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ammonia with sulfuric acid to promote the
growth of atmospheric nanoparticles†
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The growth of atmospheric nanoparticles plays key roles in a new particle formation (NPF) event. However,

the interface heterogeneous reaction mechanism of dimethylamine (DMA)/ammonia with sulfuric acid (SA)

to promote the growth of atmospheric nanoparticles remains unclear. In this work, an atmospheric nano-

particle model with 59 wt% SA was constructed, and the heterogeneous reactions of DMA/ammonia with

SA in the air–nanoparticle interface as well as inside the bulk nanoparticle were comparably investigated

with theoretical methods. The results revealed that the interface reaction mechanism of DMA to promote

atmospheric nanoparticle growth is different from that of ammonia. DMA more readily approaches the air–

nanoparticle interface than ammonia, which is more conducive to the occurrence of the heterogeneous

reaction of DMA with SA in the interface than that of ammonia. In the DMA–SA–water system, the first sol-

vation shell is composed of SA and water when DMA approaches the air–nanoparticle interface, and the

DMA–SA cluster is subsequently formed in the air–aerosol interface. Accordingly, the efficiency of DMA in

facilitating aerosol growth is independent from the concentration of gaseous SA. Moreover, DMA is more

competitive in promoting the growth of concentrated aerosol than ammonia. In contrast, in the ammonia–

SA–water system, the first solvation shell is re-composed of SA and water when ammonia is dissolved into

the bulk nanoparticle, and the ammonia–SA cluster is formed. Furthermore, the growth of the nanoparticle

depends on the concentration of gaseous SA. Considering the 2–3 orders of magnitude higher concentra-

tion of ammonia than DMA in the atmosphere, the growth of fresh aerosol is more easily promoted by am-

monia than DMA. The conclusion that the growth of the nanoparticle was gradually promoted by the acid-

ity of the first formed DMA–SA cluster during the NPF events was also obtained.

1. Introduction

New particle formation (NPF) has significant impacts on
regional and global climates, air quality, and human

health.1–3 Overall assessments of these impacts require de-
tailed information of how nanoparticles were formed and
grown in the atmospheric interface. The key steps in NPF in-
clude formation and growth of nanoparticles,4 and sulfuric
acid (SA) has been recognized as a base species for nanoparti-
cle formation.5,6 However, the SA–water binary theory cannot
explain most of the NPF events in the boundary layer at the
present stage.7 The discrepancies in NPF rates between
models and experimental observations suggest that other po-
tential reactions with other species, such as amines and am-
monia, are also involved.4,8,9

Environ. Sci.: Nano, 2019, 6, 2767–2776 | 2767This journal is © The Royal Society of Chemistry 2019

Guangzhou Key Laboratory of Environmental Catalysis and Pollution Control,

Guangdong Key Laboratory of Environmental Catalysis and Health Risk Control,

School of Environmental Science and Engineering, Institute of Environmental

Health and Pollution control, Guangdong University of Technology, Guangzhou

510006, China. E-mail: antc99@gdut.edu.cn

† Electronic supplementary information (ESI) available. See DOI: 10.1039/
c9en00619b

Environmental significance

The key steps in a new particle formation (NPF) event include formation and growth of the nanoparticle. The heterogeneous reaction of dimethylamine
(DMA)/ammonia with SA contributes to the growth of the nanoparticle. However, the mechanism of the heterogeneous reaction remains unclear.
Furthermore, experimental methods could not differentially probe the region of the air–nanoparticle interface from the region of the bulk nanoparticle.
Complementary to experimental methods, this work mainly applied theoretical methods for investigating the heterogeneous reaction of DMA/ammonia to
promote the growth of the nanoparticle. The results confirmed that the DMA–SA reaction proceeds in the air–nanoparticle interface, while the ammonia–
SA reaction proceeds inside the bulk nanoparticle. Hence, DMA is more competitive in promoting the growth of a concentrated nanoparticle. The growth of
a fresh nanoparticle is more promoted by ammonia considering the higher concentration of ammonia than that of DMA in the atmosphere. It is further
speculated that DMA would promote the sustainable growth of an acid nanoparticle as the acidity is gradually concentrated during the NPF events.
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Amines and ammonia are strong base species that neutral-
ize SA in the atmosphere; nevertheless amines are believed to
be stronger than ammonia in promoting the growth of nano-
particles from field observation and experimental
evidence.10–12 For instance, a DMA–SA–water cluster was ob-
served to coincide with high NPF rates in mega cities,12 al-
though the concentration of gaseous amines is 2–3 orders of
magnitude lower than that of ammonia in the atmosphere.13

In order to explain the higher efficiency of DMA in promoting
the growth of nanoparticles than that of ammonia, some ex-
perimental studies were carried out in an attempt to clarify
the heterogeneous processes of DMA or ammonia uptake by
the SA nanoparticle.14–17 It is observed that the uptake coeffi-
cient of DMA by the SA nanoparticle depends weakly on the
concentration of gaseous SA.16 For another example, in the
case of ammonia, the SA nanoparticle with an initial diame-
ter of 45 nm can grow to a larger size at lower relative humid-
ity <5%,14 while no apparent growth of the SA nanoparticle
is observed at higher relative humidity (25% and 75%).15 The
lower humidity is related to the higher concentration of gas-
eous SA in the atmosphere, thereby the efficiency of ammo-
nia in promoting the growth of the SA nanoparticle depends
on the concentration of gaseous SA.17 The experimental re-
sults clarified the distinct difference of DMA from ammonia
and more detailed information about the heterogeneous reac-
tions needs to be further obtained.

Heterogeneous reactions play significant roles in the
growth of particles.18 Atmospheric nanoparticles can undergo
component modification and growth via heterogeneous reac-
tions with DMA19–21 or ammonia.14,17,22 Previous studies of
other species such as volatile organic compounds indicated
that the heterogeneous reactions occurring in the air–nano-
particle interface might be different from those in the bulk
nanoparticle.23–25 However, it is challenging to obtain de-
tailed experimental information of heterogeneous reactions
in different regions,26,27 because experimental methods could
not differentially probe the air–nanoparticle interface from
the bulk aqueous phase.23 Complementary to experimental
methods, theoretical methods, such as the molecular dynam-
ics (MD) method and quantum mechanics (QM) method,
have the advantage of recording detailed information on dif-
ferent regions of the nanoparticle.28 Most previous theoreti-
cal studies focused on the heterogeneous reactions of species
approaching the droplet, but studies on the SA nanoparticle
are still lacking. Since the SA concentration of the SA nano-
particle could affect the mechanism of DMA/ammonia in pro-
moting nanoparticle growth, a comprehensive understanding
of the heterogeneous reactions of DMA/ammonia with SA de-
serves further elucidation from the point of view of theoreti-
cal chemical calculations.

Accordingly, the heterogeneous reactions of DMA/ammo-
nia with SA were investigated in this work using theoretical
methods as a supplement to experimental research. For eval-
uating the influence of the SA component on the reaction
mechanism of DMA/ammonia in promoting the growth of
nanoparticles, a model nanoparticle composed of SA and wa-

ter was constructed, and the changes in the stability of the
DMA/ammonia system were evaluated using the free energy
profile. After DMA/ammonia was moved into the air–nano-
particle interface or inside the bulk nanoparticle, the hetero-
geneous reactions occurring in the two regions were probed
in detail, respectively. Furthermore, to understand the mech-
anism of DMA/ammonia–SA reactions, the DMA/ammonia–
SA cluster was extracted from the MD configuration and was
re-optimized by the QM method. Based on the obtained re-
sults, the environmental implications of the heterogeneous
reactions of DMA/ammonia with SA on the promoted growth
of nanoparticles were also discussed.

2. Methods

A model nanoparticle composed of water was first
constructed, and tests were performed for determining the
most appropriate number of water molecules based on the
homogeneity and cohesiveness of the ambient droplet. The
details of the tests are described in the ESI† (Fig. S1 and S2).
Hence, a model containing 577 water molecules within a box
of 2.6 nm3 volume was constructed. The size of sub-3 nm is a
critical size for a nanoparticle to grow to a few nanometers in
an NPF event.12 Therefore, in this work, a size of 2.6 nm was
chosen for the model. The calculated density of the droplet is
1.004 g cm−3, which is close to 0.997 g cm−3 under ambient
conditions.29 An acid aerosol containing 59 wt% SA was
constructed based on the droplet model, and the SA concen-
tration was selected according to the lowest value employed
in the experimental data.16 The initial positions of water and
SA molecules were determined using the Monte Carlo
method and subsequently confirmed using the MD method.
500 ps equilibration was executed in the NPT ensemble (N, P
and T represent the number of atoms, pressure and tempera-
ture, respectively) to guarantee the thermodynamic equilib-
rium of the acid aerosol. A vacuum layer of 3 nm was added
above the acid aerosol in order to avoid disturbances from
other mirror images. The DMA/ammonia molecule was
placed at a distance of 2.5 nm above the mass center of the
aqueous aerosol. The DMA/ammonia–SA–water system was
fully equilibrated in the NPT ensemble and then sampled in
the NVT ensemble (N, V and T represent the number of
atoms, volume and temperature, respectively). The target
temperature and pressure of ambient conditions were con-
trolled at 298 K and 1 bar with a Langevin thermostat and
barostat, respectively. Either stage was executed for 100 ps at
a timestep of 1 fs. Water was described by the TIP3P
model,24,30 and DMA, ammonia and SA molecules were de-
scribed by the CHARMM field.31–33 Periodic boundary condi-
tions were employed for three dimensions, and the Lennard-
Jones and real space coulombic interactions were cut off at
12.0 Å. The Coulomb term was determined by the Ewald
summation method in an accuracy of 0.0001 kcal mol−1. The
particle mesh Ewald method was employed with an interpola-
tion order of 6 and a grid spacing of 0.8 Å. 1000 steps of ge-
ometry optimization were executed before MD equilibration.
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All the geometry optimization and MD calculations were
performed with the NAMD package34 and the corresponding
dynamical configurations were visualized using VMD
software.35

The free energy profile was computed using umbrella sam-
pling36 and the weighted histogram analysis method
(WHAM)37,38 based on the equilibrated MD trajectories. The
reaction coordinate is from the mass center of the acid aero-
sol to the mass center of DMA/ammonia. The position of
DMA/ammonia was varied by a step of 0.1 nm, so that DMA/
ammonia was finally moved into the bulk aerosol. The trajec-
tory was carried out for 100 ps at each new position of DMA/
ammonia. The bias potential force constant is equal to 10
kcal mol−1 Å−2.24

In order to confirm the interactions of DMA/ammonia
with solutes, the representative configuration response to the
equilibrated states of the DMA/ammonia–SA–water system is
extracted when DMA or ammonia approaches the surface
and the bulk aerosol (Fig. S3 and S4†). For the confirmation
of the reaction of DMA/ammonia with SA, the cluster of
DMA/ammonia–SA from specific configurations was re-
optimized at the M06-2X/6-311G(d,p) level which has been
successfully applied in the calculation of atmospheric reac-
tions.39,40 The subsequent normal-mode vibrational fre-
quency analysis was performed along the potential energy
surface. All the QM calculations were implemented using the
Gaussian 09 package.41

3. Results and discussion
3.1 The heterogeneous process of DMA/ammonia
approaching the nanoparticle

During the heterogeneous process, DMA/ammonia is moved
along the path from the air to the mass center of the nano-
particle. When DMA/ammonia is initially placed in the air–
nanoparticle interface, the occurrence probabilities of SA–wa-
ter and DMA/ammonia along the path are illustrated in
Fig. 1a. The method for calculating the occurrence probabil-
ity is described in the ESI,† which is referenced from
Martins-Costa et al.'s studies.24,42 According to the occur-
rence probability of SA–water (the black dashed line in
Fig. 1a), the local concentration of SA–water dramatically
changes in the region of the particle–interface and the region
of the interface–air, respectively. Thus, the range of the air–
nanoparticle interface is from 6.6 Å to 13.7 Å. The occurrence
probabilities of DMA (the red solid line in Fig. 1a) and am-
monia (the blue solid line in Fig. 1a) are compared. The mov-
ing range of ammonia is from 9.6 Å to 14.7 Å, while the mov-
ing range of DMA is from 7.1 Å to 13.7 Å. Thus, the moving
ranges of ammonia and DMA are within the range of the air–
nanoparticle interface. However, the moving range of DMA is
1.5 Å wider than that of ammonia, indicating that DMA is
more likely to easily interact with SA and water in the air–
nanoparticle interface than ammonia.

The changes of the stability of the system can be reflected
by the free energy profile,42,43 and the free energy of the

DMA/ammonia–SA–water system varies as the changes in the
positions of DMA/ammonia as shown in Fig. 1b. There are
three special points in the free energy profile: point c-1 corre-
sponds to the first turning point in the air, and indicates that
DMA/ammonia starts to be adsorbed by the nanoparticle;
point c-2 represents the lowest point in the air/nanoparticle
interface, and implies the highest stability of DMA/ammonia
interacting with interfacial SA and water; point c-3 denotes
the first turning point inside the bulk nanoparticle, and indi-
cates that DMA/ammonia is totally dissolved inside the bulk
nanoparticle. DMA can be spontaneously adsorbed onto the
air–nanoparticle interface, as the free energy of point c-2 is
found to be 5.7 kcal mol−1 lower than that of point c-1 (the
red line in Fig. 1b). The DMA–SA–water system presents a
higher stability when DMA is in the air–nanoparticle inter-
face than that when DMA is inside the bulk nanoparticle, be-
cause the free energy of point c-2 is 2.9 kcal mol−1 lower than
that of point c-3. Therefore, DMA more easily facilitates the
heterogeneous interactions with SA or water in the air–nano-
particle interface than inside the bulk nanoparticle. This
makes it possible for DMA to capture aqueous SA inside the

Fig. 1 DMA more easily approaches the air–nanoparticle interface
than ammonia: (a) the occurrence probability of DMA (the red solid
line), ammonia (the blue solid line), and SA–water (the black dashed
line); (b) free energy profiles of the DMA–SA–water system (the red
line) and the ammonia–SA–water system (the blue line). The coordinate
is set normal to the air–nanoparticle interface (denoted as z), where
the origin (z = 0) is consistent with the mass center of the
nanoparticle. The air–nanoparticle interface is denoted by the yellow
box.
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bulk nanoparticle and gaseous SA from the air simulta-
neously. In the ammonia–SA–water system (the blue line in
Fig. 1b), the free energy of point c-2 is found to be 4.1 kcal
mol−1 lower than that of point c-1, implying that ammonia
can also be spontaneously adsorbed onto the air–nanoparti-
cle interface. The free energy of point c-2 is 0.6 kcal mol−1

lower than that of point c-3. This indicates the somewhat
higher stability of the ammonia–SA–water system when am-
monia is in the air–nanoparticle interface than that when
ammonia is inside the bulk nanoparticle. However, the free
energy difference between point c-2 and point c-3 is less than
1 kcal mol−1; thus it is relatively easy for ammonia to over-
come the free energy difference to be dissolved into the bulk
nanoparticle.

Moreover, the free energy difference between points c-2
and c-3 in the DMA–SA–water system is 4.8 times the free en-
ergy difference from the ammonia–SA–water system, thereby
it is more difficult for DMA to enter inside the bulk nanopar-
ticle from the air–nanoparticle interface than ammonia. This
may explain the slower heterogeneous process of DMA uptake
by the acid aerosol than that of ammonia observed in the ex-
periments.16 Thus, DMA more readily facilitates the heteroge-
neous reactions with SA or water in the air–nanoparticle
interface than ammonia.

3.2 The heterogeneous reactions in the DMA–SA–water
system

The free energy profile of the DMA–SA–water system changes
dramatically when DMA is moved from the air–nanoparticle
interface to the bulk nanoparticle. It is because the move-

ments of DMA immediately cause changes in the heteroge-
neous reactions in the DMA–SA–water system. In order to fig-
ure out the changes in the heterogeneous reactions, the
heterogeneous reactions occurring in the regions of the inter-
face and the bulk particle would be differently probed.

In the air–aqueous interface or aqueous bulk, close inter-
actions between solutes and solutions occur. The first solu-
tion shell is thus formed around the specific solute. The com-
ponents of the first solution shell can be quantified by the
coordination numbers. The coordination numbers are calcu-
lated as the integrations of RDF within r = 2.5 Å. The distance
of 2.5 Å is considered as the threshold value to determine
whether close interactions occur between two specific atoms.
It is also used as the threshold distance in Martins-Costa
et al.'s study24 where they investigated the heterogeneous in-
teractions of volatile organic compounds with water. There-
fore, firstly, four types of hydrogen bonds (HBs) are analyzed:
NDMA⋯HSA, HDMA⋯OSA, NDMA⋯Hwater and HDMA⋯Owater. The
radial distribution function gĲr) is applied in calculating the
formation of the HBs.23,24,33 The first peak of gĲr) within r =
2.0 Å indicates HB formation, and the integrations of the gĲr)
× r2 function up to r = 2.5 Å are used to calculate the statis-
tics of HBs in the first solvation shell.24,44 The HBs formed in
the air–nanoparticle interface are compared with those
formed inside the bulk nanoparticle. When DMA is placed in
the air–nanoparticle interface, the four types of HBs are illus-
trated by the gĲr)s and the integrations of gĲr) × r2 in Fig. 2a
and 4b. Neither HDMA⋯OSA HB nor HDMA⋯Owater HB is
formed in the air–nanoparticle interface (the green area and
the blue area in Fig. 2a) and their statistics are obtained as
zero (the green line and the blue line in Fig. 2b). The

Fig. 2 The radial distribution function gĲr)s and the integrations of the HBs formed in the air–nanoparticle interface (Fig. 2a and b) and inside the
bulk nanoparticle (Fig. 2c and d). The curves for the NDMA⋯HSA HB, HDMA⋯OSA HB, NDMA⋯Hwater HB and HDMA⋯Owater HB are displayed as the red
line, the green line, the orange line and the blue line, respectively.
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formations of the NDMA⋯HSA HB and NDMA⋯Hwater HB are
detected in the air–nanoparticle interface (the red area and
the orange area in Fig. 2a). Accordingly, DMA can directly
interact with SA and water in the air–nanoparticle interface.
It is different from ammonia which only directly interacts
with water. The statistics of NDMA⋯HSA HBs and
NDMA⋯Hwater HBs are calculated to be 2.4 and 0.4, respec-
tively (the red line and the orange line in Fig. 2b), indicating
that the first solvation shell is composed of the mixture of SA
and water in the air–nanoparticle interface. Moreover, the
statistics of the NDMA⋯HSA HBs is six times that of the
NDMA⋯Hwater HBs. This indicates that the direct interaction
of DMA–SA more readily occurs than the direct interaction of
DMA–water in the air–nanoparticle interface. This would pro-
mote the reaction of DMA–SA to proceed in the air–nanopar-
ticle interface. Thus, this indicated that DMA would simulta-
neously react with interfacial SA and gaseous SA.

After DMA is moved into the bulk nanoparticle, the forma-
tions of the four types of HBs are then investigated by gĲr)
and the integrations of gĲr) × r2 as shown in Fig. 2c and d, re-
spectively. The NDMA⋯HSA, HDMA⋯OSA and HDMA⋯Owater HBs
are not formed inside the bulk nanoparticle (the red, green
and blue areas in Fig. 2c), and their statistics are thereby
obtained as zero. The NDMA⋯Hwater HB is detected inside the
bulk nanoparticle (the orange area in Fig. 2c). Therefore, only
the direct interactions of DMA–water occur inside the bulk
nanoparticle. The statistics of the NDMA⋯Hwater HBs is found
to be 1.1 inside the nanoparticle (the orange line in Fig. 2d),
which is about three times that of the NDMA⋯Hwater HBs
formed in the air–nanoparticle interface; the statistics of the
NDMA⋯HSA HBs is zero inside the bulk nanoparticle, while
the statistics of the NDMA⋯HSA HB is 2.4 in the air–nanoparti-
cle interface. The changes in the statistics of the
NDMA⋯Hwater HBs and NDMA⋯HSA HBs suggest that the first
solvation shell is recomposed. The components of the first
solvation shell change from the mixture of SA and water to
only water as DMA is moved from the air–nanoparticle inter-
face to inside the bulk nanoparticle. Inside the bulk nanopar-
ticle, DMA is surrounded by the first solvation shell of water
and is hindered from directly interacting with SA. Conse-
quently, the nanoparticle is only stabilized but not promoted
to a larger size by DMA inside the bulk nanoparticle.

To further identify the reaction of DMA–SA proceeding in
the air–nanoparticle interface, the DMA–SA cluster was
extracted from each MD configuration when DMA is placed
in the air–nanoparticle interface (Fig. 3a). The DMA–SA clus-
ter is composed of DMA and SA. Among the five hundred
DMA–SA clusters, the most stable cluster is also re-optimized
by the QM method and the relative results are shown in
Fig. 3b. In the most stable DMA–SA cluster, the original
length of the NDMA⋯HSA HB and HSA–OSA bond of SA is
found to be 1.92 Å and 1.49 Å, respectively. After the reaction
of DMA–SA in the air–nanoparticle interface, the proton of SA
is transferred to the N of DMA. The NDMA–HSA bond (the red
solid line) is formed with a length of 1.03 Å. The original
HSA⋯OSA bond is broken, and the present distance between

HSA and OSA (the black dashed line) is stretched to 2.09 Å. As
a result, dimethylaminium bisulfate is formed inside the
nanoparticle. The recent field observation and laboratory
measurements12,21,45 have identified the dimethylaminium
bisulfate formed in the nanoparticle, but our results can also
further confirm that dimethylaminium bisulfate is accumu-
lated in the air–nanoparticle interface from the point of view
of the theoretical calculations. This means that DMA will si-
multaneously react with aqueous SA in the interface and gas-
eous SA outside the nanoparticle. The reaction of DMA–SA
will happen even though the concentration of gaseous SA is
lower than the concentration of aqueous SA inside the bulk
nanoparticle. Hence, the heterogeneous reaction of DMA–SA
is independent from the concentration of SA as observed in
the experimental work.16

3.3 The heterogeneous reactions in the ammonia–SA–water
system

The stability of the ammonia–SA system was observed to be
lower than that of DMA–SA–water present in the air–nanopar-
ticle interface; thus the different heterogeneous reactions
within the two systems were also comparably investigated in
detail. To further clarify the difference in both heterogeneous
reactions, four types of HBs formed in the ammonia–SA–wa-
ter system, such as Nammonia⋯HSA, Hammonia⋯OSA,
Nammonia⋯Hwater and Hammonia⋯Owater, are also analyzed. The
gĲr)s and the integrations of gĲr) × r2 of the HBs formed in
the air–nanoparticle interface are shown in Fig. 4a and b, re-
spectively. The Nammonia⋯Hwater HB in the air–nanoparticle
interface is detected and shown in the orange area in Fig. 4a.
The formation of the Hammonia⋯Owater HB is not observed in
the air–nanoparticle interface; however the Hammonia atoms
are surrounded by the interfacial Owater atoms since a shoul-
der appears at r = 2.25 Å (the blue area in Fig. 4a). Thus, the
direct interactions of ammonia–water are proven to occur in
the air–nanoparticle interface. The statistics of the
Nammonia⋯Hwater HB is found to be 1.1 (the orange line in
Fig. 4b), indicating that the first solvation shell is composed
of water as ammonia is in the air–nanoparticle interface. No

Fig. 3 (a) The MD configuration containing the DMA–SA cluster. (b)
The re-optimized DMA–SA cluster by the QM method.
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Nammonia⋯HSA HB or Hammonia⋯OSA HB is detected (the red
area and the green area in Fig. 4a), and their statistics are
thereby obtained as zero (the red line and the green line
Fig. 4b). The results imply that the direct interactions of am-
monia–SA do not proceed in the air–nanoparticle interface.
This is because the direct interaction of ammonia with SA is
hindered by the first solvation shell composed of interfacial
water. Therefore, the nanoparticle is only stabilized but not
promoted to a larger size by ammonia in the air–nanoparticle
interface.

The HBs formed inside the bulk nanoparticle are also ana-
lyzed by the gĲr) and the integrations of gĲr) × r2 as shown in
Fig. 4c and d. Neither the Nammonia⋯Hwater HB nor
Hammonia⋯Owater HB is observed inside the bulk nanoparticle
(the orange area and the blue area in Fig. 4c), and their sta-
tistics are hence zero (the orange line and the blue line in
Fig. 4d). Therefore, the direct interaction of ammonia–water
is not proven inside the bulk nanoparticle. The
Hammonia⋯OSA HB is not formed inside the bulk nanoparticle
(the green area in Fig. 4c), and the statistics is zero (the green
line in Fig. 4d). However, the Nammonia⋯HSA HB is detected
inside the bulk nanoparticle (the red area in Fig. 4c). Hence,
the direct interaction of ammonia–SA occurs inside the nano-
particle. The statistics of the Nammonia⋯HSA HBs formed in-
side the nanoparticle is calculated to be 4.5 (the red line in
Fig. 4d) which is four times that of the Nammonia⋯Hwater HBs

formed in the air–nanoparticle interface. This means that the
first solvation shell is recomposed of SA as ammonia is in-
side the bulk nanoparticle. Within the first solvation shell in-
side the bulk nanoparticle, the Nammonia⋯HSA HB would pro-
mote the proton transfer from SA to ammonia. Thus, the
reaction of ammonia–SA is facilitated to proceed inside the
bulk nanoparticle.

To further confirm the reaction of ammonia–SA occurring
inside the bulk nanoparticle, the ammonia–SA cluster is also
extracted from each MD configuration when ammonia is in-
side the bulk nanoparticle (Fig. 5a). The ammonia–SA cluster
is composed of ammonia and SA directly interacting with

Fig. 4 The radial distribution function gĲr)s and the integrations of gĲr) × r2 for the HBs formed in the air–nanoparticle interface (Fig. 4a and b) and
inside the bulk nanoparticle (Fig. 4c and d). The curves for the Nammonia⋯HSA HB, Hammonia⋯OSA HB, Nammonia⋯Hwater HB and Hammonia⋯Owater HB
are shown as the red line, the green line, the orange line and the blue line, respectively.

Fig. 5 (a) The MD configuration containing the ammonia–SA cluster.
(b) The re-optimized ammonia–SA cluster by the QM method.
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ammonia. Among the five hundred ammonia–SA clusters, the
most stable cluster is re-optimized by the QM method and
the results are shown in Fig. 5b. The length of the original
Nammonia⋯HSA HB and HSA–OSA bond of SA is found to be
1.72 Å and 0.97 Å, respectively. After the reaction of ammo-
nia–SA inside the bulk nanoparticle, the proton bonded to SA
is transferred to the N of ammonia. The Nammonia–HSA bond
(the red solid line) is formed with a length of 1.03 Å. Mean-
while, the original HSA⋯OSA bond (the black dashed line) is
broken. The distance between HSA and OSA is stretched to
1.94 Å. As a result, ammonium bisulfate is formed inside the
bulk nanoparticle. The reaction of ammonia–SA is also veri-
fied by Kurtén et al.'s13 and Henschel et al.'s46 calculated re-
sults; however our results furthered revealed that the reaction
proceeds inside the bulk nanoparticle. This explains why the
aqueous SA inside the nanoparticle is the only source to react
with ammonia. The diffusion of gaseous SA is driven by the
gradient in the SA concentration. Consequently, the higher
concentration of gaseous SA than that of aqueous SA is a nec-
essary condition to make the interface reaction of ammonia–
SA happen. It can well explain the phenomenon observed in
the experiments where the growth of the nanoparticle ex-
posed to ammonia relies on the concentration of gaseous
SA.14,15

3.4 The environmental implications on the growth of
atmospheric nanoparticles

During the growth of a fresh nanoparticle, the SA concentra-
tion inside the bulk nanoparticle rises as the nanoparticle
grows during the new particle formation events.16 The SA
concentration used in our work is 59 wt% which is consid-
ered as a high level occurring in a concentrated nanoparti-
cle.16 To further identify whether DMA promotes the growth
of a less concentrated nanoparticle, another two DMA–SA–wa-
ter systems with lower SA concentration are also constructed
and compared with the above system. The SA concentrations
of the two systems are selected to be 20 wt% and 40 wt%, re-
spectively. The free energy profiles of the two diluted modes
of 20 wt% SA and 40 wt% SA were also calculated. As illus-
trated in Fig. 6, the free energy profiles of the two diluted
DMA–SA–water systems are compared with the 59 wt% SA
system. The free energy difference from point c-2 to point c-3
is calculated to be 2.7 kcal mol−1 for the 20 wt% SA system
and 2.2 kcal mol−1 for the 40 wt% SA system, respectively.
The free energy difference is comparable to 2.9 kcal mol−1 for
the 59 wt% SA system. This implies that the heterogeneous
reactions of DMA with solutes also more readily proceed in
the air–nanoparticle interface of the less concentrated nano-
particles. In order to confirm the heterogeneous reactions
proceeding in the interface of the less concentrated nano-
particles, the HBs formed in the 20 wt% SA-system and 40
wt% SA-system are further analyzed by RDFs in Fig. S5 and
S6.† In the 20 wt% SA-system, as shown in Fig. S5a,†
HDMA⋯OSA, HDMA⋯Owater and HDMA⋯Owater HBs are
detected. Within the distance of 2.5 Å to DMA, their coordi-

nation numbers are 0.2, 0.7 and 2.2. The NDMA⋯HSA HB is
not formed (Fig. S5b†). Thus, in the 20 wt% SA-system, the
first solution shell is mainly composed of water molecules
with a few SA molecules in the air–nanoparticle interface. In
contrast, in the interface of the 59 wt% SA-system, the firs so-
lution shell is mainly composed of SA molecules with a few
water molecules. Hence, the heterogeneous reactions of
DMA–SA less efficiently proceed in the 20 wt% SA-system
than in the 59 wt% SA-system. In the 40 wt% SA-system, as
displayed in Fig. S6a,† NDMA⋯HSA, HDMA⋯OSA, HDMA⋯Owater

and HDMA⋯Owater HBs are all formed in the air–nanoparticle
interface. In particular, the peak of the NDMA⋯HSA HB is ob-
viously higher than any other peak of the other HBs, imply-
ing the strong interaction of DMA with SA. The coordination
numbers are 1.5, 0.1, 0.6 and 0.9 for NDMA⋯HSA, HDMA⋯OSA,
HDMA⋯Owater and HDMA⋯Owater HBs, respectively (Fig. S6b†).
Hereby, the first shell is composed of more SA molecules
than water molecules. This indicates that the DMA–SA reac-
tions more efficiently occur than DMA–water reactions in the
40 wt% SA system. Hence, DMA possibly promotes the
growth of the less concentrated nanoparticles. The SA con-
centration rises as the nanoparticle grows, and further in-
hibits the diffusion of gaseous SA into the bulk nanoparticle.
Therefore, the reaction of ammonia–SA is hindered inside
the bulk nanoparticle. The reaction of DMA–SA is found to
be independent from the concentration of gaseous SA; hence
the reaction of DMA–SA could sustainably proceed in the air–
nanoparticle interface. As a result, DMA becomes more com-
petitive in promoting the nanoparticle growth than ammonia
as the acidity is gradually concentrated. It is speculated that
DMA would promote the sustainable growth of the nanoparti-
cle during the NPF events where the acidity of the nanoparti-
cle is concentrated.

Our above results clarified that the heterogeneous reaction
of DMA is different from that of ammonia in promoting the
growth of the nanoparticle. In the DMA–SA–water system, the
first solvation shell is composed of SA and water around
DMA in the air–nanoparticle interface as shown in the green
circle in Fig. 7a. After DMA is dissolved inside the bulk

Fig. 6 Free energy profile of DMA varying with different SA
concentrations.
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nanoparticle, the first solvation shell is recomposed of water
as shown in the blue circle in Fig. 7a. Thus, the cluster of
DMA–SA is favored to form in the air–nanoparticle interface
(Fig. 7b). For the concentrated nanoparticle, gaseous SA is
difficult to diffuse into the bulk nanoparticle because the
aqueous SA concentration in the concentrated nanoparticle is
higher than that of gaseous SA in the air. Nevertheless, DMA
can directly capture gaseous SA approaching the air–nanopar-
ticle interface. Thus, DMA will simultaneously react with gas-
eous and aqueous SA, which ensures that the reaction of
DMA–SA efficiently proceeds in the concentrated nanoparti-
cle. But, in the ammonia–SA–water system, the first solvation
shell is composed of interfacial water as ammonia occurs in
the air–nanoparticle interface (the blue circle in Fig. 7c). This
inhibits the formation of the ammonia–SA cluster in the air–
nanoparticle interface. After ammonia is moved into the bulk
nanoparticle, the first shell is recomposed of SA (the green
circle in Fig. 7c). The formation of the ammonia–SA cluster is
subsequently confirmed inside the bulk nanoparticle
(Fig. 7d). The diffusions of gaseous SA are driven by the gra-
dient in the SA concentration; therefore the lower SA concen-
tration inside the bulk nanoparticle than that in the air is a
necessary condition for the reaction of ammonia–SA. Accord-
ingly, it is not likely that ammonia will promote the growth
of the concentrated nanoparticle.

As amines and ammonia are two kinds of strong bases
that neutralize SA in the atmosphere, it is believed that there

is a competitive relationship between them. This work stated
that the ammonia–SA reactions more efficiently occur in the
fresh nanoparticle. Moreover, the concentration of ammonia
is 2–3 orders of magnitude higher than that of DMA in the at-
mosphere.13 Hence, it is plausible that the ammonia–SA reac-
tion is more competitive than the DMA–SA reaction on the
fresh nanoparticle. This conclusion is also confirmed by the
experimental work which confirms that the heterogeneous
uptake coefficient of ammonia is larger than that of
amines.16 Accordingly, the growth of the fresh nanoparticle is
more promoted by ammonia. In the NPF event, the fresh
nanoparticle becomes concentrated with a higher SA concen-
tration inside. Based on Qiu et al.'s work, the displacement
reaction between amines and ammonium is irreversible.47 It
is also verified that the displacement would completely finish
within a few seconds in sub-3 nm nanoparticles. Hereby, un-
der enough DMA source, DMA–SA reactions will efficiently
proceed in the concentrated nanoparticle. The growth of the
concentrated nanoparticle is promoted by DMA after a quick
displacement reaction between DMA and ammonium.

4. Conclusions

The heterogeneous reaction of dimethylamine/ammonia with
sulfuric acid to promote the growth of atmospheric nano-
particles was investigated in detail in this work. Complemen-
tary to experimental methods, the combined theoretical
methods of MD and QM were applied to compare the hetero-
geneous reactions of DMA and ammonia in the air–nanopar-
ticle interface as well as inside the bulk nanoparticle. The re-
sults verified that the interface reaction mechanism of DMA
in promoting atmospheric nanoparticle growth is different
from that of ammonia. DMA more easily approaches the air–
nanoparticle interface than ammonia, thus it is more likely
that the interface heterogeneous reaction of DMA with SA will
occur than that of ammonia. In the DMA–SA–water system,
the DMA–SA cluster is formed within the first solvation shell
in the air–nanoparticle interface. This indicates that the reac-
tion of DMA with SA is independent from the concentration
of gaseous SA in the atmosphere. In contrast, in the ammo-
nia–SA–water system, the ammonia–SA cluster readily forms
inside the bulk particle. Thereby, the reaction of ammonia
with SA is dependent on the concentration of atmospheric
SA. The difference in the mechanism of the heterogeneous
reaction of DMA and ammonia with SA further results in
DMA being more competitive than ammonia in promoting
the growth of the concentrated nanoparticle. However, con-
sidering the 2–3 orders of magnitude higher concentration of
ammonia than that of DMA in the atmosphere,13 ammonia
more efficiently promotes the growth of the fresh nanoparti-
cle than DMA. The results of the two diluted models
constructed to explain why DMA would promote the sustain-
able growth of the nanoparticle during the NPF events where
the acidity of the nanoparticle is concentrated are also
reported.

Fig. 7 Difference in the mechanism of DMA and ammonia in
promoting the growth of atmospheric nanoparticles. (a) The first
solvation shell formed in the DMA–SA–water system. (b) DMA–SA
reaction occurring in the air–nanoparticle interface. (c) The first
solvation shell formed in the ammonia–SA–water system. (d)
Ammonia–SA reaction occurring inside the bulk nanoparticle.
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