evaporation rate decreased as
the alkalinity of X increased. This work puts forward new points
about the role of MSA in the initial stages of NPF at the
molecular level and is helpful for understanding the nucleation
mechanisms of MSA-based particles.
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