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ABSTRACT: Amines are recognized as significant enhancing
species on methanesulfonic acid (MSA)-driven new particle
formation (NPF). Monoethanolamine (MEA) has been
detected in the atmosphere, and its concentration could be
significantly increased once MEA-based postcombustion CO2
capture technology is widely implemented. Here, we evaluated
the enhancing potential of MEA on MSA-driven NPF by
examining the formation of MEA−MSA clusters using a
combination of quantum chemical calculations and kinetics
modeling. The results indicate that the −OH group of MEA
can form at least one hydrogen bond with MSA or MEA in all
MEA-containing clusters. The enhancing potential of MEA is
higher than that of the strongest enhancing agent known so
far, methylamine (MA), for MSA-driven NPF. Such high enhancing potential can be ascribed to not only the higher gas-phase
basicity but also the role of the additional −OH group of MEA in increasing the binding free energy by forming additional
hydrogen bonds. This clarifies the importance of hydrogen-bonding capacity from the nonamino group of amines in enhancing
MSA-driven NPF. The main growth pathway for MEA−MSA clusters proceeds via the initial formation of the (MEA)1(MSA)1
cluster, followed by alternately adding one MSA and one MEA molecule, differing from the case of MA−MSA clusters.

■ INTRODUCTION

New particle formation (NPF) represents the most important
source of aerosol particles in the atmosphere.1−4 Aerosol
particles have a large influence on the global climate and
human health.3,5−9 A molecular-level understanding of NPF is
crucial for assessing the impacts of aerosols and developing
optimal control strategies.10,11 There is compelling evidence
that sulfuric acid (SA) is a key NPF precursor in many
atmospheric environments.3,4,12−21 Many studies have revealed
that atmospheric bases (such as methylamine (MA), dimethyl-
amine (DMA), trimethylamine (TMA), and ammonia) and
organic acids (such as aromatic acids, dicarboxylic acids, and
cis-pinonic acid) can efficiently enhance SA-driven
NPF.1,3,5,12,22−28 However, SA-driven NPF alone still cannot
explain the observed NPF rates globally.4,5,7,21,29−32 Therefore,
in recent years, great efforts have been made to better
understand NPF by considering the involvement of other
gaseous species.
Besides SA, methanesulfonic acid (MSA) has been identified

as an important NPF precursor.29,33−36 MSA will play a more
important role in NPF after the implementation of stricter

regulations on SO2 emission of fossil fuel combustion.33,37

MSA is mainly derived from the oxidation of organosulfur
compounds (OSCs) coming from oceans, agricultural activity,
forest cover, and even human exhalation.33,38 The atmospheric
concentration of MSA is on the order of 105−107 molecules
cm−3, about 10%−100% of that of SA.39,40 Since the binary
nucleation efficiency of MSA−H2O is extremely low under
typical atmospheric conditions,36 the contribution of MSA to
NPF has been identified to highly depend on the enhancing
effect of other species, primarily from atmospheric bases.29,41

Therefore, identifying the atmospheric bases with strong
enhancing potential on MSA-driven NPF is important to
fully understand the contribution of MSA to NPF.
Currently, the studied atmospheric bases for MSA-driven

NPF include MA, DMA, TMA, and ammonia, all of which
have a significant enhancing effect.29,41 MA was found to be
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the strongest species to enhance MSA-driven NPF,41,42 in
contrast to DMA which is the strongest one for SA-driven
NPF.2,12 Relative to DMA (one N−H bond site) and TMA
(no N−H bond site), the higher enhancing potential of MA is
ascribed to its higher hydrogen-bonding capacity from the
amino group (two N−H bonds sites),41 although its basicity is
lower than that of DMA and TMA (gas-phase basicity (GB)
for MA is 864.5 kJ mol−1, for DMA 896.5 kJ mol−1, and for
TMA 918.1 kJ mol−1).43 Relative to ammonia, it is ascribed to
the higher basicity of MA (GB for ammonia is 819.0 kJ
mol−1).41,43 This implies that both basicity and hydrogen-
bonding capacity contribute to the enhancing potential of an
atmospheric base on MSA-driven NPF.11,41,44,45 Therefore,
atmospheric bases with stronger gas-phase basicity and higher
hydrogen-bonding capacity than MA could be even more
efficient enhancing agents for MSA-driven NPF.
Monoethanolamine (MEA) is a benchmark and widely

utilized solvent in amine-based postcombustion CO2 capture
(PCCC) technology and feed stock for the chemical and
pharmaceutical industries.46−52 Previous studies have shown
that a CO2 capture plant of MEA-based PCCC could
potentially emit 80 tons MEA into the atmosphere for each
1 million tons of CO2 removed per year.53,54 Thus, once MEA-
based PCCC technology has been implemented on a large-
scale, it is likely that there will be significant discharges of MEA
to the atmosphere from PCCC units.11,55 Even though PCCC
technology is not yet used on a large scale, current global
production of ethanolamines (including MEA, diethanolamine,
and triethanolamine) could be surprisingly high. For instance,
production of ethanolamines in America can reach up to 3 ×
105 ton per year.52 MEA has been detected as a significant
component of PM2.5 in various locations.56−58 In recent field
measurements, it was found that MEA is one of the two most
abundant amines in PM2.5 in Shanghai.56 Compared to MA,
MEA has higher GB (896.8 kJ mol−1)43 and higher hydrogen-
bonding capacity due to its additional −OH group.11

Therefore, MEA could have a higher enhancing potential on
MSA-driven NPF than MA. However, to the best of our
knowledge, no previous study has addressed the participation
of MEA in MSA-driven NPF and the role of additional
hydrogen-bonding capacity from the nonamino group in
enhancing MSA-driven NPF.
Using quantum chemical methods and the Atmospheric

Cluster Dynamics Code (ACDC),59 we investigated the
participation of MEA in the initial steps in MSA-driven NPF
by examining the cluster formation between MEA and MSA.
We have obtained the minimum free energy structures of the
(MEA)m(MSA)n (m = 0−4, n = 0−4) clusters and use the
calculated thermodynamic data as input for ACDC simulations
to obtain cluster formation pathways and rates. In addition, the
effect of hydration on cluster formation kinetics was also
considered.

■ COMPUTATIONAL DETAILS
Electronic Structure Calculations. The global minimum

structures of the pure (MEA)1−4 clusters were taken from our
previous study.11 A multistep global minimum sampling
scheme, which has been applied to study atmospheric cluster
formation in previous studies,11,60−63 was employed to search
for the global minima of the (MEA)m(MSA)n (m = 0−4, n =
1−4) clusters. The details for the scheme were presented in
our previous study.11,63 Briefly, around 10,000 initial random
configurations for each cluster were gradually screened, using

various theoretical methods, to find the configuration with the
lowest free energy. The employed theoretical methods include
PM6, ωB97X-D/6-31+G(d,p), ωB97X-D/6-31++G(d,p), and
DLPNO−CCSD(T)/aug-cc-pVTZ. The ωB97X-D/6-31++G-
(d,p) level of theory was applied for optimization of geometries
and calculation of vibrational frequencies, and the DLPNO-
CCSD(T)/aug-cc-pVTZ level of theory was used for
calculating the single point energy. Geometry optimization,
frequency, or single point energy calculations at the PM6 and
ωB97X-D level of theory were performed in the GAUSSIAN
09 program package.64 DLPNO-CCSD(T)/aug-cc-pVTZ
calculations were performed using the ORCA 4.0.0 program
package with tight SCF and PNO convergence criteria.65 The
ωB97X-D/6-31++G(d,p) level and DLPNO-CCSD(T)/aug-
cc-pVTZ level of theory were selected as the core
optimization/frequency and single point energy calculation
method, respectively, since they have shown good performance
for studying the formation of atmospheric molecular
clusters.66−70 The Gibbs free energy for each global minima
was calculated at 298.15 K by combining the single point
energies at the DLPNO-CCSD(T)/aug-cc-pVTZ level and the
Gibbs free energy correction terms at the ωB97X-D/6-31+
+G(d,p) level. The cluster formation free energy (ΔG) was
obtained by subtracting the Gibbs free energy of the
constituent molecules from that of the cluster at 298.15 K.
The formation free energies at other temperatures were
calculated by assuming that enthalpy and entropy change
remain constant in the considered tropospheric temperature
range.
T o p r o b e t h e e ff e c t o f h y d r a t i o n , t h e

(MEA)m(MSA)n(H2O)x (m = 0−2, n = 0−2, x = 1−3)
clusters were investigated. The global minima of
(MEA)1−2(H2O)1−3 were taken from our previous study.11

The same scheme as for unhydrated (MEA)m(MSA)n clusters
was used to locate the global minima of the
(MEA)m(MSA)n(H2O)x (m = 0−2, n = 1−2, x = 1−3)
clusters. In addition, to compare the enhancing potential of
MEA with MA, the cluster formation free energies for
(MA)0−2(MSA)0−2 were calculated at the same level of theory
as for the (MEA)m(MSA)n clusters. The (MA)1(MSA)1,
(MA)2(MSA)2, and (MA)1(MSA)2 cluster structures are
available in the literature,41,71 and the structures of the
(MA)2 and (MA)2(MSA)1 clusters were obtained in this work.
It deserves mentioning that there are two reported global
minima for cluster (MA)1(MSA)1.

71,72 One involves proton
transfer between MA and MSA, and the other does not. The
one without the proton transfer, which was determined to have
lower free energy at the theoretical level of this work, was
selected.

ACDC Simulation. ACDC was employed to investigate the
cluster steady-state (i.e., time independent) concentration,
formation pathways, and formation rates of MEA−MSA
clusters.59 In ACDC, the birth−death equation (eq 1) is
used to describe the time (t) evolution of molecular cluster
distributions

dc
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where subscripts i, j, i−j, j−i, and i+j represent different
clusters (or monomers) in the system, c represents the
concentration of a cluster (or monomer), β is the collision
coefficient between two clusters (or monomers), γ represents
the evaporation coefficient of a cluster (i + j) which evaporates
into its daughter cluster (i) as illustrated by the arrow of the
subscript. Qi represents additional outside sources, and Si
represents the sink terms. β and γ were calculated by eq 2
and eq 3 (taking βi,j and γ(i+j)→i as examples), respectively.
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where kb represents the Boltzmann constant, T represents the
temperature, and m and V are the mass and volume of the
cluster (or monomer), respectively.
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where ΔG represents the formation free energy of a cluster, cref
is the reference monomer concentration at 1 atm, which is the
pressure at which ΔG was calculated.
Here, the ACDC simulation system was treated as a “4 × 4

box” for the unhydrated MEA−MSA cluster system, where 4 is

the maximum number of MEA or MSA molecules in the
cluster. The (MEA)4(MSA)5 and (MEA)5(MSA)5 clusters
were set as the boundary clusters that are allowed to leave the
simulation and contribute to NPF (see detailed description in
the Supporting Information (SI)). In the simulation, the MSA
concentration [MSA] was set to be 105, 106, 107, and 108

molecules cm−3 and the MEA concentration [MEA] to 1 ppt
(∼2.50 × 107 molecules cm−3), 10 ppt (∼2.50 × 108 molecules
cm−3), and 100 ppt (∼2.50 × 109 molecules cm−3). The
simulations were mainly run at 278.15 K, with additional runs
at 258.15, 268.15, 278.15, 288.15, and 298.15 K, to probe the
effect of temperature. Since there is no available value of the
coagulation sink coefficient for MSA vapor, we chose a
constant coagulation sink coefficient of 2.60 × 10−3 s−1 to
account for the loss of clusters. This value is based on the
median condensation sink of sulfuric acid vapor on pre-existing
aerosol particles at Hyytial̈a,̈ Finland.73,74 In addition, within
the range from 6 × 10−4 to 6 × 10−2 s−1, covering possible
condensation sink coefficients in clean and haze days,75,76 the
effect of coagulation sink coefficient on results is examined.
One was used as the sticking factor in all simulations with
additional tests at 0.1 and 0.01.59,73 Unless noted, 2.60 × 10−3

s−1 for the coagulation sink coefficient, 1 for the sticking factor,
and 278.15 K for the temperature are used throughout ACDC

Figure 1. Lowest Gibbs free energy conformations of the (MEA)m(MSA)n (m = 0−4, n = 1−4) clusters at the DLPNO-CCSD(T)/aug-cc-pVTZ//
ωB97X-D/6-31++G(d,p) level of theory. Red balls represent oxygen atoms, blue for nitrogen atoms, gray for carbon atoms, and white for hydrogen
atoms. Dashed red lines indicate hydrogen bonds.
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simulation. For the hydrated MEA−MSA cluster, the
simulation system was treated as a “2 × 2 box”, and the
clusters (MEA)2(MSA)3 and (MEA)3(MSA)3 were set as the
boundary clusters. The simulation was run at 278.15 K with
[MEA] = 10 ppt (∼2.50 × 108 molecules cm−3) and [MSA] =
106 molecules cm−3.
An ACDC simulation was also performed using a “2 × 2

box” for the MA−MSA system as a comparison.
(MA)2(MSA)3 and (MA)3(MSA)3 were set as the boundary
clusters, and other simulation settings were similar to those of
the MEA−MSA system. In addition, we also run ACDC
simulations for the MEA−MSA system with a “2 × 2 box” for a
direct comparison with the MA−MSA system under the same
conditions.

■ RESULTS AND DISCUSSION
Cluster Structures. The located lowest free energy

conformations of the (MEA)m(MSA)n (m = 0−4, n = 1−4)
clusters are presented in Figure 1. All the identified cluster
structures and thermochemistry have been added to the
Atmospheric Cluster Database.77 Here, we only discuss the
(MEA)m(MSA)n (m = 0−4, n = 1−4) clusters, since the pure
(MEA)m (m = 1−4) clusters have been analyzed in our
previous study.11 In view of the molecular structure, the MSA
molecule only has a single transferable proton (S−OH group),
and the MEA molecule only has one available site (−NH2
group) that can be protonated. Therefore, only a “one to one”
proton transfer pattern can occur between MEA and MSA. As
can be seen in Figure 1, there is no proton transfer in the
homomolecular (MSA)n (n = 1−4) clusters, and the pure
(MSA)n clusters are mainly stabilized by hydrogen bonds (H-

bonds), similar to the case of (MEA)m (m = 1−4) clusters.11
However, proton transfers occur in all the heteromolecular
(MEA)m(MSA)n (m = 1−4, n = 1−4) clusters, and the clusters
are stabilized by both H-bonds and electrostatic interactions
between positive and negative species. When MEA molecules
are not less than MSA molecules in the clusters (m ≥ n), all the
MSA molecules donate their protons to the MEA molecules,
and (m − n) MEA molecules remains unprotonated. In the
case when there is an equal amount of acids and bases in the
cluster (m = n), all MEA molecules are protonated. When
there are more MSA molecules in the cluster compared to
MEA (m < n), m of the MSA molecules donate their protons
to m MEA molecules and (n − m) MSA molecules are kept
intact. Thus, the number of proton transfers is equal to the
lower value of m or n. In the case of all heteromolecular
(MEA)m(MSA)n (m = 1−4, n = 1−4) clusters where m = n, the
number of proton transfers is equal to m or n.
Another structural feature observed in all heteromolecular

(MEA)m(MSA)n (m = 1−4, n = 1−4) clusters is that the −OH
group in all MEA molecules can form at least one H-bond with
MSA as a H-bond donor. In many of the clusters such as
(MEA)2(MSA)2, (MEA)3(MSA)1, (MEA)3(MSA)2,
(MEA)3(MSA)3, (MEA)3(MSA)4, (MEA)4(MSA)1,
(MEA)4(MSA)2, (MEA)4(MSA)3, and (MEA)4(MSA)4, the
−OH group of MEA can act as a H-bond acceptor and form
additional H-bonds with the −NH2 groups of MEAs, −NH3

+

groups of protonated MEAs, or −OH group of another MEA.
The participation of the −OH group of MEA in forming H-
bonds was also found in the MEA−SA clusters in our previous
study.11 In addition, all protonated and unprotonated −NH2
groups of MEA at least participate in one H-bond formation.

Figure 2. Gibbs free binding energy of the (MEA)m(MSA)n (m = 0−4, n = 0−4) clusters (left panel) and (MA)a(MSA)b (a = 0−2, b = 0−2)
clusters (right panel) calculated at the DLPNO-CCSD(T)/aug-cc-pVTZ//ωB97X-D/6-31++G(d,p) level of theory. The calculations are
performed at 298.15 K and 1 atm.

Figure 3. Evaporation rates of (MEA)m(MSA)n (m = 0−4 and n = 0−4) (left panel) and (MA)a(MSA)b clusters (a = 0−2 and b = 0−2) (right
panel) at 278.15 K.
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Such multiple H-bonds formed by MEA lead to the formation
of an internal network in the MEA-containing clusters, which
make the cluster prefer to form a spherical three-dimensional
structure, especially for large MEA−MSA clusters. Actually, the
formation of an internal H-bond network forces the hydro-
phobic −CH3 group of MSA to be kept at the outer edge of
the clusters.
Cluster Formation Free Energy Surface. MA is known

as the strongest enhancing agent in MSA-driven NPF.41,42

Here, ΔG values of the MA−MSA system were used as a
comparison point for the MEA−MSA system. The formation
free energy surface at 298.15 K for the MEA−MSA system is
presented in Figure 2, along with that for the MA−MSA
system (only the (MA)0−2(MSA)0−2 clusters are available).
The corresponding thermodynamical quantities ΔH and ΔS
are presented in Table S1. As can be seen in Figure 2, the ΔG
value of each MEA-containing cluster is significantly lower
than that of the corresponding MA-containing cluster within
the available MA−MSA cluster size. The difference in ΔG
values between the MEA−MSA cluster and the corresponding
MA−MSA cluster is in the range of 1.81−10.65 kcal mol−1.
Combined with the cluster structure analysis in the previous
section, we can conclude that such a large difference should
result from both a higher gas-phase basicity and higher H-
bonding capacity of MEA compared to those of MA.
Evaporation Rates. The evaporation rates of the clusters

in the MEA−MSA system and the MA−MSA system are
presented in Figure 3. As can be seen in Figure 3, the
evapora t ion ra te s fo r the MEA−MSA clus te r s
((MEA)2(MSA)2, (MEA)3(MSA)3, and (MEA)4(MSA)4)
along the diagonal line of the grid are much lower than
those of the other clusters, with a range from 10−5 to 10−3 s−1.
Clusters with such low evaporation rates can be deemed stable
against evaporation at atmospheric conditions when the
concentration of MSA or MEA is at the ppt level (SI). In
addition, the evaporation rates of the clusters above the
diagonal line are much higher than those of the corresponding
clusters beneath the diagonal line, indicating that MSA-
abundant clusters are more stable than corresponding MEA-
abundant clusters. By inspecting all possible evaporation
pathways (SI), it was found that the evaporation of a MEA
or MSA monomer is the main decay route for all clusters
except (MSA)4, for which the evaporation into two MSA
dimers is the most favorable path. When m ≥ n, the
(MEA)m(MSA)n clusters decay mainly via evaporation of a
MEA monomer. Vice versa is observed for m < n, where the

evaporation of a MSA monomer is dominant. For the largest
studied (MEA)4(MSA)4 cluster, the rate for the evaporation
route (MEA)4(MSA)4 → (MEA)2(MSA)2 + (MEA)2(MSA)2
is close to that of the most favorable route (MEA)4(MSA)4 →
(MEA)3(MSA)4 + MEA, implying that the (MEA)2(MSA)2
cluster is relatively stable in the studied system.
We also compare the evaporation rates of MEA−MSA

clusters with the corresponding MA−MSA clusters up to a 2 ×
2 size of the MA−MSA clusters. As can be seen in Figure 3, the
evaporation rate of each of the MA-containing clusters is in all
cases higher than that of corresponding MEA-containing
cluster. Therefore, we can conclude that MEA can form more
stable clusters with MSA than MA at the same acid and base
concentration.

Clusters Growth Pathways. Figure 4 shows the cluster
growth pathways and actual Gibbs free energy surface for the
MEA−MSA clusters at 278.15 K, [MSA] = 106 molecules
cm−3, and [MEA] = 10 ppt (∼2.50 × 108 molecules cm−3). As
can be seen in Figure 4, the main pathway for MEA−MSA
cluster growth is the following: the first step is the binding of
one MSA molecule to one MEA molecule to form the
(MEA)1(MSA)1 cluster. After the initial step, the growth
mainly proceeds by first adding one MSA molecule and then
one MEA molecule, similar to the case of the MEA−SA
system.11 In contrast to the MEA−SA system,11 the (MSA)2
acid dimer shows a nonnegligible contribution to the initially
formed clusters. This could mainly result from the lower
stability of the (MEA)1(MSA)1 cluster compared to that of
(MEA)1(SA)1. Among the clusters fluxing out of the “4 × 4
box”, (MEA)4(MSA)5 is the most prominent one with a 99%
contribution. Comparing the growth pathway with the
evaporation rate of the clusters, we can conclude that the
formation of the initial (MEA)1(MSA)1 cluster is the rate-
determining step for the cluster growth since the
(MEA)1(MSA)1 cluster is the most unstable among all the
clusters in the main cluster growth pathway. In addition, as
shown in Figures S4 and S5, both the coagulation sink
coefficient and sticking factor slightly affect the cluster growth
pathways.
The cluster growth pathway of MEA−MSA clusters was

compared with that of the corresponding MA−MSA clusters
within the “2 × 2 box” size at the same simulation conditions
(Figure S7). The significant difference in the cluster growth
pathway between the two systems lies in the formation of the
initial cluster. For the MEA−MSA system, the formed initial
cluster is mainly (MEA)1(MSA)1; however, for the MA−MSA

Figure 4. Cluster formation pathways (left panel) and actual formation free energy surface (right panel) for the MEA−MSA system at 278.15 K,
[MSA] = 106 molecules cm−3, and [MEA] = 10 ppt. For clarity, pathways contributing less than 5% to the flux of the cluster are not shown.
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system, the dominant initial cluster is the (MSA)2 cluster. Such
a difference can be explained by the higher stability of
(MEA)1(MSA)1 compared to (MA)1(MSA)1 at the studied
acid and base concentrations.
Steady-State Concentrations of MSA Dimer and

Cluster Formation Rates. The steady-state concentration
of the acid dimer (Σ(MSA)2, all clusters including acid dimers)
and cluster formation rate can be used to evaluate the
enhancing potential of a given base on MSA-driven NPF
similar to the case of SA-driven NPF.11,25,78 Figure 5 presents
the steady-state Σ(MSA)2 concentration and cluster formation
rate as a function of the concentration of MSA (105−108
molecules cm−3) and MEA (1−100 ppt) for the MEA-MSA
system at 278.15 K. The MA−MSA cluster system is included
as a comparison. Figure 5 shows that with increasing
concentration of MSA and MEA the Σ(MSA)2 concentration
and cluster formation rate gradually increase at the considered
conditions. However, the effect of MEA concentration on the
Σ(MSA)2 concentration and cluster formation rate gradually
become weaker with increasing MEA concentration. This is
consistent over the entire considered MSA concentration
range, especially in the case of high concentration of MSA.
Therefore, the MEA−MSA system approaches saturation with
respect to MEA. This behavior is not observed in the MA−
MSA system. More importantly, both the Σ(MSA)2 concen-

tration and cluster formation rate for the MEA−MSA system
are generally much higher than those of a corresponding MA−
MSA system in the same concentration of MSA and base. For
instance, MEA yields a 10−102-fold increase in Σ(MSA)2
concentration and 10−105-fold increase in cluster formation
rate compared to MA at the considered conditions. Another
way of viewing this is that 0.44−0.63 ppt MEA ([MSA] = 106

molecules cm−3) and 0.20−0.29 ppt MEA ([MSA] = 107

molecules cm−3) can reach a similar enhancing effect as a MA
concentration of 5−10 ppt (The equivalent concentration of
MEA to MA was simply obtained by adjusting the
concentration of MEA in ACDC simulations until the
calculated cluster formation rate of MEA is similar to that of
5−10 ppt MA). Note that we compare a “4 × 4 box”
simulation for the MEA−MSA system to the “2 × 2 box”
simulation for the MA−MSA system. If a “2 × 2 box” size is
used also for the MEA−MSA system, the difference in cluster
formation rate becomes even more pronounced (SI). All in all,
we can conclude that MEA has a significantly higher enhancing
potential than MA on MSA-driven NPF.

Effect of Hydration. Hydration can affect the NPF kinetics
and thermodynamics of MSA and bases.79−81 Previous studies
have shown that SA−base (base = ammonia, DMA, and MEA)
clusters are mainly hydrated by less than three H2O
molecules.13 Compared with SA, MSA is less hygroscopic

Figure 5. Simulated steady-state MSA dimer concentration Σ[(MSA)2] (cm
−3) and cluster formation rate J (cm−3 s−1) as a function of monomer

concentration at 278.15 K.

Figure 6. Relative evaporation rate (left panel) and cluster formation rate ([MSA] = 106 molecules cm−3 and [MEA] = 10 ppt) (right panel) as a
function of relative humidity (RH) at 278.15 K.
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and thus should be less hydrated.29 Here, one to three H2O
molecules were considered to study the effect of hydration on
the formation kinetics of the MEA−MSA clusters. Similar to
our previous studies,11,63 only the smaller (MEA)m(MSA)n (m
= 0−2, n = 0−2) clusters were considered as a test to
investigate the effect of hydration. The optimized config-
urations of the hydrated clusters and the stepwise hydration
free energy are presented in Figure S9 and Table S3,
respectively. The equilibrium hydrate distribution at 278.15
K and relative humidity (RH) of 20%, 50%, and 80% are
presented in Figure S10. Figure S10 shows that all
heteromolecular clusters except (MEA)1(MSA)1 and
(MEA)2(MSA)2 are predominantly hydrated by one or two
H2O molecules, and all homomolecular clusters except MSA
are barely hydrated at all the studied RHs. (MEA)1(MSA)1
and (MEA)2(MSA)2 can be hydrated by three H2O molecules
and MSA by one H2O molecule, which implies that clusters
with an equal amount of acid and base molecules are more
hydrophilic. Therefore, it can be concluded that the MEA−
MSA clusters can be mildly hydrated with one to three H2O
molecules depending on RH.
The relative evaporation rate and cluster formation rate as a

function of RH at 278.15 K compared to dry conditions are
presented in Figure 6. The effect of hydration depends on the
cluster composition for the (MEA)m(MSA)n (m = 0−2, n = 0−
2) clusters. The evaporation rates of (MEA)2 and
(MEA)2(MSA)2 are almost unchanged, and (MSA)2 is slightly
increased by hydration. However, the evaporation rates of the
(MEA)1(MSA)2 and (MEA)2(MSA)1 clusters were found to
increase by up to 8 and 14 times by hydration, respectively.
More importantly, hydration significantly decreases the
evaporation rate (up to 50 times compared to the dry
condition) of the initially formed (MEA)1(MSA)1 cluster,
which was shown to be the rate-determining step for the
cluster growth in the system. The decreased evaporation rate of
the (MEA)1(MSA)1 cluster is the main reason that the cluster
formation rate is significant increased (up to 18 times, right
panel in Figure 6), and (MEA)1(MSA)1 contributes more to
the initially formed clusters compared to the anhydration case
(Figure S11). Note that the relative formation rate presented
here should cancel out any significant bias introduced by the
smaller “2 × 2 box” size. Generally, from these small cluster
hydration simulations, we can conclude that hydration can
significantly affect the cluster formation rates. This is different
from the SA−amine (MA, DMA, and MEA) cluster systems, in
which hydration has little effect on the cluster formation
rates.11 We note that the experiments from Finlayson-Pitts
group showed that an increase in the RH greatly increased the
nucleation rate of the MSA−base (base = ammonia, MA, DMA
and TMA) clusters,41 which is similar to our findings.
Uncertainty Analysis of ACDC Simulations. Here, the

potential uncertainties arising from the manner that ACDC is
calculating the collision rate coefficients are analyzed. We also
investigate how variable settings, such as the sticking factor and
coagulation sink coefficient, affect the main results. Since the
cluster formation process does not involve chemical reaction
energy barriers,82 ACDC employs kinetic gas theory to
calculate the collision rate coefficients by assuming that all
colliding molecules follow hard-sphere collisions; i.e., there is
no specific interaction between the colliding molecules. We
noted that recent studies by Lin et al. and Lee et al. argued that
the dipole−dipole interaction between colliding molecules
could play an important role in enhancing collision rates.83,84

To address the possible uncertainty resulting from kinetic gas
theory, we employed the long-range transition state theory
with a dipole−dipole force potential and the statistical
adiabatic channel model85,86 as test methods to calculate the
collision rate coefficients between monomers in MEA−MSA
and MA−MSA cluster systems at 278.15 K. Both theories
explicitly consider dipole−dipole interactions between the
molecules (see the Computational Details for Collision Rate
Coefficients from Test Methods section in the SI). As can be
seen in Table S7, there is a maximum of about 2 times
difference in the collision rate coefficients between the two test
methods and kinetic gas theory. Therefore, kinetic gas theory
employed in ACDC should provide reasonable collision rate
coefficients for the MEA−MSA and MA−MSA cluster systems.
In addition, both the sticking factor and coagulation sink
coefficient can affect the enhancing potential (the concen-
tration of Σ(MSA)2 and cluster formation rates) of MEA and
MA on MSA-driven NPF (detailed discussion in the SI).
However, within all of the considered change ranges of the
coagulation sink coefficient and sticking factor, the enhancing
potential of MEA is still significantly higher than that of MA.

Atmospheric Implications. This study reveals that MEA
has a higher enhancing potential than MA, the previously
known strongest enhancing agent,41,42 on MSA-driven NPF.
Therefore, at a similar atmospheric concentration to MA, MEA
can significantly enhance MSA-driven NPF. Considering the
high production of MEA and the detection of MEA in the
particle phase at various locations,52,56,57 MEA could be an
important contributor to MSA-driven NPF in locations with
high MEA and MSA concentrations. Especially, with the large-
scale implementation of MEA-based PCCC, MEA will play a
more important role in MSA-driven NPF in the future.
Therefore, more studies on the atmospheric concentration
detection of MEA and the participation of MEA in MSA-
driven NPF is warranted.
This study found that a high gas-phase basicity and

additional H-bonding capacity from the nonamino group are
both important factors for the higher enhancing potential of
MEA compared to MA. We note that the gas-phase basicity of
DMA is similar to MEA;43 however, its enhancing potential on
MSA-driven NPF is much lower than that of MEA.41

Therefore, the H-bonding capacity of MEA plays an important
role in determining its enhancing potential. In addition, this
study is the first to point out that the H-bonding capacity of
the nonamino group plays an important role in determining
the enhancing potential of amines on MSA-based NPF. In the
atmosphere, many bases have a high gas-phase basicity and H-
bonding capacity from nonamino groups, e.g., diamines and
amino acids. Moreover, highly oxygenated multifunctional
molecules (HOMs) with an amino group could also contribute
to MSA-based NPF due to their high H-bonding capacity.87,88

Therefore, the enhancing potential of diamine, amino acid, and
HOMs with an amino group on MSA-driven NPF deserves
future investigation to comprehensively understand the
contribution of MSA on NPF.
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(82) Kurteń, T.; Kuang, C. A.; Gomez, P.; McMurry, P. H.;
Vehkamak̈i, H.; Ortega, I.; Noppel, M.; Kulmala, M. The Role of
Cluster Energy Nonaccommodation in Atmospheric Sulfuric Acid
Nucleation. J. Chem. Phys. 2010, 132, 024304.
(83) Lin, Y.; Ji, Y. M.; Li, Y. X.; Secrest, J.; Xu, W.; Xu, F.; Wang, Y.;
An, T. C.; Zhang, R. Y. Interaction between Succinic Acid and
Sulfuric Acid-base Clusters. Atmos. Chem. Phys. 2019, 19 (12), 8003−
8019.
(84) Lee, S. H.; Gordon, H.; Yu, H.; Lehtipalo, K.; Haley, R.; Li, Y.
X.; Zhang, R. Y. New Particle Formation in the Atmosphere: From
Molecular Clusters to Global Climate. J. Geophys. Res.-Atmos. 2019,
124 (13), 7098−7146.
(85) Maergoiz, A. I.; Nikitin, E. E.; Troe, J.; Ushakov, V. G. Classical
Trajectory and Adiabatic Channel Study of the Transition from
Adiabatic to Sudden Capture Dynamics. III. Dipole-dipole Capture. J.
Chem. Phys. 1996, 105 (15), 6277−6284.
(86) Georgievskii, Y.; Klippenstein, S. J. Long-range Transition State
Theory. J. Chem. Phys. 2005, 122, 194103.
(87) Duporte, G.; Riva, M.; Parshintsev, J.; Heikkinen, E.; Barreira,
L. M. F.; Myllys, N.; Heikkinen, L.; Hartonen, K.; Kulmala, M.; Ehn,
M.; Riekkola, M. L. Chemical Characterization of Gas- and Particle-
Phase Products from the Ozonolysis of alpha-Pinene in the Presence
of Dimethylamine. Environ. Sci. Technol. 2017, 51 (10), 5602−5610.
(88) Duporte, G.; Parshintsev, J.; Barreira, L. M.; Hartonen, K.;
Kulmala, M.; Riekkola, M. L. Nitrogen-Containing Low Volatile
Compounds from Pinonaldehyde-Dimethylamine Reaction in the
Atmosphere: A Laboratory and Field Study. Environ. Sci. Technol.
2016, 50 (9), 4693−700.

Environmental Science & Technology Article

DOI: 10.1021/acs.est.9b05306
Environ. Sci. Technol. 2019, 53, 14387−14397

14397

http://dx.doi.org/10.1021/acs.est.9b05306

