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ABSTRACT: We investigate the effect of the bisulfate anion HSO4
−, ammonium cation

NH4
+, and ammonia NH3 on the clustering of sulfuric acid and pinic acid or 3-methyl-

1,2,3-butanetricarboxylic acid (MBTCA). The systems were chosen based on their
expected relevance in atmospheric new particle formation. Using quantum chemical
methods together with kinetic calculations, we study the ability of these compounds to
enhance cluster formation and growth. The cluster structures are obtained and frequencies
are calculated using three different DFT functionals (M06-2X, PW91, and ωB97X-D) with
the 6-31++G(d,p) basis set. The electronic energies are corrected using an accurate
DLPNO−CCSD(T)/def2-QZVPP level of theory. The evaporation rates are evaluated
based on the calculated Gibbs free energies. The interaction between the ions and sulfuric
acid or carboxylic acid group is strong, and thereby small two-component ionic clusters are found to be very stable against
evaporation. The presence of bisulfate stimulates the cluster formation through addition of the sulfuric acid, whereas the presence
of ammonium favors the addition of organic acids. Bisulfate and ammonium enhance the first steps of cluster formation; however,
at atmospheric conditions further cluster growth is limited due to the weak interaction and fast evaporation of the larger three-
component clusters. On the basis of our results it is therefore unlikely that the studied organic acids and sulfuric acid, even
together with bisulfate, ammonia, or ammonium can drive new-particle formation via clustering mechanisms. Other mechanisms
such as chemical reactions are needed to explain observed new-particle formation events in the presence of oxidized organic
compounds resembling the acids studied here.

1. INTRODUCTION

New-particle formation via gas-to-particle conversion is a
significant source of aerosol particles in the atmosphere.1,2

Atmospheric aerosols can adversely affect human health and
their interactions with clouds constitute one of the largest
uncertainties in climate models.3 Atmospheric new-particle
formation is a complex process, which begins when gas-phase
molecules collide with each other, and form stable clusters via
hydrogen bond formation or acid-to-base proton transfer.
Understanding of the exact mechanisms and the participating
compounds in various atmospheric locations remains incom-
plete and there currently is no general theory describing this
phenomenon.2 According to current knowledge, new-particle
formation in the present atmosphere often involves sulfuric acid
coupled with stabilizing components such as ions, bases, or
nonbasic organic compounds.4−9 It has recently been suggested
that low-volatile organic compounds participate in the first
steps of new-particle formation,10,11 but molecular-level
explanation and details concerning the involvement of oxidized
organic compounds are still missing.12−14 Specifically, recent
laboratory studies have indicated that ions can play a major role
in organics-driven particle formation by enhancing the initial
molecular cluster formation.15

Volatile organic compounds (VOCs) are emitted into
atmosphere from both anthropogenic and natural sources.
Terpenes, such as α-pinene, constitute a large fraction of
biogenic VOCs.16 In the atmosphere, terpenes are oxidized
rapidly in reactions initiated by addition of OH radicals or
ozone to a double bond and subsequent reaction with
molecular oxygen.17 The oxidation products cover a wide
range of saturation vapor pressures, referred to as volatilities, of
which low-volatile and especially extremely low-volatile organic
compounds (LVOCs and ELVOCs, respectively) are likely to
participate in atmospheric particle formation already at early
particle growth stages. The formation of highly oxidized
terpene products may occur via autoxidation processes, which
involve intramolecular hydrogen-shift reactions and addition of
oxygen molecules, and terminate by producing closed-shell
species, which are suggested to contain at least one hydro-
peroxide group.18,19 There is currently no specific structural
information about individual ELVOC species produced via
autoxidation from terpenes.20 Alternatively, terpenes can go
through several closed cycles of oxidation reactions.21 After the
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first addition reaction, molecular oxygen addition or rearrange-
ments and termination, the product can be further oxidized by
hydrogen abstraction reactions with OH radicals. This process
can yield several oxidized compounds, such as pinonaldehyde,
pinonic acid, and pinic acid in case of α-pinene.21,22 Further
oxidation of pinonic acid by hydroxyl radicals can lead to the
formation of 3-methyl-1,2,3-butanetricarboxylic acid (MBTCA)
through complex pathways.23

We have previously studied the cluster formation between
sulfuric acid and pinic acid or MBTCA and found a favorable
molecular interaction between organic acids and sulfuric
acid.24,25 MBTCA forms more stable clusters than pinic acid
due to a flexible structure and a larger number of stabilizing
hydrogen bonds, and we found clusters consisting of 2−3
MBTCA and 2−3 sulfuric acid molecules to be particularly
stable. By cluster kinetics calculations we showed that the
growth of the clusters is essentially limited by a weak binding of
the largest MBTCA−sulfuric acid clusters, suggesting that pinic
acid and MBTCA cannot contribute to the cluster growth when
clustering occurs via electrically neutral pathways.
Ions can contribute to new-particle formation and play a

stabilizing role to keep condensing species from evaporating.
While tropospheric ions have low concentrations compared to
neutral species, they are thought to be potentially important in
the formation of secondary aerosol particles. Ions are produced
continuously throughout the atmosphere due to cosmic rays
and as a result of radon decay.26−28 One of the most common
negative ions in the atmosphere is bisulfate, a stable anion with
a large electron affinity, and one of the most important
atmospheric cations is ammonium. They are believed to be key
participants in ion-induced nucleation. In this paper we
investigate the stabilizing effect of the bisulfate anion,
ammonium cation, and an ammonia molecule on sulfuric
acid−pinic acid and sulfuric acid−MBTCA clusters. Stabilizing
effect is defined as the ability of these compounds to enhance
cluster formation and growth by decreasing the overall
evaporation rates of the clusters. Ammonia, for instance, has
been shown to significantly stabilize larger particles containing
both sulfuric as well as organic acids.29,30 Furthermore, the
presence of ammonium sulfate has been shown the significantly
decrease the evaporation of particles containing organic
acids31,32 MBTCA can be seen as a representative ELVOC,
while pinic acid, with its relatively weaker binding to clusters,
can be seen as a representative LVOC. Figure 1 shows the

molecular structures of the pinic acid (C9H14O4) and MBTCA
(C8H12O6) monomers. The aim of the work is to study if these
representative low-volatile species are able to participate in the
initial particle formation process together with sulfuric acid via
an additional stabilizing compound.

2. METHODS
Cluster Structure Sampling. The initial structures for

organic acid−sulfuric acid clusters have been taken from our
previous studies24,25 and were used as the starting point for
forming the molecular clusters containing also HSO4

−, NH4
+,

or NH3. We used the following semiempirically guided
technique:33,34

1 In each cluster formation step 1000 randomly oriented
molecules/ions are randomly distributed around the
target molecule/cluster.

2 The structures are initially optimized using the semi-
empirical PM6 method.

3 For the converged structures, a single-point M06-2X/6-
31+G* energy is calculated.

4 The structures are sorted and characterized by the total
energy and dipole moment, and different conformations
are identified.

5 Conformations within 15 kcal/mol of the lowest
identified conformation are geometry optimized, and
frequencies are calculated at the M06-2X/6-31+G* level.

6 Remaining identified conformations within 3 kcal/mol of
the lowest conformation are geometry optimized, and
frequencies are calculated at the M06-2X/6-31++G**
level.

In the case of bisulfate containing clusters, bisulfate is able to
move to the center of cluster by proton transfers, thereby
forming the minimum energy structure as could be expected.
For ammonia and ammonium containing clusters, in addition
of sampling them on top of the organic acid-sulfuric acid
clusters, we have build larger clusters by sampling different
combinations of smaller clusters. By applying this approach we
should obtain a good estimate for the global minimum energy
conformer.

Cluster Gibbs Free Energies. The cluster binding energies
eq 1) and the thermal contributions to the Gibbs free energy
(eq 2 are calculated as follows:

∑Δ = −E E E
i

ibinding cluster monomer,
(1)

∑Δ = −G G G
i

iTherm Therm,cluster Therm,monomer,
(2)

The cluster Gibbs free binding energies, eq 3, are calculated as
the sum of the binding energy and the thermal contribution to
the Gibbs free energy. The thermal contribution also contains
the vibrational zero point energy.

Δ = Δ + ΔG E Gbinding binding Therm (3)

Previous studies have shown that the binding energy is the
largest source of error when using only density functional
theory to calculate the Gibbs free energy.12,35 Therefore, we
have used a multistep quantum chemical approach to obtain
more accurate Gibbs free energies.36,37 Geometries are
optimized and frequencies are calculated using three density
functionals, M06-2X,38 PW91,39 and ωB97X-D,40 with the 6-
31++G** basis set.41 These functionals have been shown to
perform well in describing atmospheric molecular clusters
involving sulfuric acid.42−44 In addition, we have performed
benchmark calculations to further confirm that 6-31++G**
basis set is indeed sufficient to obtain reliable molecular
structure and vibrational frequencies (see Supporting Informa-
tion). Thermochemical parameters are calculated using the

Figure 1. Molecular structure of pinic acid (left) and MBTCA (right).
Color coding: brown = carbon, red = oxygen, and white = hydrogen.
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rigid rotor-harmonic oscillator approximation (RRHO), and
unless otherwise mentioned, at 298.15 K and reference pressure
1 atm. The RRHO approximations can be a source of errors in
atmospheric cluster formation calculations. The effect of
vibrational anharmonicity has previously been studied for
water clusters using vibrational second order perturbation
theory (VPT2) and derived vibrational frequency scale factors,
where it was found that the formation free energy was lowered
approximately 0.4 kcal/mol per water molecule in a 10-water
cluster.45 For more rigid clusters consisting of four sulfuric acid
molecules and four bases the lowering in free energy has been
found to be below 2 kcal/mol.35 Low lying vibrational
frequencies can also be a source of errors in free energy
calculations. By treating low vibrational frequencies as rotations
instead of vibrations, known as the quasi-harmonic approx-
imation,46 the free energy was found to be up to 7 kcal/mol
higher compared to the harmonic oscillator approximation.35

Hence the errors arising from the harmonic oscillator
approximation thereby show contributions in opposite
directions and a partial error cancellation can be assumed.
All density functional theory calculations were run using

Gaussian09.47 Electronic energy corrections were performed
using a domain-based local pair natural orbital coupled cluster,
DLPNO−CCSD(T),48,49 with the def2-QZVPP basis set50

using ORCA version 3.0.3.51 DLPNO−CCSD(T) yields results
close to the quantum chemical gold standard, CCSD(T), with
significantly reduced computational cost. Our earlier studies
have shown that DLPNO−CCSD(T) yields binding energies
with lower stability than canonical coupled cluster methods,
and therefore it can be used as a lower bound for the ”true”
cluster binding energies.12 As basis set incompleteness and basis
set superposition errors can be a large sources of error in
correlated binding energy calculations, we have studied the
basis set convergence of the DLPNO−CCSD(T) method, and
found that the def2-QZVPP basis set offers good accuracy with
low computational costs and is thus a sufficient basis set for
large molecular clusters (see Supporting Information). Because
of the large system size, up to 105 atoms (6305 basis
functions), we have performed all DLPNO calculations using
local trafo (LT) type 3 to reduce memory requirements. We
have shown that using this LT type does not yield errors for the
binding energies (see Supporting Information).
Cluster Kinetics. For a cluster to be stable at given

conditions requires that its collision rate with vapor molecules
(or clusters) is equal to or higher than its evaporation rate. We
have performed kinetics calculations for both neutral and ionic
sulfuric acid-organic acid clusters to look further into the
stability of the clusters. According to the law of mass balance,
for a cluster (i + j) formed from isolated monomers i and j as

+ ⇌ +i j i j( ) (R1)

the equilibrium constant K can be written as

= = − Δ+ ⎛
⎝⎜

⎞
⎠⎟K

C

C C
k T
p

G
k T( )( )

expi j

i j

eq

eq eq
B

ref B (4)

where Ci
eq is the equilibrium concentration of compound i, kB is

the Boltzmann constant, T is the temperature, ΔG is the Gibbs
free energy of reaction R1, and pref is the reference pressure at
which ΔG is computed. At equilibrium (and assuming detailed
balance conditions) cluster formation must be equal to cluster
destruction, i.e., evaporation, as

γ β=+C C Ci j i j i j i j( , )
eq

,
eq eq

(5)

where γ(i,j) is the evaporation rate and βi,j is the collision rate.
The collision coefficients for neutral−neutral collisions are

calculated from kinetic gas theory52 as

β
π
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(6)

where mi and Vi are the mass and volume of cluster i,
respectively. The volumes are calculated using bulk liquid
densities assuming spherical clusters and ideal mixing. For

density of sulfuric acid we used ρ = 1830 kg
m3 and for pinic acid

ρ = 1200 kg
m3 . As the density of MBTCA is unknown, we have

used ρ = 1400 kg
m3 , which is similar to other C8H12O6

compounds.
In the collisions between ions and neutral molecules or

clusters, the collision cross section is larger than would be
predicted from the physical dimensions of the colliding systems
due to their long-range attraction.53 For the neutral-ion
collision coefficients we have applied the approach by Su and
Chesnavich,54 who performed trajectory simulations of
collisions between a point charge and a rigidly rotating
molecule. They found that the collision frequency is dependent
on three reduced parameters:

β
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μ

α

μ
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Here qi is the charge of the ion, αj, μj, and I are the
polarizability, dipole moment, and moment of inertia of the
neutral molecule, respectively, and ϵ0 is the vacuum

permittivity. At low values of I*, i.e., when * < +
+I x

x
0.7
2 0.6

2

, the

collision rate was observed to be independent of I*, and a fit to
the simulated data produced the parametrization

β

β
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The parametrization has been compared with experimental
collision rates and was found to give a good correspondence.53

The evaporation rates of the clusters are obtained from the
Gibbs free energies by assuming detailed balance as in eq 5:55

γ β=
Δ − Δ − Δ

→
+⎛

⎝⎜
⎞
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p

k T

G G G

k T
expi j i j i j

i j i j
( , ) , ,

ref

B B (8)

where ΔG values are the formation free energies of the
evaporating cluster and its products at temperature T and
pressure pref. It should be noted that the reference pressure pref
will cancel out from the evaporation rate.
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3. RESULTS AND DISCUSSION

Formation of Pinic Acid Clusters. The Gibbs free
e n e r g i e s a r e c a l c u l a t e d f o r c l u s t e r s u p t o
(C9H14O4)2(H2SO4)2(X)1, where X = HSO4

−, NH3, or NH4
+.

For simplicity, we will refer to pinic acid as P, H2SO4 as A,
HSO4

− as B, NH3 as N, and NH4
+ as C. The initial structures

for the pinic acid-sulfuric acid clusters have taken from ref 25
and reoptimized at the M06-2X/6-31++G** level of theory.
Bisulfate, ammonia, and ammonium are added to the M06-2X
clusters using the sampling technique explained above. For the
lowest energy structures, the calculations are performed with
the three density functionals M06-2X, PW91, and ωB97X-D
using a 6-31++G** basis set and the single point energies
(SPEs) are calculated on top of the DFT structures at the
DLPNO−CCSD(T)/def2-QZVPP level of theory. The final
Gibbs free energies are given as averages of the values obtained
with the different functionals. To estimate the sensitivity of the
calculated free energy to the functional used in obtaining the
geometry and vibrational frequencies, we report the scatter in
the free energy as the standard deviation σ. Table 1 shows the
Gibbs free binding energies at 298.15 K and 1 atm,
corresponding to conditions in the lower troposphere.
The presence of ammonia yields Gibbs free binding energies

several kcal/mol more negative compared to the bimolecular
sulfuric acid-pinic acid clusters. The only exception is the pinic
acid dimer, where the ammonia destabilizes the cluster
structure. The presence of bisulfate or ammonium makes the
Gibbs free binding energies about 20 kcal/mol more negative
compared to the two-component sulfuric acid-pinic acid
clusters. It should be noted that the interaction with bisulfate
and sulfuric acid is so strong that a large part of apparent
stabilizing effect is originating from the interaction between
bisulfate and sulfuric acid. The presence of bisulfate or
ammonium stabilizes the pinic acid dimer structure compared
to the bimolecular dimer by 18.6 and 33.6 kcal/mol,
respectively. Both bisulfate and ammonium form three
hydrogen bonds with the carboxylic acid groups, whereas
ammonia forms only two (see Figure 2).
Figure 3 shows the reaction Gibbs free energy diagrams for

the pinic acid clusters at 298.15 K. The digram shows whether a
given cluster addition reaction is favorable (green, ΔG < −10
kcal/mol) or not (red, ΔG > −5 kcal/mol). For bimolecular
pinic acid-sulfuric acid clusters, none of the reaction steps−even
the first ones−are thermodynamically highly favorable. The
interaction between bisulfate and sulfuric acid is very strong,
and thus the addition of pinic acid to the 1A1B or 2A1B
clusters is thermodynamically unfavorable. Bisulfate containing
clusters can more likely grow via the 1P1B cluster, which is
stabilized by two hydrogen bonds with bisulfate and carboxylic

acid groups (see Figure 4). The addition of a second pinic acid
molecule to the 1P1B cluster is favorable by −6.5 kcal/mol.
The addition of sulfuric acid to the 2P1B cluster is highly
favorable (−15.2 kcal/mol) and the addition of a second
sulfuric acid molecule is slightly favorable (−5.7 kcal/mol).
However, the Gibbs free binding energy of the 2P2A1B cluster
is much less negative than the Gibbs free binding energy of
2A1B, thus even if the 2P2A1B cluster is formed it will most
likely evaporate rapidly.
The interaction between ammonia and pinic acid or sulfuric

acid is relatively weak, and none of the formation routes are

Table 1. Gibbs Free Binding Energies (kcal/mol) for Pinic Acid Clusters Calculated at the DLPNO//DFT Level of Theory at
298.15 K and 1 atma

X = bisulfate X = ammonia X = ammonium

1P1X −12.1 (0.6) 0.2 (0.5) −25.9 (0.5)
1P1A −5.7 (0.1) 1P1A1X −30.9 (1.2) −10.6 (0.6) −29.1 (0.7)
1P2A −10.5 (0.3) 1P2A1X −46.3 (0.8) −21.2 (0.5) −35.4 (0.9)
2P 0.0 (1.2) 2P1X −18.6 (0.5) 3.0 (1.6) −33.6 (0.2)
2P1A −9.9 (1.2) 2P1A1X −33.8 (0.3) −13.4 (0.8) −35.5 (1.4)
2P2A −16.8 (1.3) 2P2A1X −39.5 (1.8) −22.2 (0.2) −40.9 (0.5)

1A1X −32.0 (0.3) −4.8 (0.2) −11.9 (0.6)
2A −5.2 (0.1) 2A1X −48.1 (0.6) −8.9 (0.3) −22.6 (0.5)

aThe standard deviations are given in parentheses. Abbreviations: P = pinic acid and A = sulfuric acid.

Figure 2. Pinic acid dimer with bisulfate (left), ammonia (middle), and
ammonium (right).

Figure 3. Gibbs free energy diagrams for pinic acid clusters at 298.15
K and 1 atm calculated at DLPNO//DFT level. Color coding: red >
−5 kcal/mol, yellow −5 to −10 kcal/mol, and green < −10 kcal/mol.
Abbreviations: P = pinic acid, A = sulfuric acid, B = bisulfate, N =
ammonia, and C = ammonium.
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thermodynamically favorable. Only one hydrogen bond is
formed between ammonia and pinic acid as can see from Figure
4. There is no proton transfer occurring in the 1P1A1N cluster,
and the addition of a second pinic acid or sulfuric acid is needed
to facilitate a proton transfer from sulfuric acid to ammonia
(see Figure 5). Ammonium interacts strongly with pinic acid

and sulfuric acid by forming two hydrogen bonds. The
hydrogen bonds with sulfuric acid are relatively weak as the
hydrogen bond angles are 140°, whereas pinic acid is able to
bend and form stronger, nearly linear hydrogen bonds as
illustrated in Figure 4. However, cluster growth via the 1P1C
cluster is unlikely due to the unfavorable reaction routes. The
growth of ammonium containing clusters can more likely be
initiated by forming the 1A1C cluster, for which the addition of
pinic acid or a second sulfuric acid is thermodynamically
favorable. The 1P1A1C cluster can grow either by addition of a
second pinic acid or sulfuric acid molecule, both with reaction
free energies of −6 kcal/mol, and formation of the 2P2A1C
cluster is also thermodynamically slightly favorable (−5 kcal/
mol). The growth may also occur by formation of the 2A1C
cluster, for which the addition of pinic acid has a favorable
Gibbs free energy. There is a proton transfer from sulfuric acid
to pinic acid in the 1P2A1C cluster as illustrated in Figure 5.
Similar base-like behavior is also found for phosphoric acid
when it interacts with two sulfuric acid molecules.56

The standard Gibbs free energies ΔGref, calculated at the
reference pressure pref, do not include the effect of the vapor-
phase concentrations of the clustering species. From the law of
mass action, the actual, vapor-concentration-dependent Gibbs
free energies of the clusters at given vapor concentrations Ci
can be obtained as

∑Δ = Δ −
=

⎛
⎝⎜

⎞
⎠⎟G C C C G k T N

C
C

( , , ..., ) lnn
i

n

i
i

actual 1 2 ref B
1 ref

(9)

where the summation goes over all compounds i in the cluster,
and Cref = pref/(kBT). To examine the clustering thermody-
namics at atmospheric conditions, we calculated the actual free
energies at atmospherically relevant concentrations of sulfuric
acid and pinic acid. For simplicity, the concentration of the
third compound (HSO4

−, NH3, or NH4
+) was not considered

in the conversion of eq 9, since it only adds a constant term to
all ΔGactual values of a given three-component system, and does
not affect the relative free energies on the H2SO4−pinic acid
grid.
Figure 6 shows the actual DLPNO//DFT Gibbs free energy

surfaces for pinic acid clusters at 273 K, when [H2SO4]= about
1 ppt (107 molecules/cm3) and [pinic acid] = 10 ppt (about
108 molecules/cm3). A temperature of 273 K was chosen as it
corresponds to spring-time new particle formation events
observed in the field, as well as experiments simulating real
atmospheric conditions such as in the CLOUD chamber. In the
case of two-component sulfuric acid-pinic acid clusters, every
addition of either pinic acid or sulfuric acid leads to a higher
formation free energy. The presence of bisulfate enhances the
cluster affinity toward sulfuric acid; i.e., the addition of sulfuric
acid to a cluster containing bisulfate is always lower than that to
the corresponding clusters without bisulfate, except in the case
of 2P1A1B. In ammonia containing clusters, there is only one
step yielding to slightly lower free energy, the addition of
sulfuric acid to the 2P1N cluster. For other clusters in this
system, however, there is no clearly favorable growth direction,
i.e., the addition of either sulfuric acid or pinic acid, that would
lead to a lower formation free energy. Following the lowest free
energy path, the cluster formation begins with the interaction
between sulfuric acid and ammonia, and the following step is
the addition of pinic acid. The addition of sulfuric acid to the
1P1A1N cluster has a lower free energy barrier than adding
pinic acid. The presence of ammonium favors the addition of
pinic acid compared to the addition of sulfuric acid, which
might be due to the strong interaction between ammonium and
carbonyl groups. The addition of the first pinic acid molecule
yields a lower formation free energy, but the addition of the
second pinic acid leads to a higher formation free energy. The
lowest free energy path passes through the formation of the
2P1C cluster. No critical cluster exists within any of the studied
systems at the given conditions. At the same conditions, based
on the average DFT Gibbs free energies (the Gibbs free
energies without coupled cluster energy corrections), the
qualitative trend of free energy surfaces is exactly the same as
with DLPNO corrections, except the addition of pinic acid to
the 1P2A1C cluster, which leads to a lower formation free
energy (see Supporting Information).
Figure 7 shows the overall evaporation rates ∑γ at 273 K

based on the DLPNO//DFT Gibbs free energies. All
evaporation rates are found to be high, with the exception of
the sulfuric acid and bisulfate containing clusters and the pinic
acid-ammonium ion cluster. The free energy barriers are
reduced at lower temperature and the reduction of temperature
to 243 K yields approximately 3 orders of magnitude lower
evaporation rates (see Supporting Information). The evapo-
ration frequencies remain, however, high compared to
molecular collision frequencies βi, cluster × Ci at typical
atmospheric vapor concentrations Ci, which are of the order
∼10−4 to 10−2 s−1. Interestingly, a relatively low evaporation
rate is predicted for the 1P2A1N cluster. However, even at a
low temperature, the overall evaporation rates are significant,
and thus the growth of pinic acid containing clusters is very

Figure 4. Pinic acid interaction with bisulfate (left), ammonia
(middle), and ammonium (right).

Figure 5. Clusters containing pinic acid and two sulfuric acid with
bisulfate (left), ammonia (middle), and ammonium (right).
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unlikely, which is consistent with our previous study of the
neutral sulfuric acid-pinic acid clusters.25 We have also
calculated the evaporation rates at 298 K, which further
confirms that none of the three-component clusters are stable
against evaporation at atmospheric conditions (see Supporting
Information).
The DLPNO−CCSD(T) method has been observed to

underbind compared to canonical coupled cluster methods, and
thus our results can be used as a lower bound for binding
energies.37 The DFT functionals predict higher cluster stability
than DLPNO, and DFT often overbinds compared to the
canonical coupled cluster binding energies, but the overbinding
is not consistent. To get an estimate of the lower bound for the
evaporation rates and to eliminate random DFT errors, we have
calculated the overall evaporation rates at 273 K based on the
average DFT Gibbs free energies (see Supporting Information).
In most cases, the qualitative prediction of DFT is similar to
DLPNO; for example, both predict a low evaporation rate for
the 1P2A1N cluster. The only significant qualitative difference
is the 2P2A1C cluster, for which DLPNO predicts an
evaporation rate similar to the surrounding clusters, but DFT
predicts a several orders of magnitude lower evaporation rate.
Often the evaporation rates of two-component sulfuric acid−

pinic acid clusters are lower than those of the corresponding
bisulfate, ammonia, or ammonium containing clusters. In the
case of bisulfate, the interaction between sulfuric acid and
bisulfate is significantly stronger than any other interaction, and
therefore all clusters containing both sulfuric acid and bisulfate

are evaporating toward 1A1B or 2A1B clusters. For example,
the evaporation rates (at 273 K based on the DLPNO//DFT
energies) for different 1P1A1B evaporation pathways are

γ→ + = × − −1P1A1B 1P1B 1A 7 10 s2
6 1

(R2)

γ→ + = × −1P1A1B 1A1B 1P 7 10 s3
10 1

(R3)

γ→ + = × − −1P1A1B 1B 1P1A 7 10 s4
11 1

(R4)

indicating that the total evaporation is primarily caused by the
R3 pathway since its rate is 16 orders of magnitude higher than
that of R2. However, the presence of bisulfate in the 2P1B
cluster enhances stability against evaporation compared to the
homomolecular pinic acid dimer. The main evaporation route
for the 2P1B cluster is 1P1B + 1P.
The presence of ammonia increases evaporation rates of

pinic acid-sulfuric acid clusters by 1−5 orders of magnitude,
except in the case of 1P2A1N for which the evaporation rate is
4 orders of magnitude lower than for the 1P2A cluster. For the
1P2A1N cluster, the main evaporation pathways are 1P1A1N +
1A and 1P1A + 1A1N, both with nearly equal evaporation rates.
The evaporation rate of 2P1N is 4 orders of magnitude higher
than that of the homomolecular pinic acid dimer, and the
evaporation rate for 2P + 1N is ten times higher than for the
1P1N + 1P pathway.
The presence of ammonium ion increases evaporation of

pinic acid−sulfuric acid clusters due to the strong interaction

Figure 6. Actual Gibbs free energies (kcal/mol) for pinic acid clusters at 273 K based on DLPNO//DFT free energies. [H2SO4] = 107 molecules/
cm3 and [pinic acid] = 10 ppt. Note the different color scale of the Gibbs free energies.
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between pinic acid and ammonium. The main evaporation
products are 1P1C and 2P1C. For example, the evaporation
rates (at 273 K based on DLPNO//DFT energies) for different
1P1A1C evaporation pathways are

γ→ + = × −1P1A1C 1P1C 1A 3 10 s5
7 1

(R5)

γ→ + = × − −1P1A1C 1A1C 1P 1 10 s6
4 1

(R6)

γ→ + = × − −1P1A1C 1C 1P1A 5 10 s7
9 1

(R7)

indicating that reaction R5 determines the total evaporation
rate because of the strong binding between ammonium and
carboxylic acid groups. As there is a strong interaction between
ammonium and pinic acid, the evaporation rate of 2P1C is 4
orders of magnitude lower than that of 2P, and the main
evaporation products are 1P1C + 1P.
The main evaporation routes of 2P2A1C are

Figure 7. Overall evaporation rates (∑γ (s−1)) for pinic acid clusters at 273 K based on DLPNO//DFT free energies. Note the different color scale
of the total evaporation rates.

Table 2. Gibbs Free Binding Energies (kcal/mol) for MBTCA Clusters Calculated Using DLPNO//DFT Level of Theory at
298.15 K and 1 atma

X = bisulfate X = ammonia X = ammonium

1M1X −20.8 (0.4) −0.3 (0.5) −23.5 (0.2)
1M1A −6.2 (0.2) 1M1A1X −35.0 (0.2) −8.9 (0.6) −28.0 (0.3)
1M2A −8.5 (0.3) 1M2A1X −42.7 (0.2) −16.6 (0.4) −34.7 (1.3)
1M3A −12.3 (0.9) 1M3A1X −51.2 (2.5) −24.7 (0.1) −39.5 (1.1)
1M4A −19.1 (1.7) 1M4A1X −60.6 (1.3) −30.4 (0.9) −39.0 (3.0)
2M −1.2 (0.8) 2M1X −24.6 (1.0) −2.3 (1.3) −35.6 (0.5)
2M1A −10.2 (0.8) 2M1A1X −39.9 (1.1) −12.1 (1.1) −28.7 (0.9)
2M2A −20.1 (1.1) 2M2A1X −50.4 (0.1) −24.3 (0.7) −49.6 (0.8)
2M3A −30.7 (0.8) 2M3A1X −56.5 (3.3) −35.8 (0.3) −57.0 (0.6)
2M4A −32.8 (2.5) 2M4A1X −62.5 (1.9) −43.4 (1.8) −55.6 (1.6)
3M1A −15.0 (0.5) 3M1A1X −37.5 (0.8) −22.3 (1.5) −41.7 (0.2)
3M2A −25.7 (1.1) 3M2A1X −55.1 (0.3) −38.7 (1.8) −54.7 (1.0)
3M3A −29.1 (2.9) 3M3A1X −56.3 (2.1) −41.0 (1.3) −62.8 (1.5)

1A1X −32.0 (0.3) −4.8 (0.2) −11.9 (0.6)
2A −5.2 (0.1) 2A1X −48.1 (0.6) −8.9 (0.3) −22.6 (0.5)

aThe standard deviations are given in parentheses. Abbreviations: M = MBTCA and A = sulfuric acid.
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→ +2P2A1C 2P1C 2A (R8)

→ +2P2A1C 2P1A1C 1A (R9)

The DLPNO//DFT level predicts that the rate for reaction R8
is 330 times higher than that of reaction R9, whereas according
to the DFT calculations, the evaporation rates for these
reactions are of the same order.
Formation of MBTCA Clusters. We have calculated

t h e G i b b s f r e e e n e r g i e s f o r c l u s t e r s u p t o
(C8H12O6)3(H2SO4)3(X)1, where X = HSO4

−, NH3, or NH4
+.

For simplicity we will refer to MBTCA as M. The initial
structures for the MBTCA−sulfuric acid clusters have been
taken from ref 24, and the HSO4

−, NH3, and NH4
+ are added

to the clusters using the same sampling technique as described
previously. The calculations for the minimum energy structures
are performed using DLPNO−CCSD(T)/def2-QZVPP//
DFT/6-31++G** level of theory. Table 2 shows the Gibbs
free binding energies and the scatter in the free energy as 1
standard deviation.
Ammonia decreases the formation Gibbs free energies of

MBTCA-sulfuric acid clusters by several kcal/mol in all cases.
Contrary to the pinic acid dimer, ammonia is able to stabilize
the MBTCA dimer structure by forming a hydrogen bond with
the nonbonding carboxylic acid group (see Figure 8). Bisulfate
and ammonium stabilize the MBTCA dimer structure by 23.4
and 34.4 kcal/mol, respectively.

Bisulfate and ammonium ions bind strongly with MBTCA by
hydrogen-bond formation, but the interaction between
ammonia and the carboxylic acid group is weak (see Figure
9). Both bisulfate and ammonia decrease the formation Gibbs
free energies by 20−40 kcal/mol compared to the bimolecular

MBTCA−sulfuric acid clusters. It should be kept in mind that
the interaction with sulfuric acid and ions is strong, especially in
the case of bisulfate, and thus the low Gibbs free energy values
are mainly originating from the binding of sulfuric acid
molecules to the ions.
Figure 10 shows the reaction Gibbs free energy diagrams for

the MBTCA clusters. Similarly to the pinic acid clusters, the

first steps of bimolecular MBTCA-sulfuric acid cluster
formation are not thermodynamically favorable, and the only
highly favorable additions of MBTCA are to the 1M2A, 1M3A,
and 1M4A clusters, where sulfuric acid molecules are able to
bridge between two MBTCA molecules. The presence of
ammonia enhances the formation of larger clusters, but the first
steps are still unfavorable. Both bisulfate and ammonium ions
are able to bind strongly with sulfuric acid and MBTCA, and
therefore the initial clustering steps are highly favorable in these
systems. In the case of bisulfate, the addition of the first or
second sulfuric acid molecule is a highly favorable process, and
the addition of the third or fourth sulfuric acids is less favorable.
The addition of MBTCA is not highly favorable for any cluster,
which implies that bisulfate and sulfuric acid are clustering with
each other independently of whether or not MBTCA is present.
Ammonium seems to be a better compound than bisulfate to
enhance the growth of MBTCA clusters. In the studied system,
the growth of ammonium-containing clusters begins most likely
by forming the 2A1C cluster, with subsequent addition of two
MBTCA molecules, all steps being thermodynamically highly
favorable. The 2M2A1C cluster can grow either by addition of a
third MBTCA or sulfuric acid molecule, with reaction free
energies of −5 and −7 kcal/mol, respectively. The formation of
the 3M3A1C cluster is also thermodynamically slightly
favorable. The growth may also occur via the 1M1A1C cluster,
for which the addition of a second sulfuric acid is favorable with
a reaction free energy of −7 kcal/mol.

Figure 8. MBTCA dimer with bisulfate (left), ammonia (middle), and
ammonium (right).

Figure 9. MBTCA monomer binding with bisulfate (left), ammonia
(middle), and ammonium (right).

Figure 10. Gibbs free energy diagrams for MBTCA clusters at 298.15
K and 1 atm calculated at the DLPNO//DFT level. Color coding: red
> −5 kcal/mol, yellow −5 to −10 kcal/mol, and green < −10 kcal/
mol. Abbreviations: M = MBTCA, A = sulfuric acid, B = bisulfate, N =
ammonia, and C = ammonium.

The Journal of Physical Chemistry A Article

DOI: 10.1021/acs.jpca.7b03981
J. Phys. Chem. A 2017, 121, 4812−4824

4819

http://dx.doi.org/10.1021/acs.jpca.7b03981


Figure 11 presents the actual Gibbs free energy surfaces of
MBTCA clusters at 273 K, [H2SO4] = 107 molecules/cm3 and
[MBTCA] = 10 ppt. There is no favorable growth direction on
the bimolecular MBTCA-sulfuric acid cluster grid, since every
addition of sulfuric acid or MBTCA molecule leads to a higher
formation free energy. In the case of bisulfate clusters, the
formation of 1M1B, 1A1B, and 2A1B clusters yields a lower
formation free energy. Addition of sulfuric acid to the 3M1A
cluster leads to a lower actual Gibbs free energy. However,
other addition steps lead to a higher free energy. In ammonia-
containing clusters, the formation of 3M2A1N cluster yields a
lower free energy from both direction, i.e., the addition of
sulfuric acid to 3M1A1N or the addition of MBTCA to
2M2A1N. All other formation steps lead to a higher formation
free energy. Following the lowest free energy path, the
clustering begins with the interaction of sulfuric acid and
ammonia, and continues by an addition of MBTCA. The
1M1A1N cluster grows by an addition of sulfuric acid, followed
by two consecutive additions of MBTCA molecules. In the
presence of ammonium, there are several addition steps which
yield a lower formation free energy. The actual free energy
surface suggests that the clustering may begin with the collision
between MBTCA and ammonium, followed by addition of a
second MBTCA molecule. The 2M1C cluster grows by three
sequential additions of sulfuric acid, followed by a third
MBTCA. It must be noted, however, that the free energy
surface alone does not determine the most likely growth
pathways: thermodynamically favorable paths may not be major
growth routes if the evaporation frequencies are high with

respect to collision frequencies.5 The qualitative trend of the
free energy surfaces based on average DFT free energies at the
same conditions is quite similar to the DLPNO results, but in
the case of three-component clusters there are a few more
formation steps which yield a lower free energy (see Supporting
Information).
Figure 12 shows the overall evaporation rates for MBTCA

clusters at 273 K. In the case of bimolecular sulfuric acid-
MBTCA clusters, the most stable cluster is 2M3A with a total
evaporation rate of 5 s−1. The evaporation rates of other
clusters are 2−10 orders of magnitude higher. The presence of
bisulfate increases the evaporation rates of the three-
component clusters. Similarly to the case of pinic acid, this is
due to the strong interaction between sulfuric acid and
bisulfate, meaning that all MBTCA−sulfuric acid−bisulfate
clusters are evaporating fast toward the very stable 1A1B or
2A1B clusters. When there is no sulfuric acid, MBTCA and
bisulfate are able to form a 1M1B cluster which is stable against
evaporation, but the 2M1B cluster is unstable. The presence of
ammonia can either increase or decrease the evaporation rates
by several orders of magnitude. The most stable cluster is
3M2A1N, with an evaporation rate of 0.2 s−1, which is 5 orders
of magnitude lower than the corresponding bimolecular 3M2A
cluster. Also ammonium can either increase or decrease the
total evaporation rates by several orders of magnitude. The
two-component MBTCA-ammonium clusters are particularly
stable against evaporation. The total evaporation rates are
reduced approximative 2 orders of magnitude when the
temperature is decreased to 243 K (see Supporting

Figure 11. Actual Gibbs free energies (kcal/mol) for MBTCA clusters at 273 K based on DLPNO//DFT free energies. [H2SO4] = 107 molecules/
cm3 and [MBTCA] = 10 ppt. Note the different color scale of the Gibbs free energies.
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Information), indicating that even at a low temperature only a
few of the MBTCA clusters are stable against evaporation. We
have also calculated the overall evaporation rates at 298 K, and
the results indicate that none of the three-component clusters
are stable against evaporation at a higher atmospheric
temperature (see Supporting Information). For a lower-
bound estimate for the evaporation rates, we have calculated
the overall evaporation rates at 273 K based on the average
DFT Gibbs free energies (see Supporting Information). The
qualitative prediction of DFT is similar to that of DLPNO, with
approximately 3 orders of magnitude lower evaporation rates.
The results imply that there are only a few MBTCA clusters
which are stable against evaporation at 273 K.
Most of the MBTCA−sulfuric acid−bisulfate clusters have

several orders of magnitude higher total evaporation rates
compared to the two-component MBTCA−sulfuric acid
clusters. This is due to the very high stability of sulfuric
acid−bisulfate clusters. For instance, the evaporation pathways
for 1M1A1B clusters are

γ→ + = × − −1M1A1B 1M1B 1A 3 10 s10
2 1

(R10)

γ→ + = × −1M1A1B 1A1B 1M 3 10 s11
7 1

(R11)

γ→ + = × − −1M1A1B 1M1A 1B 1 10 s12
13 1

(R12)

indicating that the R11 is the rate-determining evaporation
route.

The most stable ammonia-containing cluster is 3M2A1N,
and the main evaporation routes for it are the monomer
evaporations

γ→ + = × − −3M2A1N 3M1A1N 1A 1 10 s13
4 1

(R13)

γ→ + = × − −3M2A1N 2M2A1N 1M 5 10 s14
3 1

(R14)

γ→ + = × − −3M2A1N 3M2A 1N 2 10 s15
1 1

(R15)

where the evaporation of ammonia has the largest evaporation
rate and thus it determines the total evaporation rate of
3M2A1N.
The very low stability of the 2M1A1C cluster can be

explained by the very rapid evaporation of sulfuric acid
monomer, with an evaporation rate of 2 × 1015 s−1. The
3M3A1C cluster has a much lower overall evaporation rate than
the corresponding 3M3A cluster. The main evaporation routes
for the 3M3A1C cluster are

γ→ + = × −3M3A1C 3M2A1C 1A 2 10 s16
3 1

(R16)

γ→ + = × −3M3A1C 2M3A1C 1M 7 10 s17
4 1

(R17)

γ→ + = × −3M3A1C 2M2A1C 1M1A 1 10 s18
4 1

(R18)

γ→ + = × −3M3A1C 1M1C 2M3A 1 10 s19
3 1

(R19)

Figure 12. Overall evaporation rates (∑γ (s−1)) for MBTCA clusters at 273 K based on DLPNO//DFT free energies. Note the different color scale
of the total evaporation rates.
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whereas the MBTCA monomer evaporates from the 3M3A
cluster with an evaporation rate of 5 × 1010 s−1. This means that
the presence of ammonium stabilizes the three MBTCA and
three sulfuric acid containing clusters by 6 orders of magnitude
with respect to evaporation. However, the evaporation rate of
this cluster is still high, and thus it is likely that the 3M3A1C
cluster would, in atmospheric conditions, evaporate rapidly
instead of growing further.
It must be noted that the studied ammonia or ammonium

containing clusters contain only one ammonia molecule (or
cation). Especially in case of positively charged clusters, the
most stable compositions may contain more ammonia
molecules, possibly starting already from the first growth step
which may be the formation of the relatively stable (NH4

+)-
(NH3) dimer.5 However, given the instability of the studied
clusters, it does not seem likely that additional NH3 molecules
would be able to stabilize the three-component clusters against
evaporation in atmospheric conditions.

4. CONCLUSIONS
We have investigated the effect of bisulfate, ammonia, and
ammonium on the clustering of organic multicarboxylic acids
and sulfuric acid. Both bisulfate and ammonium ions enhance
the initial steps of cluster formation since the interaction with
ions and sulfuric acid or carboxylic acid group is very strong.
According to the Gibbs free energy surfaces at ambient
concentrations, bisulfate stimulates growth along the sulfuric
acid coordinate, whereas ammonium stimulates the growth
along the organic acid coordinate. At atmospheric conditions
and realistic vapor concentrations, however, it seems unlikely
that the clusters can grow into larger stable clusters via the
studied compounds. For electrically neutral clusters thermody-
namically favorable growth direction was not identified. The
most stable three-component cluster is found to consist of one
ammonia, three MBTCA, and two sulfuric acid molecules. If
this cluster is able to form, it could act as a seed for addition of
other stabilizing vapor compounds. However, it does not seem
probable that organic acids and sulfuric acid even together with
bisulfate, ammonia, or ammonium can drive the observed new-
particle formation events via clustering mechanisms. Inves-
tigation of the effect of adding multiple ammonia molecules
would be an interesting topic for a future study to confirm this
hypothesis, given the high abundance of ammonia in the
atmospheric gas phase.
Since quantum chemical studies together with kinetic

calculations have shown that α-pinene oxidation products
cannot form clusters which are stable against evaporation at
atmospheric conditions, but experimental studies have found
organic compounds to participate in the initial steps of new-
particle formation10,11 especially via ion-induced pathways,15

some other compounds or mechanisms are needed to explain
observed formation events. One possible reason for the
disagreement between experimental and theoretical findings
might be the formation of covalently bound dimers or higher-
order oligomers from monoterpene oxidation products57−60 as
well as the formation of organosulfates from sulfuric acid and
oxidized organic compounds.61 The multitude of proposed
dimer formation reactions and molecular structures highlight
both the complexity of the systems, and the large gap in the
current knowledge.62−64

If dimer formation occurs via a condensation reaction (the
addition and subsequent elimination reaction between closed-
shell molecules), a catalyzing compound might be needed. This

is because bimolecular condensation reactions are very unlikely
in the gas phase due to the high activation energy barriers.65−68

This implies that the covalently bound dimer or oligomer
formation reactions could be occurring in the cluster, where
other compounds, such as sulfuric acid, bases, or water, could
act as the catalyst. Furthermore, if condensation reactions can
take place in the cluster, the formed covalently bound dimer
very likely has a lower vapor pressure than the monomers
because of a higher molecular mass and a larger number of
functional groups.14,57 Hence the clusters in which real
chemical reactions are occurring would be more stable against
evaporation, and thus cluster-phase reactions might play a
significant role in new-particle formation. Therefore, in addition
to noncovalent interactions, chemical reactions should be also
taken into consideration when studying cluster formation
involving oxidized organic compounds.
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