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Hydration of 3-hydroxy-4,4-dimethylglutaric acid
with dimethylamine complex and its atmospheric
implications†
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Atmospheric aerosols have a tremendous influence on visibility, climate, and human health. New particle

formation (NPF) is a crucial source of atmospheric aerosols. At present, certain field observations and

experiments have discovered the presence of 3-hydroxy-4,4-dimethylglutaric acid (HDMGA), which may

participate in NPF events. However, the nucleation mechanism of HDMGA has not been clearly

understood. In addition, dimethylamine (DMA) is an important precursor of nucleation. The nucleation

mechanism involving HDMGA and DMA has not been studied. In this study, the most stable structures of

(HDMGA)(H2O)n (n = 0–3) and (HDMGA)(DMA)(H2O)n (n = 0–3) were obtained by using M06-2X coupled

with the 6-311++G(3df,3pd) basis set. The a-carboxyl group is directly attached to the amino group in

all the most stable configurations. Proton transfer enhances the strength of a hydrogen bond, as well as

promotes the generation of a global minimum structure. Temperature has a considerable influence on

the distribution of isomers for (HDMGA)(DMA)(H2O)3 as compared to the other investigated clusters. The

Gibbs free energy values reveal that most of the clusters can exist in NPF, except for (HDMGA)(H2O)1.

The process of adding a cluster of (H2O)n more likely occurs in the atmosphere than gradually adding a

single water molecule.

1. Introduction

Atmospheric aerosols, which are formed by suspended solid or
liquid small particles in gaseous media, have a tremendous
impact on Earth’s climate, human health, and so on.1–4 The
scattering and absorption of solar radiation reduce atmospheric
visibility and change the balance of solar radiation, which is a
direct environmental impact of atmospheric aerosols.1,4 New
particle formation (NPF) through gas-to-particle transformation
contributes toward an increase in the number of aerosol particles,
which is more than half of the cloud condensation nuclei
(CCN).2,5,6 NPF comprises two processes:7–10 forming a critical

nucleus and further growth of this critical nucleus.9,11 The first
step of nucleation is vital because the critical nucleus may
affect the population and nucleation rate. Even though the
nucleation mechanisms have been investigated since a long
time, the precise chemical compounds and procedures at the
molecular cluster level have several uncertainties.9,12 It is
difficult to understand the nucleation events in the ocean area
by the binary homogeneous nucleation of sulfuric acid and
water, suggesting that other atmospheric components may be
involved in the nucleation process.9,12,13

The formation of atmospheric aerosols is partly because of
biological and anthropogenic sources. Primary aerosols are
pollutants, which are directly released into the atmosphere;
secondary organic aerosols (SOA) are generated through the
oxidation of anthropogenic and biogenic volatile organic com-
pounds (VOCs) with oxidants like nitrogen oxides (NOx), ozone
(O3), and OH radicals.14–17 SOA, as an important part of atmo-
spheric aerosols, account for about 20–80% of the overall
organic aerosol mass.18 Biogenic VOCs (BVOCs), mainly including
isoprene (C5H8) and monoterpene (C10H16), are primary global
SOA precursors rather than anthropogenic VOCs.19,20 Previous
studies have revealed that global terpene emissions are
approximately 120–480 Tg y�1,19 which is larger than global
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anthropogenic VOCs emissions (100 Tg y�1).21 Some researchers
have indicated that the emission factor of monoterpenes is much
lower than that of isoprene;19,22 however, the SOA yield of mono-
terpenes is 16 times that of isoprene.23 In Hong Kong,24 the
US,25,26 and the Arctic region,27 the predominant SOA precursors
were monoterpenes. Monoterpenes—a kind of BVOC—can be
oxidized into SOA via different oxidants, such as NOx, O3, and OH
radicals.28,29 The estimated annual global emission rate of mono-
terpenes is about 127 Tg, the main contributor being conifers with
a-pinene.19 Different SOA tracers can facilitate researchers to
understand the formation processes of SOA and acquire impor-
tant information about precursors.15,24,27,30–32 Organic species,
such as monoterpene SOA tracers, namely, cis-pinonic acid and
pinic acid, form an important part of newly formed particles
(3–5 nm in diameter).33 In a recent study, M. Claeys et al.16 found
a novel compound in two different places, namely, (1) 3-hydroxy-
4,4-dimethylglutaric acid as the a-pinene tracer with the chemical
characteristics of trifunctional hydroxy dicarboxylic acids in PM2.5

(fine particulate matter) field samples with mixed deciduous and
coniferous vegetation and (2) in an irradiated a-pinene/NOx smog
chamber. PM2.5

34 refers to particles with aerodynamic diameters
equal to or less than 2.5 mm. Later, it was found again over oceans
from the Arctic to the Antarctic.35 The abbreviation of 3-hydroxy-
4,4-dimethylglutaric acid is HDMGA. In view of the trifunctional
hydroxy dicarboxylic acids of HDMGA (including dicarboxylic acid
and one hydroxyl group), it may be logical to form hydrogen
bonds with steady homo- and heteromolecular clusters, such as
the bifunctional compounds of pinic, pinonic, and norpinic
acids,36 and they may participate in NPF and further growth
processes.2,13 In general, the occurrence of the compound in both
laboratory and field measurements suggests that it may be an
important SOA tracer, which needs further study. Taking into
account the complexity and variability of the atmosphere, the
specific nucleation mechanism of HDMGA cannot be clearly
understood; therefore, theoretical calculations have been carried
out to investigate its possible reactions in nucleation processes.

Amines37–40 and organic acids9 involved in atmospheric
aerosol nucleation have been found in many field observations.
When compared with monocarboxylic acids, dicarboxylic acids
with lower saturation vapor pressures may participate in NPF.41

Previous studies have shown the involvement of amines in NPF
events.37 In addition, for NPF, some evidences show that
amines may play a key role in laboratory studies and field
observations.38–40 Dimethylamine (DMA), the most common
and strongest organic base in air,42,43 can react with different
acids, which may be accompanied by proton transfer, enhancing
reactions with other clusters. In experiments using the CLOUD
chamber at CERN, the NPF rate of DMA with concentrations over
3 ppt is more than 3 orders of magnitude higher than that of
ammonia.40 Amines and dicarboxylic acids are likely to be
involved in reactions at the molecular cluster levels.44,45

According to previous studies, DMA and HDMGA are
involved in NPF events, but the mechanism of NPF, particularly
the nucleation mechanism between HDMGA and DMA, has not
been clearly understood. In this work, the possible ways of under-
standing ternary nucleation by HDMGA and DMA with water and

binary nucleation by HDMGA with water are investigated.
Topological analysis, temperature effect, hydration effect, and
thermochemical analysis of different clusters containing
HDMGA, DMA, and water are also explored.

2. Computational methods

The basin hopping (BH) algorithm46–48 coupled with DFT were
used to obtain the initial structures of (HDMGA)(H2O)n (n = 0–3)
and (HDMGA)(DMA)(H2O)n (n = 0–3), a generalized gradient
approximation in the Perdew–Burke–Ernzerhof (PBE) func-
tional and the double numerical plus d-functions (DND) basis
set implemented in the DMol48 software package.49 Our previous
studies50–57 have indicated that the BH method is appropriate for
atomic and molecular systems.

To obtain the local minimum structures with the BH method,
two steps need to be executed. Firstly, the initial configurations
were obtained through the random displacement of atoms; then,
the configurations were optimized to the local energy minima.
Secondly, the optimized local energy minima were considered as
the criteria to accept or reject the initial structure, which was
controlled by the Boltzmann weight factor and temperature
ranging from 1000 to 5000 K in this study.58–61 Then, 30 initial
lowest-energy geometries were selected to be optimized.55,62

The initial geometries of (HDMGA)(H2O)n (n = 0–3) and
(HDMGA)(DMA)(H2O)n (n = 0–3) were first optimized at the
M06-2X/6-31++G(d,p) level. After that, the isomers located
within 6 kcal mol�1 related to the global minimum were further
optimized by the M06-2X/6-311++G(3df,3pd) level of theory to
obtain the final geometries.63,64 Performing simple optimization
followed by fine optimization can save more time to obtain the final
configurations than only using the M06-2X/6-311++G(3df,3pd) level
of theory. To ensure that the final configurations do not eliminate
the imaginary frequencies, frequency calculations were also
performed. Equilibrium geometries and frequency calculations
were carried out by the Gaussian09 program;65 simultaneously,
the thermochemistry of the clusters were obtained at 298.15 K
and 1 atm.

Oxalic acid is a representative dicarboxylic acid that is
widespread in the atmosphere, and our earlier benchmark
work66 involving oxalic acid and DMA clusters by using
M06-2X, PW91PW91, and wB97X-D DFT functionals compared
against the higher-level CCSD(T)-F12a/VDZ-F12 indicated
M06-2X was suitable for (C2H2O4)m(DMA)(H2O)n (m = 1–2,
n = 0–4) systems. Jonas Elm et al.67 indicated that the perfor-
mance of the M06-2X functional using the 6-311++G(3df,3pd)
basis set is excellent with regard to determining both geo-
metries and energies than the traditional PW91 functional, at
the same standard of experimental results. The M06-2X func-
tional was selected owing to its good performance in estimating
stable structures, thermochemistry, and noncovalent interactions
(NCIs) for different atmospheric clusters67–71 containing organic
acids and showed good compromise in accuracy in comparison
with computational cost.72 The 6-311++G(3df,3pd) basis set was
selected because it was widely used in atmospheric clusters.73–81
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As compared to ab initio MP2 and higher-level methods, DFT is
more suitable for investigating large clusters in view of the large
computational cost; therefore, M06-2X/6-311++G(3df,3pd) was
selected.82

3. Results and discussion
3.1 Structures

The geometries of (HDMGA)(H2O)n (n = 0–3) and (HDMGA)-
(DMA)(H2O)n (n = 0–3) are optimized at the M06-2X/
6-311++G(3df,3pd) level, and the global minimum structures
are shown in Fig. 1 and 2, respectively. All the low-energy
structures are listed in ESI.† In all the figures, the Gibbs free
energies are ordered as a o b o c o d o e o f o g o h o i o j.

The notation m.n-i is used to represent different geometries,
where m-1 and n are the notations for the different numbers of
DMA and water molecules, respectively, and i is used to
distinguish between various isomers with the same amount
of HDMGA, DMA, and water. In order to distinguish between
two carboxyl groups in HDMGA, the carboxyl attached to a
single carbon atom is called the a-carboxyl group, and the
carboxyl attached to a methylene is called a b-carboxyl group.

(HDMGA)(H2O)n (n = 0–3). Fig. 1 shows the optimized global
minima of HDMGA with 0–3 water molecules. For (HDMGA)(H2O)1

dimer, the water molecule bonds to a-carboxyl, forming the O� � �H
hydrogen bond with a distance of 1.757 Å. For (HDMGA)(H2O)2,
two water molecules and one HDMGA molecule form a three-
membered ring with b-carboxyl. The three-membered ring is
made up of three O� � �H hydrogen bonds, with successively
increasing lengths of 1.640 Å, 1.740 Å, and 1.791 Å. When a

third water molecule is added to HDMGA, there are four O� � �H
hydrogen bonds in the lowest-energy configuration. The hydrogen
bond with a length of 1.585 Å between the b-carboxyl and oxygen
atom of water is the strongest than any other hydrogen bonds in
the configuration. The second water molecule bonds to the
hydrogen atom of the initial water with a length of 1.747 Å. The
third water links with the second water and external hydroxyl,
forming two O� � �H hydrogen bonds with distances of 1.762 Å and
1.933 Å. It is obvious that when the second or third water is added
to HDMGA, b-carboxyl begins to form O� � �H hydrogen bonds
instead of a-carboxyl, which may be caused by the space steric
effect. In addition, for 1.2-a and 1.3-a, the strength of hydrogen
bonds from the hydrogen atom of the b-carboxyl group to the end
of the ring gradually weakens.

(HDMGA)(DMA)(H2O)n (n = 1–3). When one DMA molecule
is added to (HDMGA)(H2O)n (n = 1–3), the optimized global
minimum clusters are shown in Fig. 2. For the (HDMGA)(DMA)
dimer, two kinds of hydrogen bonds exist: the intramolecular
hydrogen bond formed between hydroxyl and a-carboxyl with
the length of 1.994 Å, and the intermolecular hydrogen bond
formed between the amino and carboxyl has a length of 1.611 Å.
For (HDMGA)(DMA)(H2O)1, based on the cluster 2.0-a, two other
new hydrogen bonds appear, forming a ring between the water
molecule and b-carboxyl. It is obvious that the intramolecular
hydrogen bond of 2.1-a with a length of 1.988 Å is stronger than
that of 2.0-a; however, the intermolecular hydrogen bond of
2.1-a with a length of 1.621 Å is weaker than that of 2.0-a. For
(HDMGA)(DMA)(H2O)2, proton transfer occurs from the oxygen
atom of a-carboxyl to the nitrogen atom of the amino group, which
indicates that water plays a crucial role in the proton transfer. The
oxygen atom of a-carboxyl forms three hydrogen bonds. The first

Fig. 1 Global minima of (HDMGA)(H2O)n (n = 0–3) calculated at the M06-2X/6-311++G(3df,3pd) level.
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one is an intramolecular hydrogen bond, which connects
a-carboxyl with hydroxyl. The second one connects to water,
acting as a bridge between the two carboxyl groups. The
third one, connected with a single water molecule, has the
strongest hydrogen bond with a distance of 1.764 Å. For
(HDMGA)(DMA)(H2O)3, all the hydrogen bonds make the
cluster look like a cage. Proton transfer also occurs in this
cluster with a-carboxyl as the donor and nitrogen atom as the
acceptor.

In conclusion, adding a DMA molecule to (HDMGA)(H2O)n

(n = 1–3) promotes the formation of intramolecular hydrogen
bonds, which imparts additional stability to the structure.
Proton transfer is affected by the degree of hydration of
(HDMGA)(DMA) clusters. When adding two or three water
molecules, proton transfer takes place. In addition, a-carboxyl
binds to DMA and forms an intramolecular hydrogen bond,
which may be induced by the space steric effect.

3.2 Analysis of topological parameters

In this section, the topological parameters in the global
minima of (HDMGA)(DMA)(H2O)n (n = 0–3) will be discussed.
As shown in Table 1, when the number of water molecules
increases from 0 to 3, the length of H–N� � �H–O gets progres-
sively shorter, except for n = 1; however, the deviation is
marginal. It is obvious that when the second water is added
to (HDMGA)(DMA)(H2O)1, the length of H–N� � �H–O exhibits
a sharp decline. In order to further explore the nature of
the hydrogen bonds on the stability of the global minimum
structures, the ‘‘atoms in molecules’’ (AIM) theory of Bader is
used to analyze the features at the bond critical points (BCPs) of
N–H� � �O and O–H� � �O bonds.83–87 The topological analysis of

the electron density is an important part of AIM theory, which
reveals the presence of the redistribution of electron density at
the hydrogen bond.88 The parameters at BCPs of N–H� � �O and
O–H� � �O bonds are supported by topological analysis, including
the electron density (r); Laplacian of electron density (D2r); and
electronic energy density (H), which is the sum of the electronic
kinetic energy density (G) and electronic potential energy
density (V). All the topological parameters at the BCPs of
N� � �H and O� � �H hydrogen bonds are presented in Tables 1
and 2, including the length of hydrogen bonds calculated at the
M06-2X/6-311++G(3df,3pd) level. The topological analysis of the
AIM theory was carried out by the Multiwfn program.89

Table 1 shows that as the number of water molecules
increases up to two, the length of the H–N� � �H bond rapidly
decreases from 1.621 Å to 1.089 Å. On the contrary, the
electronic density sharply increases from 0.0695 a.u. to
0.2822 a.u., which means the strength of the hydrogen bond
increases. The value of the electronic density at the BCPs
indicates the strength of the interaction; in other words, the
larger the electronic density, the stronger is the hydrogen
bond.90,91 Proton transfer occurs from the oxygen atom of the

Fig. 2 Global minima of (HDMGA)(DMA)(H2O)n (n = 0–3) calculated at the M06-2X/6-311++G(3df,3pd) level.

Table 1 N� � �H distances (Å) and topological parameters at the inter-
molecular bond critical points (BCPs) of the N� � �H hydrogen bonds in
the global minima of (HDMGA)(DMA)(H2O)n (n = 0–3) calculated at the
M06-2X/6-311++G(3df,3pd) level of theory

n D(N� � �HO)/Å r/a.u. G/a.u. V/a.u. H/a.u. D2r/a.u. �G/V

0 1.611 0.0712 0.0408 �0.0701 �0.0293 0.0462 0.5820
1 1.621 0.0695 0.0402 �0.0683 �0.0281 0.0482 0.5886
2 1.089 0.2822 0.0486 �0.4912 �0.4427 �1.5763 0.0989
3 1.073 0.2965 0.0482 �0.5203 �0.4722 �1.6959 0.0926
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a-carboxyl to the nitrogen atom of amino in (HDMGA)-
(DMA)(H2O)2; therefore, the second water may trigger proton
transfer in the cluster. However, when the second water is
added to (HDMGA)(H2O)1, no proton transfer occurs; therefore,
DMA is essential for proton transfer.

The strength of the hydrogen bond is determined by the D2r
and H values. When both D2r and H are positive, the hydrogen
bond is weak. When D2r is positive and H is negative, it is
termed as a medium hydrogen bond. When both D2r and H are
negative, the hydrogen bond is strong.87 The D2r value is used
to distinguish between covalent or NCI. In shared interactions,
such as in a covalent bond, the D2r value is negative. In closed-
shell interactions, that is hydrogen bonds, ionic interactions, or
van der Waals forces, the D2r value is positive.83 Therefore,
these criteria are used to characterize different hydrogen bonds
in the global minima of (HDMGA)(DMA)(H2O)n (n = 0–3). For
(HDMGA)(DMA) and (HDMGA)(DMA)(H2O)1 clusters, D2r 4 0
and H o 0 suggest medium hydrogen bonds. For (HDMGA)-
(DMA)(H2O)2 and (HDMGA)(DMA)(H2O)3 clusters, both D2r
and H are negative, indicating strong hydrogen bonds in the
closed-shell interactions, which mean hydrogen bonds transform
into covalent interactions. It is consistent with the description of
the structural section.

In contrast with intermolecular hydrogen bonds, the topo-
logical analyses of the intramolecular hydrogen bonds at
O–H� � �O in HDMGA were also carried out, and the topological
parameters at O–H� � �O of the global minima of (HDMGA)-
(DMA)(H2O)n (n = 0–3) are shown in Table 2.

As the number of added water molecules increased from
0 to 3, the lengths of intramolecular hydrogen bonds at OH� � �O
are 1.994 Å, 1.988 Å, 1.868 Å, and 1.861 Å, respectively. On the
contrary, the electron densities are 0.0246 a.u., 0.0249 a.u.,
0.0322 a.u., and 0.0327 a.u., respectively. The sudden increase
in the electron density from 0.0249 a.u. to 0.0322 a.u. is
probably attributed to the intermolecular proton transfer. For
(HDMGA)(DMA) and (HDMGA)(DMA)(H2O)1 clusters, D2r 4 0
and H 4 0 indicate weak intramolecular hydrogen bonds. For
(HDMGA)(DMA)(H2O)2 and (HDMGA)(DMA)(H2O)3, D2r 4 0
and H o 0 indicate medium intramolecular hydrogen bonds.
The changes from weak hydrogen bonds to strong hydrogen
bonds are related to the proton transfer in (HDMGA)(DMA)(H2O)2.
Proton transfer changes the electron density and enhances the
strength of intramolecular hydrogen bonds. All the D2r values
at O–H� � �O in intramolecular hydrogen bonds are positive,
indicating that the interactions are noncovalent.92

In conclusion, as presented in Tables 1 and 2, the maximum
length of the intermolecular hydrogen bond (1.621 Å) is shorter
than the minimum length of the intramolecular hydrogen
bond (1.861 Å). Therefore, the strength of the intermolecular
hydrogen bonds is stronger than the intramolecular hydrogen
bonds, that is, intermolecular hydrogen bonds are dominant in
clusters. The dramatic increase in the electron density in the
(HDMGA)(DMA)(H2O)2 cluster proves that proton transfer has
occurred. The occurrence of proton transfer also enhances the
strength of the intramolecular hydrogen bond.

3.3 Analysis of NCIs

Yang and coworkers93 presented the NCI index based on the
relationship between the reduced density gradient and electron
density. The reduced density gradient (RDG), s, was calculated
to represent the deviation from a homogeneous electron
distribution.94,95 As presented in eqn (1), r is the gradient
operator and |rr| is the electronic density gradient mode.
According to previous studies, it is a useful approach to
determine and visualize different kinds of NCIs in real space,
such as hydrogen bonds and van der Waals forces. Therefore,
the NCI index is used to investigate NCIs in (HDMGA)(H2O)n

(n = 1–3).

s ¼ 1

2ð3p2Þ1=3
jrrj
r4=3

(1)

The value of sign(l2)r is an effective indicator of the strength
of the interaction, which determines the color that is painted in
the gradient isosurface.93 When the value of sign(l2)r is large
and negative, the interaction forms a hydrogen bond; when the
value of sign(l2)r is close to zero, it means that the interaction
is weak, such as van der Waals forces; when the value of
sign(l2)r is large and positive, the interaction is nonbonding.
The gradient isosurfaces display a vivid visualization of the
strength of NCIs, not just simple connections between atoms.

The plots of RDG (s) vs. electron density (r) multiplied by the
sign of the second Hessian eigenvalue (l2) and corresponding
isosurfaces for the global minima of (HDMGA)(H2O)n (n = 1–3)
are shown in Fig. 3, which are obtained by using the Multiwfn89

and VMD96 programs, respectively. The color of RDG (s) vs.
sign(l2)r and the isosurfaces have the same meaning; blue
color represents hydrogen bonds; green, van der Waals forces;
and red, steric hindrance. The darker the corresponding color,
the stronger is the interaction. According to the isosurfaces,
there are 1, 3, and 4 hydrogen bonds in (HDMGA)(H2O)1,
(HDMGA)(H2O)2, and (HDMGA)(H2O)3, respectively. In the case
of Fig. 3(b), the depth of the color is also consistent with the
abovementioned strength of hydrogen bonds. From the hydrogen
atom of the carboxyl to the oxygen atom of the carboxyl, the
strength of the hydrogen bond gradually weakens, and the blue
color gradually becomes lighter. In the case of Fig. 3(c), it is
obvious that there are four hydrogen bonds from the hydrogen
atom of the carboxyl to the oxygen atom of the hydroxyl, and
the strength decreases, in turn, corresponding to the color of

Table 2 O� � �H distances (Å) and topological parameters at the intra-
molecular BCPs of the O� � �H hydrogen bonds in the global minima of
(HDMGA)(DMA)(H2O)n (n = 0–3) calculated at the M06-2X/6-311++G(3df,3pd)
level of theory

n
d(O� � �HO)/
Å r/a.u. G/a.u. V/a.u. H/a.u.

D2r/
a.u. �G/V

0 1.994 0.0246 0.0229 �0.0211 0.1779 � 10�2 0.0986 1.0853
1 1.988 0.0249 0.0233 �0.0215 0.1767 � 10�2 0.1002 1.0837
2 1.868 0.0322 0.0294 �0.0295 �0.7426 � 10�4 0.1173 0.9966
3 1.861 0.0327 0.0299 �0.0301 �0.2161 � 10�3 0.1188 0.9934
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RDG (s) vs. sign(l2)r map. All the results are consistent with those
mentioned in the structural section.

3.4 Temperature dependence of conformational populations

As the temperature changes in the atmosphere, the thermo-
dynamic properties of different configurations may change,
which, in turn, affects the order of the conformational
populations.55,56 Therefore, it is necessary to investigate the
temperature dependence of conformational populations
including (HDMGA)(H2O)n (n = 1–3) and (HDMGA)(DMA)(H2O)n

(n = 0–3). However, it is difficult to undertake experiments
under low-temperature conditions because of the increasing
wall losses of the clusters. Fortunately, theoretical calculations
can predict the possible results. Fig. 4 shows the temperature

dependence of (HDMGA)(H2O)n (n = 1–3) and (HDMGA)(DMA)-
(H2O)n (n = 0–3) at 100, 150, 200, 250, 298.15, and 300 K. In this
study, W denotes water.

For the (HDMGA)(H2O)1 dimer, it is distinctly evident that
the proportion of 1.1-a decreases from 55.6% to 38.8% in the
range of 100–300 K. As a comparison, the proportion of 1.1-c
increases from 11.6% to 22.5%. For (HDMGA)(H2O)2 (Fig. 4(b)),
the proportion of 1.2-a steadily decreases from 85.5% to 54.8%
in the range of 100–300 K. The isomers of 1.2-b, 1.2-c, and 1.2-d
have similar trends. For (HDMGA)(H2O)3 (Fig. 4(c)), the most
prevalent conformer is 1.3-a in the range of 100–300 K; the
share of 1.3-a marginally decreases from 87.7% to 76.6%. The
proportion of 1.3-b, which is the second stable isomer, is
maintained at about 12% in the range of 100–300 K. The third

Fig. 3 Noncovalent interaction (NCI) analysis in the global minima of (HDMGA)(H2O)n (n = 1–3) calculated at the M06-2X/6-311++G(3df,3pd) level.
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stable isomer is 1.3-c, which shows a slightly increasing trend
from 0.7% to 8.7%. Other isomers show negligible activity.

When the temperature reaches 300 K, the proportions of 1.3-b
and 1.3-c are approximately 11.6% and 8.7%, respectively.

Fig. 4 Conformational population changes vs. temperature for the low-energy isomers of (HDMGA)(H2O)n (n = 1–3) and (HDMGA)(DMA)(H2O)n
(n = 0–3) calculated at the M06-2X/6-311++G(3df,3pd) level.

PCCP Paper

Pu
bl

is
he

d 
on

 2
5 

Se
pt

em
be

r 
20

18
. D

ow
nl

oa
de

d 
by

 H
ef

ei
 I

ns
tit

ut
es

 o
f 

Ph
ys

ic
al

 S
ci

en
ce

, C
hi

ne
se

 A
ca

de
m

y 
of

 S
ci

en
ce

s 
on

 1
0/

22
/2

01
8 

1:
54

:1
3 

A
M

. 
View Article Online

http://dx.doi.org/10.1039/c8cp04029j


This journal is© the Owner Societies 2018 Phys. Chem. Chem. Phys., 2018, 20, 25780--25791 | 25787

For (HDMGA)(DMA)(H2O)1 (Fig. 4(e)), the proportion of the
most stable structure steadily decreases from 98.4% to 68.7%;
however, the proportion of the second stable structure steadily
increases from 1.3% to 18.8% in the range of 100–300 K. For
(HDMGA)(DMA)(H2O)2 (Fig. 4(f)), the most stable isomer, 2.2-a,
has a proportion of approximately 100% in the range of 100–
150 K; the presence of the other isomers is negligible in the
atmosphere. However, when the temperature exceeds 150 K,
the proportion of isomer 2.2-a decreases; at the same time, the
proportion of 2.2-b gradually increases. At 300 K, 2.2-a still
plays a dominant role with a proportion of 84.1%; 2.2-b only
has a proportion of 9.8%, and the presence of other isomers is
negligible. For (HDMGA)(DMA)(H2O)3 (Fig. 4(g)), the propor-
tion of the global minimum isomer, 2.3-a, has a sharp decline
from 92.8% to 30.7% in the range of 100–300 K. The second
and third stable isomers, 2.3-b and 2.3-c, exhibit a similar
trend: increasing from 3.3% to 29.2% and from 2.7% to
25.4%, respectively. There is a slight increase in the proportion
of 2.3-d in the range of 100–300 K.

In conclusion, for (HDMGA)(H2O)n (n = 1–3) and
(HDMGA)(DMA)(H2O)n (n = 0–3), it is obvious that the global
minimum isomers of 1.1-a, 1.2-a, 1.3-a, 2.0-a, 2.1-a, 2.2-a, and
2.3-a are always dominant in the range of 100–300 K. However,
for (HDMGA)(DMA)(H2O)3, 300 K may be a turning point,
beyond which the proportion of 2.3-b and 2.3-c may exceed
the most stable isomer, 2.3-a. In addition, when compared with
Fig. 4(a) and (e), Fig. 4(b) and (f), and Fig. 4(c) and (g), when
DMA was added, the stability of the global minimum clusters of
(HDMGA)(H2O)1 and (HDMGA)(H2O)2 increased; however, the
stability of the global minimum clusters of (HDMGA)(H2O)3

decreased. Therefore, DMA can promote the stability of hydra-
tion clusters to a certain extent. Fig. 4 shows that a change in
the temperature affects the distribution of isomers, particularly
for (HDMGA)(DMA)(H2O)3.

3.5 Thermochemical analysis

Studying the thermodynamic properties of different clusters
can effectively reveal the possibility of clusters’ formation in the
atmosphere. Therefore, the thermodynamic analyses of the
global minima in (HDMGA)(H2O)n (n = 1–3) and (HDMGA)-
(DMA)(H2O)n (n = 0–3) were carried out.

DE (0 K), DH (298.15 K), and DG (298.15 K) represent the
relative single-point energies, enthalpies, and Gibbs free energy
changes of the global minima between (HDMGA)(H2O)n (n = 1–3)
and (HDMGA)(DMA)(H2O)n (n = 0–3) clusters, respectively. DE (0 K)

is obtained by using two different reaction paths, as shown below.
DE1 is calculated by gradually adding a single H2O molecule, and
DE2 is calculated by adding a cluster of (H2O)n. In addition,
DH (298.15 K) and DG (298.15 K) are calculated in the same
manner. The calculation results obtained in path 1 and path 2
are listed in Tables 3 and 4, respectively.

DE1 = E(HDMGA)(DMA)(H2O)n
� E(HDMGA) � E(DMA) � nE(H2O)

(2)

DE2 = E(HDMGA)(DMA)(H2O)n
� E(HDMGA) � E(DMA) � E((H2O)n)

(3)

As presented in Table 3, all the DG values are negative,
except for those of (HDMGA)(H2O)1 (0.02 kcal mol�1), which
implies that all the reactions can spontaneously occur, except
for (HDMGA)(H2O)1. The DG value of (HDMGA)(DMA)(H2O)1 is
�3.24 kcal mol�1, which is �3.26 kcal mol�1 less than that
in (HDMGA)(H2O)1. Further, the DG values of (HDMGA)-
(DMA)(H2O)2 and (HDMGA)(H2O)2 are �2.91 kcal mol�1 and
�1.35 kcal mol�1, respectively; therefore, the DG value of
(HDMGA)(DMA)(H2O)2 is smaller than that of (HDMGA)(H2O)2

by about �1.56 kcal mol�1. The DG value of (HDMGA)(H2O)3

(�1.10 kcal mol�1) is smaller than that of (HDMGA)-
(DMA)(H2O)3 by about �2.23 kcal mol�1. In addition, when
HDMGA interacts with DMA, the change in the Gibbs free
energy reaches the most negative value, which is�3.65 kcal mol�1.
The addition of DMA facilitates the progress of the reaction and
increases the stability of the cluster, which is consistent with the
findings of the structural and temperature correlation analyses.

As presented in Table 4, the DG values of (HDMGA)-
(DMA)(H2O)2, (HDMGA)(H2O)2, (HDMGA)(DMA)(H2O)3, and
(HDMGA)(H2O)3 are �5.47 kcal mol�1, �3.90 kcal mol�1,
�5.26 kcal mol�1, and �4.14 kcal mol�1, respectively, which
is smaller than those calculated by path 1. The DE and
DH values for (HDMGA)(DMA)(H2O)2, (HDMGA)(H2O)2,
(HDMGA)(DMA)(H2O)3, and (HDMGA)(H2O)3 calculated by
path 2 are larger than those calculated by path 1. When
compared with path 1, all the DE and DH values calculated by
path 2 are larger, while the DG values are smaller, which
indicates that the process of adding a cluster of (H2O)n is more
likely in the atmosphere.

3.6 Atmospheric relevance

Previous studies97,98 have shown that hydration is essential for
the nucleation of amines and organic acids. The topological

Table 3 Thermodynamic properties calculated by gradually adding a single H2O molecule in the formation of (HDMGA)(H2O)n (n = 1–3) and
(HDMGA)(DMA)(H2O)n (n = 0–3) at the M06-2X/6-311++G(3df,3pd) level; the unit is kcal mol�1

Reaction DE (0 K) DH (298.15 K) DG (298.15 K)

HDMGA + H2O 2 (HDMGA)(H2O) �8.31 �8.74 0.02
HDMGA + 2H2O 2 (HDMGA)(H2O)2 �31.37 �19.28 �1.35
HDMGA + 3H2O 2 (HDMGA)(H2O)3 �27.10 �29.13 �1.10
HDMGA + DMA 2 (HDMGA)(DMA) �13.18 �12.90 �3.65
HDMGA + DMA + H2O 2 (HDMGA)(DMA)(H2O) �21.94 �22.46 �3.24
HDMGA + DMA + 2H2O 2 (HDMGA)(DMA)(H2O)2 �32.66 �34.06 �2.91
HDMGA + DMA + 3H2O 2 (HDMGA)(DMA)(H2O)3 �41.69 �44.12 �2.23
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analysis of (HDMGA)(DMA)(H2O)1 shows that the addition of
the second water triggers the proton transfer from HDMGA to
DMA by generating ammonium dicarboxylate ion pairs. To
determine the dominant cluster at a certain relative humidity
(RH), the hydrate distributions of the ‘‘core’’ (HDMGA)(DMA)
were calculated at various RHs at 298.15 K. The corresponding
calculation methods have been given in our previous studies.66,98

The results of the hydrate distribution at four different RHs
(20%, 40%, 60%, and 80%) are presented in Fig. 5. At RHs of
20%, 40%, 60%, and 80%, an unhydrated cluster is always
dominant; however, dihydrate and trihydrate clusters do not
exist. As the RH increases, the proportion of monohydrate
clusters slightly increases from 0 to 2%. In conclusion, increasing
the RH from 20% to 80% has a negligible effect on the hydrate
distribution of (HDMGA)(DMA) clusters, and the unhydrated
cluster is dominant all the time.

4. Conclusions

In this study, the nucleation mechanisms in the atmospheric
NPF of (HDMGA)(H2O)n (n = 1–3) and (HDMGA)(DMA)(H2O)n

(n = 0–3) are theoretically investigated by using the BH
algorithm coupled with the DFT functional of the M06-2X/
6-311++G(3df,3pd) level of theory. Structures, topological
parameters, NCIs, temperature effect, hydration, and thermo-
chemical analysis are explored.

The addition of DMA can promote the formation of intra-
molecular hydrogen bonds in HDMGA. The a-carboxyl group is
directly attached to the amino group in all the most stable
configurations, which may be caused by the space steric effect.
When adding two or three water molecules, the clusters induce
proton transfers from HDMGA to DMA. Such proton transfer
enhances the strength of the hydrogen bond, as well as
promotes the generation of a global minimum structure. The
analysis of the electron density reveals that intermolecular
hydrogen bonds play dominant roles as compared to intra-
molecular hydrogen bonds in (HDMGA)(DMA)(H2O)n (n = 0–3).

Temperature has a considerable influence on the configu-
ration distribution of isomers, particularly for (HDMGA)-
(DMA)(H2O)3. The Gibbs free energy values show that all the
clusters under investigation exist in the process of nucleation,
except for (HDMGA)(H2O)1, where (HDMGA)(DMA) is generated
much more easily than the other dimer clusters. The process of
adding a cluster of (H2O)n more likely occurs in the atmosphere
than gradually adding a single water molecule.

This work provides a readily available instrument to
understand the nucleation mechanism of HDMGA and DMA.
However, different problems still persist that need to be
investigated. For example, whether HDMGA can react with
other atmospheric compositions involving sulfuric acid or
not. Further field observations, theoretical calculations, and
experimental studies are necessary to investigate the possible
reactions under atmospheric conditions.
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Table 4 Thermodynamic properties calculated by adding a cluster of (H2O)n in the formation of (HDMGA)(H2O)n (n = 1–3) and (HDMGA)(DMA)(H2O)n
(n = 0–3) at the M06-2X/6-311++G(3df,3pd) level; the unit is kcal mol�1

Reaction DE (0 K) DH (298.15 K) DG (298.15 K)

HDMGA + H2O 2 (HDMGA)(H2O) �8.31 �8.74 0.02
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Fig. 5 Hydrate distributions of (HDMGA)(DMA)(H2O)n (n = 0–3) clusters at
the temperature of 298.15 K.
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