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Despite the very important role of atmospheric aerosol nucleation in climate change and air quality, the
detailed aerosol nucleation mechanism is still unclear. Here we investigated the formic acid (FA) involved
multicomponent nucleation molecular clusters including sulfuric acid (SA), dimethylamine (DMA) and
water (W) through a quantum chemical method. The thermodynamics and kinetics analysis was based
on the global minima given by Basin-Hopping (BH) algorithm coupled with Density Functional Theory
(DFT) and subsequent benchmarked calculations. Then the interaction analysis based on ElectroStatic
Potential (ESP), Topological and Atomic Charges analysis was made to characterize the binding features
of the clusters. The results show that FA binds weakly with the other molecules in the cluster while W
binds more weakly. Further kinetic analysis about the time evolution of the clusters show that even
though the formic acid’s weak interaction with other nucleation precursors, its effect on sulfuric acid
dimer steady state concentration cannot be neglected due to its high concentration in the atmosphere.

� 2018 Published by Elsevier B.V.
1. Introduction

Atmosphere new particle formation has attracted lots of
research for decades as they can influence the radiative forcing,
climate change and human health significantly. New particle
formation could be regarded as two distinct stages: nucleation
and subsequent growth [1]. Mostly, the free energy barrier
needs to be overcome for nucleation while the Kelvin barrier
needs to be surmounted for growth [2–4]. According to Inter-
governmental Panel on Climate Change (IPCC) 2013, the aerosol
effects (direct & indirect) on climate change have been the lar-
gest uncertainty. Recent simulation studies [5–7] indicate that
aerosol nucleation appears to dominate the total particle num-
ber concentration in many parts of the troposphere. However,
the detailed aerosol nucleation mechanism is still mysterious
even though many advances have been achieved in the recent
years [8–13].

In 2007, Kurtén et al. [14] and Nadykto et al. [15] independently
reviewed the advances obtained at that time for aerosol nucleation
molecular clusters studies and pointed out the significance of
applying quantum chemistry into atmospheric aerosol nucleation
area. From then on, till today, a large amount of quantum chemical
calculations papers have been published focusing on various sys-
tems including sulfuric acid, ammonia [16], amines [17], organic
acid [18–21] and organics oxidation products [22], especially
focusing on their thermodynamics. Very recently, the kinetic stud-
ies about them have got lots of attention due to their excellent
agreement between theoretical values and the experimental ones
[23]. The kinetics studies could be tracked back to the 90’s, how-
ever, the recent advances derived from the coupling between
quantum chemistry based thermodynamic data and the kinetic
birth-death equations [24].

In this study, one of the most popular organic acid in the atmo-
sphere, formic acid (FA) interacting with the other common aerosol
nucleation precursors including sulfuric acid (SA), dimethylamine
(DMA) and water (W) was investigated. First, the quantum chem-
ical method was benchmarked. Then after obtaining the global
minima, their binding features were given with the aid of Elec-
troStatic Potential (ESP) analysis. Then the interaction analysis
was made based on the analysis of topology and atomic charges.
Finally, the thermodynamics and kinetics were analyzed to inves-
tigate the relation between Gibbs free energy change and evapora-
tion rates as well as the effect of formic acid on the steady state
concentration of sulfuric acid dimer.
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2. Methodology

2.1. Global minima search: Basin-Hopping (BH) algorithm coupled
with Density Functional Theory (DFT)

The global minima of (FA)m(SA)n(DMA)p (m = 0–2, n = 0–2, p =
0–2), (FA)1(W)1 and (FA)1(SA)1(DMA)1(W)n (n = 1–3) were
searched by BH algorithm coupled with DFT implemented in
Dmol3 [25] except that the structures of (SA)1(W)1 and (SA)2 were
from the literature [34] calculated under the same combination of
method and basis set with the same accuracy. In previous studies,
this BH algorithm coupled with DFT method has been successfully
applied to atmospheric relevant molecular clusters [26–29]. The
number of BH searches ranged from 2 to 5 according to the cluster
size. Every search was performed with 1000 Monte Carlo (MC)
steps at 2000 K with randomly generated initial structures. The
temperature was a crucial parameter in BH, which should be cho-
sen carefully because it affected the tradeoff between the accep-
tance ratio and the sampling efficiency. At each MC step, all of
the molecules were translated and rotated, and the maximum
translational and rotational displacements were 2 Å and p/2,
respectively. To prevent the divergence of the clusters, we com-
piled a function to check whether the intermolecular distances
exceeded the range defined after the structure perturbation caused
by the MC sampling. After each MC step, this function automati-
cally determined whether the molecule moved more than 5 Å,
which could cause the optimization to fail. If a large divergence
occurred, then this function automatically moved the molecules
closer together. The atoms in different molecules were not permit-
ted to be closer than 2 Å to prevent the self-consistent field (SCF)
calculation from failing to converge.

In Dmol3 [25], there were two steps in the optimization proce-
dure: the first optimization step was at the PW91/DND level, and
the second optimization step was at the PW91/DNP level. Next,
these twice-optimized structures were optimized again using the
Gaussian09 suite of programs [30] at the level of PW91PW91/6-
311++G(3df,3pd). The default convergence criteria were defined
in the Gaussian09 suite of programs [30]. Harmonic vibrational fre-
quency analysis was performed to verify that no imaginary fre-
quencies were present and consequently, the structure of interest
represented a local or a global minimum on the potential energy
surface.
2.2. Thermodynamics calculations: benchmark work for quantum
chemistry method

One of the most important thermodynamic parameter for the
aerosol nucleation molecular clusters is the Gibbs free energy
change, DG. To obtain this, the method and basis set combination
must be chosen wisely.

The Pople basis set 6-311++G(3df,3pd) is sufficient to produce
converged structures, and the aug-cc-pV(T + d)Z basis set is gener-
ally not an improvement in nucleation clusters [31]. Based on sev-
eral recent benchmark studies about nucleation clusters, we chose
the most accurate density functionals (M06-2X, PW91PW91,
xB97X-D) in geometry optimization and subsequent frequency
calculations procedure to obtain the Gibbs free energy change for
the comparison between each other to confirm their accuracy
and consistency. For comparison, B3LYP was added, too. This strat-
egy was very similar to that in the recently published article about
pinic acid binding with sulfuric acid [32] except with B3LYP added
in this work. From Table 1, we could conclude that M06-2X,
PW91PW91, xB97X-D have showed very good consistency within
0.82 kcal/mol difference while B3LYP significantly overestimate
the Gibbs free energy change of all the three reactions. So based
on these benchmark results and the largest popularity of
PW91PW91 functional in estimating the structures, vibrational fre-
quencies and thermodynamics of nucleation clusters, we finally
utilized PW91PW91/6-311++G(3df,3pd) to make the final geome-
try optimization and frequency calculations.

2.3. Kinetic calculations: collision rate constant and evaporation rate

The Gibbs free energy change mentioned above is an important
parameter to indicate whether the clustering process is sponta-
neous or not. To further check the stability of molecular clusters,
the properties including the mass and radius of clusters are fed into
the collision rate constant calculations. In addition, the evaporation
rate would be derived from the detailed balance with the collision
rate constant and the Gibbs free energy change involved. The col-
lision rate constant is normally calculated from the gas kinetic the-
ory [33]:
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where b and c is collision rate constant (unit: m3 s�1) and evaporate
rate (unit: s�1) respectively, i and j is the collision cluster, kb is
Boltzmann constant (unit: J/K), T is temperature (unit: Kelvin), m
is mass (unit: kg), V is volume (unit: m3), P0 is pressure in STP (stan-
dard temperature and pressure, T = 298.15 K and P = 1 atm) condi-
tions, DG is the Gibbs free energy change derived from quantum
chemistry calculations.

The birth-death equations represent the time evolution of clus-
ter with each size including the collision and evaporation processes
[24]:
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where c represents concentration (m�3), t is the simulation time (s),
b, c, i and j are the same symbols as those in Eqs. (1) and (2), CoagS
is the coagulation sink (s�1). The steady state is reached when the
Ordinary Differential Equations (ODEs) are solved in convergence
and the simulation time is long enough that the cluster concentra-
tion in each size changes no more.

3. Results and discussion

3.1. The global minima of the investigated clusters

Interesting binding features could be seen from the global min-
ima of FA-involved clusters given in Fig. 1. For (FA)1(W)1 cluster,
structures of FA and W both are planar, however, the cluster is
not planar with a dihedral angle of 114 degree. Moreover, FA forms
a cycle structure with SA with hydrogen atom in the hydroxyl in
each molecule being the proton donor. Since there is only one
amino group in DMA, the FA naturally becomes the proton donor
molecule, but the stronger acidity of SA comparing with that of
FA, in (FA)1(SA)1(DMA)1 cluster, SA turns to be the proton donor
with binding with DMA directly and FA binds with SA and DMA.
However, in the hydrate cluster, FA only binds with SA while W
and SA bind with DMA directly. And since all the strong binding
groups including hydroxyl group in acid and amino group in
DMA are occupied in (FA)1(SA)1(DMA)1(W)1, few room left for
the binding of more water molecules, resulting in the very weak
Gibbs free energy change of (FA)1(SA)1(DMA)1(W)2 and



Table 1
The Gibbs free energy change (kcal/mol) of the three reactions calculated based on the functional of M06-2X, PW91PW91, xB97X-D and B3LYP with the same basis set, 6-311++G
(3df,3pd).

M06-2X PW91PW91 xB97X-D B3LYP

FA + W� (FA)1(W)1 �0.56 �0.44 0.09 1.41
FA + SA � (FA)1(SA)1 �7.35 �6.93 �6.53 �4.62
FA + DMA � (FA)1(DMA)1 �3.35 �2.77 �2.77 �0.22

Fig. 1. The global minima geometries for FA involved molecular clusters calculated at the theory level of PW91PW91/6-311++G(3df,3pd), where FA, SA, DMA and W is short
for formic acid, sulfuric acid, dimethylamine and water, respectively. The subscript in each cluster name refers to the corresponding molecule number in the cluster.
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(FA)1(SA)1(DMA)1(W)3 changing from (FA)1(SA)1(DMA)1(W)1 as
shown in Fig. 3. Proton transfer rarely happens in FA involved clus-
ters even though the elongated O–H covalent bond could be seen in
(FA)1(SA)1(DMA)1 with it changing from 0.979 Å in FA monomer to
1.035 Å in this cluster.
3.2. ESP analysis

ESP on van der Waals (vdW) surface has been applied on the
study of the reactivity of Aristolochic acid [35]. For the clustering
processes, the binding site could be analyzed by combing the fea-
tured group and ESP. The site possessing more negative ESP has the
stronger ability to attract proton while those with more positive
ESP tend to provide proton if the proton is available. Here we take
the (FA)1(SA)1 cluster for instance since its binding ability is the
strongest among FA involved dimers. As can be seen in Fig. 2, oxy-
gen atom with the most negative potential (the reddest region) in
FA molecule attracts the hydrogen atom with the most positive
Fig. 2. The ElectroStaticPotential (ESP) analysis of formic acid, sulfuric acid and (FA)1
potential (the bluest region) in SA molecule. On the other hand,
oxygen atom with the most negative potential (the reddest region)
in SA molecule attracts the hydrogen atom with the most positive
potential (the bluest region) in FA molecule. Finally, two hydrogen
bonds form to make the dimer energy as low as possible.

3.3. Topological analysis

The bond critical points (BCPs) shown in the topological graphs
indicate the existence of intermolecular interactions in the com-
plex. The line of maximum density passing through the BCP and
linking the nuclei of the two atoms is then called a bond path.
The values of the electron density q and its Laplacian r2q, as well
as the electronic kinetic, potential and total energies (GðrÞ, VðrÞ and
KðrÞ, respectively) at the BCP can be used to characterize the nature
of the bonding interaction [36].

The values of r2q and KðrÞ indicate the nature of the interac-
tion. A negative value of r2q indicates that there is a shared inter-
(SA)1 cluster where FA represents formic acid while SA represents sulfuric acid.



Fig. 3. The DG (kcal/mol) and evaporation rate (s�1) for all the investigated clusters,
where FA, SA, DMA and W is short for formic acid, sulfuric acid, dimethylamine and
water, respectively and the sequence number is the same as that in Table 4.
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action like in a covalent bond, whereas a positive value of r2q
indicates closed-shell system interactions, that is, ionic interac-
tions, van der Waals forces, or hydrogen bonding [37]. On the other
hand, if r2q is positive but KðrÞ is negative, then the interaction is
partly covalent in nature [38,39]. Taking �GðrÞ=VðrÞ as the balance
between the positive value of GðrÞ and the negative value of VðrÞ
may indicate the regions corresponding to covalent or noncovalent
interactions. That is, if �GðrÞ=VðrÞ is greater than 1, then the inter-
action is noncovalent. If the ratio is between 0.5 and 1, the interac-
tion is partly covalent in nature, and when this ratio is less than
0.5, the interaction is a shared covalent interaction.

As shown in Table 2, for the BCPs of O4–H7. . .O5 in (FA)1(W)1
and C6–H11. . .O4 (please see Fig. S1 for the corresponding atom
sequence number) as well as C8–H14. . .O4 in (FA)1(DMA)1, the
result that the values of r2q and KðrÞ are both positive and
�GðrÞ=VðrÞ is larger than 1 indicates that these binding display
the characteristics of ‘‘close-shell” noncovalent interactions. Com-
paratively, for the BCPs of O3–H1. . .O6 in FA)1(W)1, O9–H11. . .O4
as well as O3–H1. . .O7 in (FA)1(SA)1, O3–H1. . .N7 in (FA)1(DMA)1
and N9–H6. . .O4 as well as N9–H14. . .O3 in (SA)1(DMA)1,
r2q > 0, KðrÞ < 0 and �GðrÞ=VðrÞ is between 0.5 and 1, so these
interaction are partly covalent in nature.

For hydrogen bonded complexes, Koch and Popelier proposed
eight topological criteria based on the theory of atoms in molecules
to characterize the types of hydrogen bonds [40]. The closed-shell
interactions (e.g., ionic bonds, hydrogen bonds, and van der Waals
interactions) correspond to a positive value of Laplacian of charge
density at BCP, whereas for covalent bonds the Laplacian has a neg-
Table 2
The bond lengths (Å) and topological properties (a.u.) at Bond Critical Points (BCPs) for
corresponding atom sequence number).

Complex Bond notation Bond length qð10�2Þ r2qð
(FA)1(W)1 O3–H1. . .O6 1.713 4.71 10.57

O4–H7. . .O5 1.921 2.94 9.16
(FA)1(SA)1 O9–H11. . .O4 1.503 7.73 8.62

O3–H1. . .O7 1.632 5.32 10.62
(FA)1(DMA)1 O3–H1. . .N7 1.053 7.60 3.10

C6–H11. . .O4 2.680 0.71 2.17
C8–H14. . .O4 2.681 0.71 2.17

(SA)1(DMA)1 N9–H6. . .O4 1.626 5.40 12.02
N9–H14. . .O3 1.672 6.04 11.76
ative value. The strength of the hydrogen bonds correlates with the
charge density and, in general, the larger the charge density, the
stronger the hydrogen bond. Two quantitative criteria have been
suggested to characterize the strength of a hydrogen bond: the
charge density and its Laplacian, in the range of 0.002–0.035 and
0.024–0.139 au, respectively [41].

In Table 2, it can be seen that most of charge density for the
bonds in the table exceed 0.035 except two bonds in (FA)1(DMA)1
and one bond in (FA)1(W)1 while for Laplacian, all the three bonds
in (FA)1(DMA)1 give very low values and none exceeds the upper
limit but bonds in (SA)1(DMA)1 show relatively higher values. So
it agrees with the Gibbs free energy change order approximately:
(SA)1(DMA)1 binds with a strong hydrogen bond, (FA)1(SA)1 binds
with a moderate hydrogen bond and (FA)1(W)1 and (FA)1(DMA)1
binds weakly.
3.4. Atomic charges analysis

Atomic charges model is a very simple and intuitive one for
describing charge distribution and can be used to analyze the
strength of electrostatic interaction between different sites [42].
For molecular cluster composing of acid and base here, atomic
charges analysis is especially suitable since normally proton trans-
fer would happen with charge transferring as well.

Among the various ways to obtain atomic charges, Hirshfeld
method is most popular, which is based on deformation density
partition. However, the disadvantages of Hirshfeld population are
the always too small charges and the poor reproducibility of
observable quantities, such as molecular dipole moment and ESP.
The reason is Hirshfeld population completely ignores atomic
dipole moments. In recently proposed ADCH method [43], Hirsh-
feld charges are corrected by expanding atomic dipole moments
to correction charges placed at neighbour atoms. ADCH atomic
charges are very reasonable in chemical sense, molecular dipole
moment is exactly reproduced, the reproducibility of ESP is close
to the atomic charges from fitting ESP. Owing to its many advan-
tages, ADCH is a highly recommended atomic charges model
[42]. So here we use ADCH to obtain atomic charges of molecule
in clusters.

It is expected that the acidic molecule shows negative atomic
charges values while the basic one shows positive values, so from
ADCH atomic charges of the investigated clusters in Table 3, FA
acidity is weaker than that of SA given by the atomic charges of
(FA)1(SA)1. However, even though FA binds more closely with SA
than with DMA derived from Table 1, the absolute value of atomic
charges of (FA)1(SA)1 is smaller than (FA)1(DMA)1 probably due to
one acid counteracting another acid in this case. Besides, deriving
from atomic charges of hydration clusters, the influence of water
molecule on cluster is negligible.
the global minima of the investigated molecular clusters (please see Fig. S1 for the

10�2Þ GðrÞð10�2Þ KðrÞð10�2Þ VðrÞð10�2Þ �GðrÞ=VðrÞ

3.51 �0.87 �4.37 0.80
2.28 0.01 �2.27 1.00
5.21 �3.06 �8.27 0.63
3.99 �1.34 �5.33 0.75
4.00 �3.23 �7.24 0.55
0.47 0.07 �0.40 1.18
0.47 0.07 �0.40 1.18
4.11 �1.10 �5.21 0.79
4.49 �1.55 �6.03 0.74



Table 3
The ADCH atomic charges for all the investigated clusters.

Complex Fragment

(FA)1(W)1 �0.11 0.11
(FA)1(SA)1 0.04 �0.04
(FA)1(DMA)1 �0.21 0.21
(SA)1(DMA)1 �0.48 0.48
(FA)1(SA)1(DMA)1 �0.04 �0.42 0.46
(FA)1(SA)1(DMA)1(W)1 �0.07 �0.41 0.46 0.03
(FA)1(SA)1(DMA)1(W)2 �0.07 �0.38 0.45 0.00
(FA)1(SA)1(DMA)1(W)3 �0.07 �0.35 0.43 �0.01

Notation: The order in the ‘‘Fragment” column is the same as that in the cluster formula, for example, the first box in the ‘‘Fragment” column for complex (FA)1(W)1 represents
FA while the second one represents W. And for the hydration clusters, in order to investigate the hydration effect, the water molecules in the complex were put into one
fragment.
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3.5. Thermodynamics and kinetics: DG, collision rate constant and
evaporation rate analysis

From the relation between evaporation rate and DG shown in
Fig. 3, on the whole, all the clustering processes considering here
happen spontaneously in STP. From the total evaporation rate
given in Table 4, the most stable cluster is (SA)1(DMA)1 while the
most unstable cluster is (FA)1(SA)1(DMA)1(W)3. It has to be men-
tioned here that not all the clustering processes are considered
here (e.g. the non-monomer collision and evaporation processes
are neglected), so the evaporation rate here for clusters larger than
dimer is the lower bound for the actual evaporation rate.

From Table 4, we could see the different affinity of FA, SA, DMA
and H2O for the various reactions there. For FA affinity, the affinity
order is: SA > DMA > H2O, which is quite surprising because com-
paring with DMA, the acid-acid reaction is more feasible
surprisingly.

3.6. The effect of formic acid on the sulfuric acid dimer steady state
concentration in STP

Here the kinetic analysis focused on the effect of formic acid on
the total cluster concentration of SA2(DMA)m (m = 0–2) and
(FA)n(SA)2 (n = 1–2) which was thought to be the sulfuric acid
dimer concentration, [SA Dimer] (in the following part, ‘‘[ ]” would
be regarded as the symbol of concentration). In addition,
(FA)m(SA)n(DMA)p (m = 0–2, n = 0–2, p = 0–2) were include for
kinetic simulation while (FA)1(W)1 and (FA)1(SA)1(DMA)1(W)n
(n = 1–3) were excluded because the involvement of water mole-
cules was unnecessary for considering the effect of formic acid
on the steady state concentration of sulfuric acid dimer.

For the simulation of the ambient atmospheric conditions,
Nanjing is chosen for instance since it is a good representative of
polluted megacities in Yangtze River Delta (YRD) region of China.
The initial SA concentration is set to be 2.0E+7 and 2.0E+9 cm�3
Table 4
The collision rate constant and the evaporation rate of the clustering processes.

No.# Reactions

1 FAþW�ðFAÞ1ðWÞ1
2 FAþ SA�ðFAÞ1ðSAÞ1
3 SAþW�ðSAÞ1ðWÞ1
4 FAþ DMA�ðFAÞ 1 ðDMAÞ 1

5 SAþ DMA�ðSAÞ1ðDMAÞ1
6 SAþ SA�ðSAÞ2
7 ðFAÞ1ðSAÞ1 þ DMA�ðFAÞ1ðSAÞ1ðDMAÞ1
8 ðFAÞ1ðDMAÞ1 þ SAðFAÞ 1 ðSAÞ1ðDMAÞ1
9 ðSAÞ1ðDMAÞ1 þ FAðFAÞ1ðSAÞ1ðDMAÞ1
10 ðFAÞ1ðSAÞ1ðDMAÞ1 þW�ðFAÞ1ðSAÞ1ðDMAÞ1ðWÞ1
11 ðFAÞ 1 ðSAÞ 1 ðDMAÞ 1 ðWÞ 1 þW�ðFAÞ 1 ðSAÞ1ðDMAÞ1ðWÞ2
12 ðFAÞ1ðSAÞ1ðDMAÞ1ðWÞ1 þW�ðFAÞ1ðSAÞ1ðDMAÞ1ðWÞ3
to represent the low and high sulfuric acid concentration case
respectively, considering campaign observation values conducted
in Nanjing (Yu et al., 2016) while the initial DMA concentration
is set to be 2 and 200 ppt to represent the low and high base con-
centration case respectively, according to the C2-amines concen-
tration measured from another field campaign conducted in
Nanjing (Zheng et al., 2015). For the concentration of FA, since
atmospheric observation of gas phrase FA in Nanjing is scares, here
we use the average values in the urban sites of Japan and U.S. for
reference, which is ranging from 0.2 to 20 ppb.

To test whether the steady state is reached within the given
reaction time (here is 2000 s), cluster concentration calculated
under longer time (3000 s) is provided for comparison and it turns
out that 2000 s is long enough for reaching the steady state under
the conditions considered here. The boundary condition is that if
the cluster is equal or more than (SA)3(DMA)3, it would be
regarded to be stable enough to be out of the simulation. CoagS
is set to be 2.2E�2 s�1 according to the field observation conducted
in Nanjing. The total concentration of (SA)1(FA)m (m = 0–2) and
(SA)1(DMA)m (m = 1–2) is keep to be constant during the time evo-
lution considering that the molecule or cluster binding with sulfu-
ric acid monomer would evaporate in the chemical ionization mass
spectrometer (CIMS) in the field observation.

In Fig. 4, when the initial acid or base concentration was
increased like from Fig. 4(a) to Fig. 4(b) or Fig. 4(a) to Fig. 4(c)
while the initial formic acid kept constant, [SA Dimer] increased
accordingly. However, the effect of formic acid on [SA Dimer]
showed non-monotonic behavior if we look at the drop percent
of [SA Dimer] when [FA] was increased from zero to 20 ppb. In
addition, this effect decreased with the increase of [FA] as we could
see the decrease of the curve slope. The highest drop percent was
90.55% while the lowest drop percent was 31.91%, indicating the
non-ignorable role of formic acid for the aerosol nucleation cluster
population. This showed the importance of kinetic simulation so
that the competition between weak binding effect and high
Collision rate constant (m3 s�1) Total evaporation rate (s�1)

4.23e�16 4.98e+09
3.86e�16 7.88e+04
4.46e�16 1.02e+08
4.89e�16 1.12e+08
4.69e�16 2.33e+01
3.46e�16 1.52e + 05
5.32e�16 1.33e+04
4.45e�16
4.96e�16
6.77e�16 5.35E+08
7.08e�16 2.02E+09
7.38e�16 5.83E+09



Fig. 4. Sulfuric acid dimer concentration ([SA Dimer] in cm�3) dependence on the change of formic acid monomer concentration ([FA] in ppt, from 0 ppb to 20 ppb) under
different initial sulfuric acid monomer concentration ([SA] in cm�3) and dimethylamine monomer concentration ([DMA] in ppt) at the steady state: (a) [[SA] = 1E7 cm-3,
[DMA] = 2 ppt; (b) [SA] = 1E7 cm-3, [DMA] = 200 ppt; (c) [SA] = 1E9 cm-3, [DMA] = 2 ppt; (d) [SA] = 1E9 cm-3, [DMA] = 200 ppt.
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concentration effect on the cluster population like formic acid in
this case would be characterized clearly.

4. Conclusions

In the view of method verification, PW91PW91, M06-2X and
xB97X-D could give a similar description of thermodynamics of
FA involved clusters while B3LYP overestimates that. In addition,
ESP provides us a powerful tool to confirm the reaction/binding
site in molecular clusters.

For the atmospheric implication, the thermodynamic analysis of
the investigated clusters indicates that FA could bind with SA/DMA
at STP but significantly weaker than the interaction between SA
and DMA, which is verified by topological and atomic charge anal-
ysis. The binding ability of water molecule in the investigated tern-
ary clusters is very weak suggesting the less important role of
hydration in these clusters. Even though the weak interaction
between FA and SA/DMA, the steady state concentration of the
potential critical cluster, [SA Dimer] could be significantly influ-
enced by the introduction of FA, which signifies the complexity
of multicomponent nucleation and necessity of taking more nucle-
ation precursors into consideration.
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