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Propionamide (PA), an important pollutant emitted into the atmosphere from a variety of sources, is
abundant in many areas worldwide, and could be involved in new particle formation (NPF). In this study,
the enhancement of the H,SO,4 (SA)-based NPF by PA was evaluated through investigating the formation
mechanism of (PA),(SA), (m = 0-3 and n = 0-3) clusters using computational chemistry and kinetics
modeling. Our study proved that the formation of all the PA-containing clusters is thermodynamically
favorable. Furthermore, the =O group in PA plays an important role in the clusters with more PA than
SA, and the basicity of bases exerts a greater influence with an increasing amount of SA. We demonstrate
that although the enhancing potential of PA is lower than that of the strongest enhancers of SA-based
NPF such as methylamine (MA) and dimethylamine (DMA), PA can enhance the SA-based NPF at the
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clusters, which differs from that of the SA-DMA system. The formation rate of PA-containing clusters is

DOI: 10.1039/d0ra09323h comparable to the rate coefficients for PA oxidation by hydroxyl (OH) radicals, indicating that

Open Access Article. Published on 23 December 2020. Downloaded on 6/15/2026 1:58:27 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/rsc-advances

1. Introduction

Atmospheric aerosols constitute the highest uncertainty factors
in climate prediction, and adversely affect human health.
Aerosols can indirectly modify the properties and the formation
of clouds,” as well as affecting climate either by reflecting or
absorbing solar radiation.* New Particle Formation (NPF) is
believed to make at least 50% contribution to the total number
concentration of atmospheric aerosol particles.* NPF is a two-
step process, including the formation of critical embryos,
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T Electronic supplementary information (ESI) available: The first part introduces
the boundary conditions in ACDC. Fig. S1 shows the ratio between the monomer
collision rate and the cluster total evaporation rate for (PA),,(SA), (m = 0-3 and n =
0-3). Fig. S2 shows the main clustering pathways and actual Gibbs free energy
surface for the formation of (DMA),,(SA), clusters. Fig. S3 shows the evaporation
rates for (DMA),,(SA), clusters. Table S1 shows evaporation coefficients for all
evaporation pathways of the (PA),,(SA), clusters. Table S2 shows coordinates of
all optimized clusters. See DOI: 10.1039/d0ra09323h
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participating in the SA-based NPF is a crucial sink for PA.

followed by rapid growth."® Hydrogen bonding interactions and
proton transfer are considered to be responsible for the critical
nucleus.® The chemical composition of critical embryos and
rates, at which they are formed, strongly impact NPF.

Atmospheric gas-phase sulfuric acid (SA) is the primary
precursor of the process of atmospheric nucleation.” However,
typical concentration of gaseous SA is 10° to 10’ molecules
em?, could not explain high nucleation rates measured in the
boundary layer.® Consequently, atmospheric ammonia and
amines are confirmed to enhance the stabilization of SA clusters
via acid-base reactions.’ In addition to ammonia and amines,
amides were also recently reported to lead to the formation of
secondary organic aerosols.'***

Amides, the derivatives of ammonia or amines, have attrac-
ted much attention because of their widespread occurrence and
high concentrations in the atmospheric aerosol particles."” For
example, Yao et al. reported that the atmospheric concentration
of amides varies from tens of part per trillion (ppt) to a few part
per billion (ppb), with the concentration of most abundant
species, Cz-amides, being at the level of 8.7 ppb in urban
Shanghai, China.”* Amides can be emitted from various natural
and anthropogenic sources including agriculture, biomass
burning, animal husbandry, cooking, synthetic leather
manufacturing, carbon capture, and other industrial
processes.”*** In addition, the degradation processes of
amines by atmospheric oxidants,'® as well as the atmospheric
accretion reactions between organic acids and ammonia or
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amines' are important sources. In atmosphere, amides have
two important sinks. First of all, amides can react with OH and
NO; radicals, the rate coefficients are 10~ ** and 10 ** ecm?® s %,
respectively.’ In contrast, reactions of amides with Cl and
amides with O; are not crucial for the degradation of amides.
Secondly, Malloy et al. have reported that imines and amides
contribute significantly to aerosol formation.”* The amino
group of amide can strongly bond with SA that enhances the
formation of SA-containing pre-nucleation clusters, and, thus
promotes NPF."?° Zhao et al. conducted a quantum chemistry
study on the molecular interactions between some amides and
methanol clusters® and showed that the formation free ener-
gies of the clusters were strongly negative.

Due to an impressive progress in analytical instrumentation
over past decade, the detection of various molecular ions,* and
clusters with the mobility-equivalent diameter of 1 nm became
possible.*® However, NPF mechanisms and atmospheric
species, other than SA, that can contribute to NPF rates remain
poorly understood.® In particular, mechanisms via which
amides could enhance SA-based NPF under real atmospheric
conditions are yet identified.

In this study, we investigate the role of propionamide (PA),
a pollutant common in many areas all over the globe, on the
stability and formation rates of SA-containing clusters formed
during the initial stage of the NPF. We first illustrate the effects
of SA, amines (methylamine (MA), dimethylamine (DMA), and
trimethylamine (TMA)), ammonia (N), and water (W) on the
(PA)(SA) clusters to determine their growth path. Subsequently,
the structures with minimum free energy are obtained for the
(PA),,(SA),, (m = 0-3 and n = 0-3) clusters using the artificial bee
colony algorithm.>* The thermodynamic data for the clusters
were calculated using the Gaussian 09 program® and the
kinetic data of the clusters were obtained using the Atmo-
spheric Cluster Dynamics Code (ACDC).>®

2. Computational methods

The Gaussian 09 program® was employed for the density
functional geometry optimization and frequency calculations.
In this study, the M06-2X functional with the 6-311++G(3df,
3pd) basis set was employed to obtain the structures and
energetics of the clusters. In previous studies,**® the M06-2X
functional was confirmed to be an excellent approach to
describe clusters containing SA. The harmonic frequencies of
the stable structures were calculated to ensure that the struc-
tures were the local minima.

In this study, a software for the global optimization of
molecular clusters by the artificial bee colony algorithm named
ABCluster* and a different code developed in Prof. A. B.
Nadykto's group were utilized to locate global minima. The
details of the conformational sampling are given below. In the
case, when ABCluster was used, 1000 automatically generated
structures were optimized using the semi-empirical PM6
method.?**° Then, up to 100 low-energy structures were selected
to refine at the B3LYP/6-31g(d,p) level of theory to get 30 lowest
energy isomers. At the final stage, these 30 lowest energy
isomers were optimized at the M06-2X/6-311++G(3df, 3pd) level
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of theory. The Gibbs free energies of the cluster formation were
computed using the Rigid Rotor Harmonic Oscillator (RRHO)
approximation.

The sampling code developed by Prof. Nadykto with co-
authors is based on the following rules: a mesh is created
around the cluster, and molecule to be placed in the mesh
nodes. The blind search algorithm is used to produce the guess
geometries. The minimum distance between molecules and
cluster are variable, as well as the orientation of molecules and
mesh density. Generally, for each cluster of a given chemical
composition, thousands of isomers have been sampled. We
used a three-step optimization procedure, which includes (i) the
initial/guess automatically generated geometries (typically
around 200 or more) were optimized using the semi-empirical
PM6 method,*?" (ii) the most stable isomers, which located
within 15 kcal mol " of the intermediate global minimum and
duplicate removal, were selected to optimize using PW91PW91/
CBSB7 method and (iii) the final optimization of the most stable
at PW91PW91/CBSB7 level isomers within 5 kcal mol™" of the
current global minimum using the M06-2X/6-311++G(3df, 3pd)
method.

The Atmospheric Cluster Dynamics Code (ACDC) developed
by Hanna Vehkaméki and co-workers was employed to study the
kinetic information during the process of cluster formation.
McGrath et al.*"** given a detailed description about the ACDC.
Briefly, the program uses an efficient computer script to
generate the birth-death equation and the MATLAB odel5s
routine to solve the equation. The birth-death equation
involves the generation (birth) of clusters through the collision
of smaller clusters and evaporation of larger clusters, the
destruction (death) of clusters through collisions with other
clusters and the fragmentation of clusters into smaller clusters,
other generation mechanisms, and other destruction mecha-
nisms. In addition, a boundary condition was used to judge
whether a cluster can be excluded from the system. The system
was a “3 x 3 box”, where 3 is the maximum number of PA or SA
in the clusters. The (PA);(SA), and (PA)4(SA), stayed outside the
system, while all other clusters that crossed the box boundary
are returned to the system by monomer evaporation (details on
the boundary condition are shown in the ESI}). The calculations
using ACDC program were performed at 298.15 K and 1 atm.
The concentration of SA was set to be 10°, 10°, 107, 10, and 10°
cm?, which correspond to the conditions of atmospheric
NPF.** The atmospheric concentrations of PA were set to be 1,
10, and 100 ppt, which is the range relevant to the concentration
of DMA involved in the NPF. It is worth noting that the
concentration of SA was considered to be the total concentra-
tion of all neutral clusters that consisting of any number of base
molecules and one acid, as used in a previous study.**

3. Results and discussion
3.1 Formation of the (PA)(SA)(X) cluster

Firstly, SA, MA, DMA, TMA, N, and W were selected to evaluate
the effect of each component on the stability of the (PA)(SA)
cluster. The formation free energy data for the (PA)(SA),,
(PA)(SA)(W), (PA)(SA)(N), (PA)(SA)(MA), (PA)(SA)(DMA), and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Calculated formation free energies including AG, denoted as
M06-2X and M06-2X-D3, and A(AG), with the Gibbs free energies of
(PA)(SA)(W) reaction used as baselines, with M06-2X and M06-2X-D3
methods and 6-3114++G(3df, 3pd) basis set. Values of AG and A(AG) are
in kcal mol™t

A(AG)  A(AG)
Complex AG M06-2X AG M06-2X-D3  M06-2X MO06-2X-D3
(PA)(SA)(W) -13.36 —15.65 0.0 0.0
(PA)(SA)(N) ~16.75 —~19.09 —3.39 —3.44
(PA)(SA)MA)  —18.70 —21.27 —5.34 —5.62
(PA)(SA)(TMA)  —19.16 —21.80 —5.80 —6.15
(PA)(SA)(DMA)  —21.03 —23.90 ~7.67 —8.25
(PA)(SA), —23.34 —27.62 -9.98  —11.97

(PA)(SA)(TMA) clusters which obtained at both MO06-2X/6-
311++G(3df, 3pd) level of theory and M06-2X-D3/6-311++G(3df,
3pd) level of theory are presented in Table 1, and the geometries
of the most stable isomers of the aforementioned clusters are
displayed in Fig. 1. Generally, these structures are mainly
stabilized by H-bonds, with two different proton transfer
patterns observed in the formation of the (PA)(SA),,
(PA)(SA)(MA), (PA)(SA)(DMA), and (PA)(SA)(TMA) clusters. In the
(PA)(SA), cluster formation, the oxygen atom of the PA carbonyl
group serves as a of proton acceptor. The nitrogen atoms of the
amines accept protons in the formation of the (PA)(SA)(MA),
(PA)(SA)(DMA), and (PA)(SA)(TMA) clusters. This difference is
attributed to the fact that the basicity of PA is much weaker than
that of amines.

In order to study the impact of D3 correction on computed
Gibbs free energies, we have carried out a set of computations
with M06-2X and M06-2X-D3 methods and 6-311++G(3df, 3pd)
basis set and compared the obtained results. The obtained
results show that Gibbs free energies produced by M06-2X with
and without D3 correction exhibit identical trends and that the
difference in the relative free energies of different reactions

(PA)(SA),

g,

(PA)(SA)MA)

(PA)(SA)(W)

(PA)(SA)(DMA)
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A(AG) produced by M06-2X and M06-2X-D3 agrees within less
than 1 kcal mol™" on average. This indicates that M06-2X
adequately predicts the formation free energies of clusters
being studied and, thus, can be recommended for studying
atmospherically-relevant clusters. The formation free energies
for all clusters are negative, indicating that the formation of
these clusters are thermodynamically favorable. Among the
amines- and ammonia-containing clusters, the formation free
energy for the (PA)(SA)(DMA) is the lowest, probably due to the
stronger basicity of the DMA compared to other amines and
ammonia. However, the formation free energy of the (PA)(SA),
cluster was —23.34 kcal mol™, which is the lowest one in all
cases, indicating that (PA)(SA), is the most thermodynamically
favorable cluster. Thus, in subsequent sections, the SA-PA
system is further examined in detail.

3.2 SA-PA system

3.2.1 Structures and thermodynamic data. The formula
(PA),,(SA),, represents the cluster composed of m PA molecules
and n SA molecules, and their most stable structures are shown
in Fig. 2. Proton transfers are observed in the formation of the
(PA)(SA),, (PA)(SA);, (PA),(SA)s, (PA)3(SA),, and (PA);3(SA); clus-
ters. Thus, H-bonds and electrostatic interactions are important
factors for these clusters stability. Further, the oxygen atoms of
the PA carbonyl groups are protonated by the SA, instead of the
amine (-NH,) group. This pattern is different from that
observed in earlier studies.** To form the (PA)(SA)s;, (PA),(SA);
and (PA);(SA); clusters, the SA molecule donates a proton to the
oxygen atom of the PA carbonyl group and then, accepts
a proton from another SA molecule. In the (PA)(SA), and
(PA)5(SA), clusters, the SA molecules only serve as proton
donors, while the oxygen atom of the PA carbonyl groups act as
proton acceptors.

In addition to the (SA), and (SA); clusters, another structural
feature of the clusters is that the -NH, groups of the PA mole-
cules serve as H-bond acceptors and form at least one H-bond

(PAYSA)N)

(PA)(SA)(TMA)

Fig.1 Structures of global free energy minima for the (PA)(SA)(X) calculated at the M06-2X/6-311++G(3df, 3pd) level. The red, green, blue and
white balls represent oxygen, carbon, nitrogen, and hydrogen atoms, respectively.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(PA)(SA)

(PA),(SA)

(PA),(SA)

(PA)(SA),

(PA),(SA),

(PA)(SA),

Hh
528"

(PA),(SA),

(PA),(SA),

Fig. 2 Structures of global free energy minima for the (PA),(SA), (m = 0-3 and n = 0-3) at the M06-2X/6-311++G(3df, 3pd) level. The red,
green, blue and white balls represent oxygen, carbon, nitrogen, and hydrogen atoms, respectively.

with SA molecules or other PA molecules. In the cases of
(PA),(SA),, (PA),(SA)s, (PA);5(SA), and (PA);(SA), cluster forma-
tion, the -NH,, group of a PA molecule can form two H-bonds,
whereas that of another PA molecule only forms one H-bond.
In contrast, in the formation of the (PA);(SA); cluster, the
-NH, groups of all PA molecules can form two H-bonds.
Further, in all the heteromolecular clusters except the
(PA)(SA), the hydrogen atoms of all SA molecules can form H-
bonds.

DMA is one of the key substances that promote the forma-
tion of new particles.’”*® In this study, the formation free
energies of the SA-DMA system is a reference for discussing the

496 | RSC Adv, 2021, 11, 493-500

formation free energies of the SA-PA system. The structures of
SA-DMA system were adopted from a previous study,®” and
optimized using the M06-2X functional with the 6-311++G(3df,
3pd) basis set. The formation free energies of the SA-PA/DMA
system are presented in Fig. 3. For the pure base clusters, the
formation free energies of (PA), and (PA); are 11.09 and
15.94 kcal mol™" lower than (DMA), and (DMA);, respectively.
This may result from the fact that the N-H---O H-bond is
stronger than N-H---N H-bond. However, the formation free
energies of most heteromolecular SA-PA clusters are higher
than those of corresponding SA-DMA clusters. For n = 2, the
differences between the formation free energy of the SA-PA and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Calculated formation free energies for (PA),(SA), (left panel) and (DMA),,(SA),, (right panel) clusters (m = 0-3 and n = 0-3) at the M06-2X/
6-311++G(3df, 3pd) level and 298.15 K and 1 atm (reference pressure of acid and base).

SA-DMA clusters exhibit positive correlations with the
increasing number of bases. These differences are attributed to
the lower basicity of PA than DMA. For the heteromolecular
clusters of the SA-DMA system, excluding (DMA),(SA) and
(DMA);(SA), the DMA molecules are protonated. Conversely, the
formation of additional H-bonds involving the =0 group of the
PA molecule results in lower formation free energy for the
(PA),(SA), and (PA)3(SA) clusters. In addition, the formation of
the SA-PA clusters is thermodynamically favorable, as shown by
the negative formation free energies.

3.2.2 Evaporation rates and cluster stability. Considering
the growth of the acid-base clusters, the stability of each cluster
can be derived by comparing its evaporation and collision rates.
The total evaporation rate (3. in s ') were calculated using the
ACDC program at a SA concentration of 10° molecules cm ™ and
10 pptv of PA at 298.15 K. The total evaporation rate is the sum
of all molecules/clusters that evaporate from the parent cluster
(Fig. 4).

The evaporation rates for the (PA)(SA), (PA)(SA), and
(PA)(SA); clusters are about 10" s, which is much lower than
those of the other clusters. In fact, the evaporation rates of the
pure base clusters are much higher than those of the pure acid
clusters, and those of heteromolecular clusters increase

108
3 910® | 10° | 10° |410° || |,6 ~
®
10* §
E2| 107 | a10® | 810° |3d0* || | o &
5 =
5
E o
z1 g
>
[0
<
e

0

0

Number of Sulfuric acid

Fig. 4 Evaporation rates for (PA),(SA), clusters at 298.15 K.

© 2021 The Author(s). Published by the Royal Society of Chemistry

significantly with increasing PA molecules. As presented in
Table S1,T except for the (PA),(SA)s;, (PA)5(SA),, and (PA)3(SA);
clusters, the evaporation of a SA or PA molecule represented the
main pathway for the other clusters.

We also compared the cluster evaporation rates for SA-PA
system and SA-DMA system under the same simulation
condition. In contrast to the other clusters, the pure base PA
clusters exhibited lower evaporation rates than the corre-
sponding DMA clusters. In addition, the evaporation rate of the
(PA)(SA) was equal to that of the (DMA)(SA), indicating that the
stability of the (PA)(SA) cluster is similar to the (DMA)(SA)
cluster. Furthermore, the evaporation of small clusters was the
main degradation pathway for some of the SA-DMA clusters,*®
whereas, the monomer evaporation is dominant for the SA-PA
clusters.

3.2.3 Growth pathways. The growth pathways were calcu-
lated for the SA-PA clusters with 10 ppt PA, 10° cm > SA at
298.15 K. To form new particles, the collision rate between the
monomer and the cluster must exceed the evaporation rate of
the cluster. All ratios between the collision rate of the monomer

4 3.4
07
3.
< =
a 47 o
S '
5 2 s
£ -
£ 88 2
Z o
1+
12,9
0 ’ 7.0
0 1 2 3 4

Number of Sulfuric acid

Fig. 5 Main clustering pathways for the formation of (PA),(SA),
clusters at 298.15 K, [H,SO4] = 10° cm™3, and [PA] = 10 ppt. The
pathways contributing less than 1% to the flux of the cluster are not
shown.
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and the total evaporation rate of the cluster were less than 1 for
all the cases (Fig. S11), suggesting that the clusters evaporated
faster than collision with monomers. In addition, the ratio
between the PA monomer collision rate and the total evapora-
tion rate (BpaCpa/d_7) is 2 to 3 orders of magnitude higher than
that of the SA monomer collision rate and the total evaporation
rate (8saCsa/>_7v), indicating that the PA monomer is easier to
retain in the system.

As shown in Fig. 5, the combination of a SA molecule and
a PA molecule or the combination of two SA molecules is the
first step of cluster growth, and the former more likely to occur.
After this step, the growth proceeds mainly by a SA molecule
joining in the (PA)(SA) cluster, a PA molecule joining in the (SA),
cluster or a (PA)(SA) cluster joining in the (SA), cluster. Then
a SA molecule was added to the (PA)(SA), cluster to form the
(PA)(SA);. Finally, a PA molecule was added to the (PA)(SA);
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cluster to form the (PA),(SA); cluster, and the main cluster
leaving the system was the (PA);(SA), cluster.

The growth pathways for the SA-PA and SA-DMA system
were also compared at the same conditions, with the pathways
for the SA-DMA is presented in Fig. S2.1 For both systems, the
initially formed cluster consists mainly of a SA molecule and
a basic molecule, with monomer addition as the main growth
pathways.

3.2.4 Steady-state SA dimer concentrations and formation
rates. There are two important criteria for evaluating the ability
of a given base to enhance the SA-based NPF, one is the
formation rate of clusters in the system and the other is the
concentration of the steady-state SA dimer, that is, the
concentration of all clusters containing SA dimer.*>*® Previous
study™ indicates that the concentration of C;-amides in urban
Shanghai is about 8.7 ppb. Herein, the concentration of the
steady-state SA dimer and the formation rate for the clusters are
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Fig.6 Simulated steady-state H,SO,4 dimer concentration " [(H2(SO)4).l (cm™) (up panel) and the cluster formation rate J (cm~2 s%) out of the
simulation system (down panel) as a function of monomer concentration at 298.15 K.
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calculated with the monomer concentration as a variable at
298.15 K for the SA-PA, SA-DMA and SA-MA clusters (Fig. 6).
The structures for the SA-MA system were also adopted from
a previous study,* and optimized using the M06-2X functional
with the 6-311++G(3df, 3pd) basis set. Overall, the cluster
formation rate exhibits a positive correlation with the concen-
trations of PA and SA under the simulation condition; however,
the SA dimer concentration only increases significantly with
higher SA concentration. The dependence of the cluster
formation rate and the SA dimer concentration on PA concen-
tration does not decrease with the increase of SA concentration,
which means that the dependence of the system on PA does not
tend to be saturated when the SA concentration is higher. In the
SA-DMA system, the dependence of the cluster formation rate
and the concentration of SA dimer on the concentration of DMA
decreases with the increase of SA concentration, indicating that
the system is close to saturation of DMA when the SA concen-
tration is higher. The difference between the SA-PA and SA-
DMA system may be explained by much lower basicity of the PA
than DMA. The formation rates in the SA-PA system at PA level
of 8.7 ppb are higher than those in the SA-MA system at 1 ppt of
the MA. Overall, the enhancement due to PA at ppb level is
similar to that due to MA at ppt level, which was considered to
be significant,”*® and PA, thus, is likely to make a considerable
contribution to NPF under real atmospheric conditions.

4. Conclusion

In this study, the density functional theory was implemented to
investigate the properties of the (PA)(SA)(X) and (PA),,(SA),
clusters. We found that the =0 group of PA played an impor-
tant role in the clusters with more PA than SA, and the influence
of the basicity of the bases enhanced as the SA molecules
increased. The monomer evaporation was the dominant
degradation pathway and the monomer collision is primary
growth pathway for the (PA),,(SA), clusters. The NPF boost due
to PA at ppb level is similar to that due to DMA and MA at ppt
level, and, thus, PA is expected to make an important contri-
bution to NPF under real atmospheric conditions.

In addition, the participation of PA in the SA-based NPF
provides a sink for PA. The formation rate of the SA-PA system
was about 10" ° cm™® s~ at [PA] = 8.7 ppb and [H,SO,] = 107
cm?, which surpass the rate coefficients for the amides react-
ing with OH. These results suggest that participating in the SA-
based NPF offers a potentially important sinks for amides,
especially for regions of high SA concentration.
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