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ABSTRACT: Despite the well-established role of small molecular clusters in the very first steps of atmospheric particle
formation, their thermochemical data are still not completely available due to limitation of the experimental techniques to treat
such small clusters. We have investigated the structures and the thermochemistry of stepwise hydration of clusters containing one
bisulfate ion, sulfuric acid, base (ammonia or dimethylamine), and water molecules using quantum chemical methods. We found
that water facilitates proton transfer from sulfuric acid or the bisulfate ion to the base or water molecules, and depending on the
hydration level, the sulfate ion was formed in most of the base-containing clusters. The calculated hydration energies indicate that
water binds more strongly to ammonia-containing clusters than to dimethylamine-containing and base-free clusters, which results
in a wider hydrate distribution for ammonia-containing clusters. The electrical mobilities of all clusters were calculated using a
particle dynamics model. The results indicate that the effect of humidity is negligible on the electrical mobilities of molecular
clusters formed in the very first steps of atmospheric particle formation. The combination of the results of this study with those
previously published on the hydration of neutral clusters by our group provides a comprehensive set of thermochemical data on
neutral and negatively charged clusters containing sulfuric acid, ammonia, or dimethylamine.

■ INTRODUCTION

Aerosol particles are present almost everywhere in the Earth’s
atmosphere, and they are known to affect the climate1,2 and to
damage human health.3,4 They are either emitted directly into
the atmosphere as primary particles or formed by clustering of
gaseous species.5 The proportion of particles formed in the
atmosphere constitutes a major uncertainty in predicting the
net radiative forcing.6 The detailed mechanisms driving particle
formation in the atmosphere are not well-known despite the
intensive research dedicated to the topic. It has been shown
that sulfuric acid often plays a major role in the process,7−9 and
a number of mechanisms have been proposed to explain how
sulfuric acid leads to the formation of atmospheric particles.10

The ternary sulfuric acid−water−ammonia system has been the
most studied of these mechanisms, but recently, amines and
some organic compounds have been found to enhance the
sulfuric acid-based particle formation rate more effectively than
ammonia.11−13

The role of ions in atmospheric particle formation has been a
controversial subject for a long time. While some studies have
claimed a clear enhancement of the formation of atmospheric
nanoparticles by ions,14,15 other observations showed no clear
connection between ions (formed by galactic cosmic rays and
Earth’s radioactive compounds) and the observed particle
formation rate.16,17 Experiments performed in the CLOUD
aerosol chamber at CERN18 demonstrated that ions do increase
the particle formation rate to some extent, though not enough
to explain most of the ambient observations. Nevertheless,
bisulfate-containing clusters are frequently detected in the
ambient atmosphere.19 Experimental values reported on
thermodynamics of some bisulfate ion−sulfuric acid clusters
reveal that they have a high sulfuric acid affinity,20 and are
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therefore favorable to cluster growth by sulfuric acid uptake.
Both ammonia and dimethylamine are well-known to stabilize
sulfuric acid clusters and to enhance the particle formation
rate.11,18

Many studies investigated the effect of ammonia and
dimethylamine on the hydration of sulfuric acid-containing
clusters,21−23 finding roughly similar results. Herb et al.21 found
a minor effect of one ammonia on the hydration pattern of
clusters containing one bisulfate ion and sulfuric acid molecules,
after considering a hydration range of three water molecules.
Most recently, considering a larger hydration range (up to five
water molecules), Henschel et al. studied the effect of ammonia
and dimethylamine on the hydration of electrically neutral
sulfuric acid clusters.22 They found that clusters containing
ammonia are less hydrated than base-free clusters at ambient
conditions and that clusters containing dimethylamine are even
less hydrated. To our knowledge, the study of hydration of
charged clusters containing sulfuric acid has neither been
extended to clusters containing more than one ammonia nor
extended to any clusters containing dimethylamine molecules.
However, the stability of clusters containing the bisulfate ion
and sulfuric acid is known to depend on the size and number of
base molecules included.24,25

In this study, we used quantum chemical methods to
examine the structures and thermochemical properties of
hydrated clusters containing one bisulfate ion, one to three
su l fur i c ac id , and one to two base molecu les
(HSO4

−(H2SO4)s(base)b), where s = 0−3, b = 0−2, base =
ammonia or dimethylamine. We obtained hydration Gibbs free
energies from quantum chemical calculations and further
determined the equilibrium distributions of the different
hydrates under atmospherically relevant temperature and
relative humidities. The coordinates of the lowest energy
configurations of all clusters were used in a particle dynamics
model to calculate their electrical mobilities at 298.15 K and 1
atm.

■ METHODS
Geometry optimizations and vibrational frequency analysis
were performed at the B3LYP/CBSB7 level of density
functional theory using the Gaussian 09 package,26 while single
point energy calculations on the lowest energy B3LYP/CBSB7
optimized geometries for electronic energies correction were
carried out using a wave-function-based method at the RI-
CC2/aug-cc-pV(T+d)Z level using the Turbomole program.27

The thermal contributions were calculated under the harmonic
oscillator-rigid rotor approximation. The zero-point energy
correction, as included in the Gibbs free energy, was calculated
under this approximation as a sum of contributions from all
vibrational modes of the system without a scaling factor.
Vibrational modes of all clusters are listed in the Supporting
Information. Some recent benchmarking studies on molecular
clustering using different methods showed that, among many
density functionals, B3LYP predicts reliable binding Gibbs free
energies for atmospherically relevant small clusters,28 especially
when the electronic energies are corrected by the RI-CC2
module with the aug-cc-pV(T+d)Z basis set.29,30

Leverentz et al.31 tested the accuracy of several computa-
tional methods against some high level coupled cluster methods
assumed to yield best estimates for the binding energies of the
clusters considered. From their work, it appears that the
determination of binding energies of clusters with the method
used in this work leads to a mean unsigned deviation of 2.52

kcal/mol from the CCSD(T)-F12a/jun-cc-pV(T+d)Z binding
energies of the (H2SO4)((CH3)2NH) and (H2SO4)2(NH3)
clusters and a mean unsigned deviation of 3.24 kcal/mol from
the CCSD(T)-F12a/jun-cc-pV(T+d)Z binding energies of
(H2SO4)2((CH3)2NH)2 and (H2SO4)3(NH3)2. The mean
unsigned deviation is known to underestimate the 95%
confidence intervalthe common expression of uncertainty
in thermochemistryby a factor of 2.5−3.32 In our case, this
corresponds to approximately 7−10 kcal/mol error relative to
the CCSD(T)-F12a/jun-cc-pV(T+d)Z best estimates. Consid-
ering also the binding strength of water to some of these
clusters, Elm and Mikkelsen33 found that, among other
methods used in their study, the method used in this work
predicts Gibbs free energies in very good agreement with the
best estimates from the literature.
The RI-CC2/aug-cc-pV(T+d)Z//B3LYP/CBSB7 method

has repeatedly been applied to determine the Gibbs free
energies used in modeling the dynamics of clusters containing
sulfuric acid and ammonia or dimethylamine, with reasonable
agreement with experiments (see, e.g., Kupiainen et al.,34

Olenius et al.,35 and Almeida et al.11). Moreover, we applied the
same method in our earlier study on the hydration of
electrically neutral clusters containing sulfuric acid and
ammonia or dimethylamine.22 Although the above-mentionned
studies were mostly made on electrically neutral clusters, we
believe that the RI-CC2/aug-cc-pV(T+d)Z//B3LYP/CBSB7
method will perform equally well for corresponding charged
clusters, and therefore, this method is suitable for studying the
clusters investigated in this work. Taking into account the
electronic energy correction, the Gibbs free energy of a cluster
is determined as

= − +G G E EDFT DFT CC (1)

where GDFT denotes the Gibbs free energy of the cluster
calculated with DFT and EDFT and ECC are the electronic
energies calculated with DFT and RI-CC2, respectively. It
should be noted that the structures were not optimized at the
RI-CC2 level of theory.
A number of initial configurations were manually generated

by removing one proton from a sulfuric acid molecule in our
previously published structures for neutral clusters22 and also
by adding water, base, or sulfuric acid molecules to the
unhydrated clusters containing one bisulfate ion and sulfuric
acid published by Ortega et al.36 This led to clusters having the
HSO4

−(H2SO4)s(base)b(H2O)w molecular formula, where s =
0−3, b = 0−2, w = 0−5, and base = ammonia or
dimethylamine. At least 25 starting configurations were
generated for each of the clusters. Due to rapidly increasing
computational cost with increasing cluster size, only up to two
water molecules were included in clusters containing one
bisulfate ion, three sufuric acids, and two base molecules.
Considering a given cluster composition, all configurations

with an individual Gibbs free energy within 3 kcal/mol of the
lowest free energy configuration were considered relevant, and
their contribution to the free energy due to multiple
configurations was calculated as37

∑δ = − −
⎛
⎝⎜

⎞
⎠⎟G RT

G

RT
ln exp

j

j

(2)

where R is the molar gas constant, T is the temperature, and Gj
is the Gibbs free energy of the conformer j relative to the most
stable conformer. We found that the contribution to the free
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energy due to multiple configurations leads to about 0.6 kcal/
mol difference relative to the lowest free energy conformer. The
structures considered in eq 2 are not just any minimum but
those separated by more fundamental rearrangements. As
demonstrated by DePalma et al.,38 transition state energies for
such rearrangements are commonly large compared to RT,
making the used approach reasonable. The Gibbs free energies
of the stepwise hydration were then derived, and applying the
law of mass action, we determined the equilibrium hydrate
distributions of the studied clusters under atmospherically
relevant temperature and relative humidities.39 The saturation
vapor pressure of water was approximated by the para-
metrization of Wagner and Pruss,40 revised by Murphy and
Koop.41 The equation for calculating the equilibrium hydrate
distribution is given in the Supporting Information.
Electrical mobilities and collision cross sections of ionic

clusters in air were calculated using the diffuse hard sphere
scattering method implemented in a particle dynamics model
by Larriba and Hogan.42,43 This method considers all collisions
between gas molecules and the ion to be diffuse and thermally
accommodating, and the average re-emission velocity of the gas
molecules from the particle is 92% of the Maxwell distribution.

Further description of this method can be found from the work
of Larriba and Hogan.42,43

■ RESULTS AND DISCUSSION

Depending on the cluster compositions, two to eight
configurations within 3 kcal/mol Gibbs free energy of the
lowest energy configuration were obtained. The contribution
due to multiple configurations was always taken into account
when deriving the hydration energies and the equilibrium
hydrate distributions. However, only the structures of the
lowest free energy clusters are shown here and were used to
calculate the electrical mobilities.

Structures. Base-Free Clusters. The optimized structures of
base-free clusters, HSO4

−(H2SO4)s(H2O)w, were similar to
those reported by Husar et al.44 and Herb et al.21 In tri- and
higher hydrates of most cluster types with s ≥ 1, one proton
was observed to transfer from one sulfuric acid molecule to a
water molecule, leading to the formation of a hydronium ion
(H3O

+) in the lowest energy configurations. Figure 1 shows the
lowest energy configurations of the HSO4

−(H2SO4) cluster
hydrates as one representative example in the base-free clusters
family, while the remaining structures are shown in the

Figure 1. Most stable structures of the HSO4
−(H2SO4)(H2O)n clusters. The color coding is yellow for sulfur, red for oxygen, and white for

hydrogen. The number of water molecules increases from part a where n = 0 to part f where n = 5.

Figure 2. Most stable structures of the HSO4
−(H2SO4)3(NH3)(H2O)n clusters. The color coding is yellow for sulfur, blue for nitrogen, red for

oxygen, and white for hydrogen. The number of water molecules increases from part a where n = 0 to part d where n = 3.
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Supporting Information. SO4
2− formation was not observed in

any of these cases, in accordance with Ding and Laasonen45 and
Sugawara et al.46 who found SO4

2− formation only in sulfuric
acid cluster hydrates containing eight or more water molecules.
Comparing the structures of the HSO4

−(H2SO4)s(H2O)w
clusters to the corresponding electrically neutral clusters22

(where the bisulfate ion was replaced by an intact sulfuric acid
molecule), it is seen that the addition/removal of a proton does

not necessarily lead to a rearrangement of molecules within the

cluster. In most cases at low hydration level (0−2 water

molecules), the bisulfate ion and the sulfuric acid molecules

form a cluster core (HSO4
−(H2SO4)s) which is bound to water

molecules through hydrogen bonds. At higher hydration,

however, the water molecules generally act as bridges between

the bisulfate ion and the sulfuric acid molecules.

Table 1. Boltzmann Averaged Gibbs Free Energy (in kcal/mol) of the Stepwise Water Addition to the Indicated Clusters,
Calculated at 298.15 Ka,b

n = 1 2 3 4 5

HSO4
−(H2O)n−1 + H2O → HSO4

−(H2O)n
this work −4.20 −2.51 −2.45 −1.88 −1.84
CCSD(T) −3.91 −3.32 −2.53 −1.44 −2.31
PW91 −4.58 −3.42 −2.99 −2.98 −1.38
experiment −6.04 ± 0.44 −4.64 ± 0.50 −3.25 ± 0.25 −2.2 ± 0.44 −2.32 ± 0.56

HSO4
−(H2SO4)(H2O)n−1 + H2O → HSO4

−(H2SO4)(H2O)n
this work −1.05 0.05 −1.39 0.02 −1.22
PW91 −1.88 −1.10 −2.58 −0.5 0.4
experiment −2.41 ± 1.07 −1.60 ± 0.25 −1.11 ± 0.63

HSO4
−(H2SO4)2(H2O)n−1 + H2O → HSO4

−(H2SO4)2(H2O)n
this work −2.45 −3.28 1.11 1.51 −4.02
PW91 −1.43 −4.31 −0.68
experiment −1.72 ± 0.12 −2.10 ± 0.10 −1.01 ± 0.78 −1.20 ± 0.30

HSO4
−(H2SO4)3(H2O)n−1 + H2O → HSO4

−(H2SO4)3(H2O)n
this work −4.66 −3.89 −1.96 4.53 −1.17
PW91 −3.61 −1.25 −4.75
experiment −2.73 ± 0.01 −1.53 ± 0.04 −1.93 ± 0.08 −1.86 ± 0.02 −2.00 ± 0.02

HSO4
−(NH3)(H2O)n−1 + H2O → HSO4

−(NH3)(H2O)n
this work −4.76 −2.56 −2.15 −0.30 −0.16

HSO4
−(H2SO4)(NH3)(H2O)n−1 + H2O → HSO4

−(H2SO4)(NH3)(H2O)n
this work −2.38 0.04 −2.23 −4.45 0.17
PW91 −1.68 −1.20 −1.44

HSO4
−(H2SO4)(NH3)2(H2O)n−1 + H2O → HSO4

−(H2SO4)(NH3)2(H2O)n
this work 2.21 −0.32 −6.66 3.06 −6.11

HSO4
−(H2SO4)2(NH3)(H2O)n−1 + H2O → HSO4

−(H2SO4)2(NH3)(H2O)n
this work −3.78 −1.25 −0.36 −1.63 −4.08
PW91 −0.50 −1.44 −2.69

HSO4
−(H2SO4)2(NH3)2(H2O)n−1 + H2O → HSO4

−(H2SO4)2(NH3)2(H2O)n
this work 1.96 −5.12 −1.39 −0.36 −5.27

HSO4
−(H2SO4)3(NH3)(H2O)n−1 + H2O → HSO4

−(H2SO4)3(NH3)(H2O)n
this work −5.91 −0.22 0.86
PW91 −5.22 0.40 −1.19

HSO4
−(H2SO4)3(NH3)2(H2O)n−1 + H2O → HSO4

−(H2SO4)3(NH3)2(H2O)n
this work −0.30 0.36

HSO4
−((CH3)2NH)(H2O)n−1 + H2O → HSO4

−((CH3)2NH)(H2O)n
this work −4.56 −3.19 −2.20 −3.04 0.88

HSO4
−(H2SO4)((CH3)2NH)(H2O)n−1 + H2O → HSO4

−(H2SO4)((CH3)2NH)(H2O)n
this work 1.89 −0.49 −3.67 −0.69 −2.23

HSO4
−(H2SO4)((CH3)2NH)2(H2O)n−1 + H2O → HSO4

−(H2SO4)((CH3)2NH)2(H2O)n
this work 4.08 1.87 −8.38 −5.00 −5.67

HSO4
−(H2SO4)2((CH3)2NH)(H2O)n−1 + H2O → HSO4

−(H2SO4)2((CH3)2NH)(H2O)n
this work 0.49 −3.33 4.04 −0.73 −1.57

HSO4
−(H2SO4)2((CH3)2NH)2(H2O)n−1 + H2O → HSO4

−(H2SO4)2((CH3)2NH)2(H2O)n
this work 2.07 −3.23 2.68 −1.63 −0.19

HSO4
−(H2SO4)3((CH3)2NH)(H2O)n−1 + H2O → HSO4

−(H2SO4)3((CH3)2NH)(H2O)n
this work −7.05 6.22 4.50

HSO4
−(H2SO4)3((CH3)2NH)2(H2O)n−1 + H2O → HSO4

−(H2SO4)3((CH3)2NH)2(H2O)n
this work 0.65 −0.06

aThe values are compared to other theoretical and experimental results. bCCSD(T) stands for the CCSD(T)/CBS method (Husar et al.),44 PW91
stands for the PW91PW91/6-311++G(3df,3pd) method (Herb et al., Nadykto et al.),21,53 and experimental data are from Froyd and Lovejoy.20
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Ammonia-Containing Clusters. Regardless of the number
of ammonia molecules involved, the ammonia-containing
clusters show a tendency to form a ring structure as the
number of water molecules increases. For clusters containing
one ammonia molecule, one proton is transferred in most cases,
with a second transfer occurring generally in tri- and higher
hydrates and especially in clusters containing one bisulfate ion
and at least two sulfuric acid molecules. Most cases with two
proton transfers lead to the formation of SO4

2− and/or H3O
+.

The H3O
+ ion is predominantly formed in the highest hydrates

(tetra- and pentahydrates) of the HSO4
−(H2SO4)2(NH3)

clusters, whereas SO4
2− is formed in the anhydrous cluster.

Considering the dry HSO4
−(H2SO4)2(NH3) cluster, the two

most stable optimized structures (one of which contains SO4
2−)

differ by only 0.50 kcal/mol in Gibbs free energy. The two
configurations are presumably in an equilibrium where the
proton is constantly transferring between the two bisulfate ions,
similarly to what has been observed in sulfuric acid hydrates by
Stinson et al.47 in a path integral molecular dynamics study and
in the sulfuric acid−dimethylamine monohydrate from the first-
principles Born−Oppenheimer molecular dynamics study by
Loukonen et al.48 In our case, the proton transfer led to the
(HSO4

−)2 ↔ (SO4
2−)(H2SO4) isomerization within the cluster.

The clusters containing one bisulfate ion and three sulfuric
acids and one ammonia showed an important feature with the
SO4

2− ion being formed in all of its hydrates. All the structures
in which SO4

2− was formed have identical configurations for the
cluster core, (H2SO4)3(SO4

2−)(NH4
+), in which the SO4

2− ion
is symmetrically surrounded by three H2SO4 molecules with
the NH4

+ ion bound to them (see Figure 2b,c).
In the systems containing two ammonia molecules, it was

seen that one proton transfer occurs in the one bisulfate ion
and one sulfuric acid clusters whereas two proton transfers
occur in clusters containing one and two additional sulfuric acid
molecules. These led to the formation of (HSO4

−)2(NH4
+)-

(NH3)(H2O)w- and (HSO4
−)3(H2SO4)0−1(NH4

+)2(H2O)w-like
structures for clusters containing one bisulfate ion and one
sulfuric acid and those containing one bisulfate ion and two to
three sulfuric acids, respectively. All structures are shown in the
Supporting Information.
Dimethylamine-Containing Clusters. For clusters contain-

ing one dimethylamine molecule, there were either one or two
proton transfers from one sulfuric acid or the bisulfate ion to
dimethylamine or water. When there was only one proton
transfer, there was no SO4

2− formation, whereas transfer of a
second proton would happen from the bisulfate ion, leading to
the formation of SO4

2−. This occurred in clusters containing
one bisulfate ion and two sulfuric acids as well as in clusters
containing one bisulfate ion and three sulfuric acids.
There were two proton transfers in clusters containing two

dimethylamine molecules, leading to the formation of SO4
2−

and/or H3O
+, depending on the degree of hydration. The

formation of the SO4
2− and/or H3O

+ ions occurred already in
clusters containing one bisulfate ion and one sulfuric acid,
though in the unhydrated cluster and at highly hydrated
conditions (four to five water molecules) only. Considering the
clusters containing one bisulfate ion and two sulfuric acids and
those containing one bisulfate ion and three sulfuric acids, the
SO4

2− ion was formed in the lowest hydrates exclusively (dry
and monohydrates).
Similarly to the ammonia-containing clusters, the formation

of the SO4
2− ion in dimethylamine-containing clusters could

not be explained by acid−base chemistry intuition. Never-

theless, it was again observed that the formation of SO4
2− is

favorable either at low (0−1 water molecule) or at high
hydration (4−5 water molecules) levels.

Hydration Energetics and Equilibrium Hydrate Dis-
tributions. Base-Free Clusters. Apart from the cluster
containing one bisulfate ion and one sulfuric acid molecule
which shows somewhat irregular trends in Gibbs free energy of
hydration, all base-free systems exhibit similar trends, with the
hydration energy getting less negative with increased hydration.
The numerical values for the Gibbs free energies of hydration
computed at 298.15 K are presented in Table 1. We found that
the hydration energies of the bisulfate ion are more negative
than those of sulfuric acid molecules published in previous
studies.22,49 This is most probably the result of a strong
stabilization of the negative charge on the bisulfate ion by the
incoming water molecules, similarly to the effect of charge
stabilization by water observed in the hydration of some
oxysulfurous anions.50,51 Our results are in good agreement
with the MP2/aug-cc-pV(D+d)Z, CCSD(T)/CBS, and
PW91PW91/6-311+G(3df,3pd) findings,44,52,53 and in fairly
good agreement with experiment.20

The clusters containing one bisulfate ion and one sulfuric
acid have the weakest hydration within the base-free clusters
family (see Table 1). This is likely because most energy is
gained from the strong stabilization of the bisulfate ion by the
sulfuric acid molecule (ΔG = −34.51 kcal/mol), as compared
to the −7.89 kcal/mol binding energy between two sulfuric acid
molecules.36,54 The sign alternation of the Gibbs free energies
between odd and even hydration of the HSO4

−(H2SO4) can be
explained by inspecting the structures in Figure 1. It is seen
that, while the binding of the first water molecule results in a
tight structure for the monohydrate keeping the
HSO4

−(H2SO4) configuration unchanged, the second water
molecule distorts it. The addition of the third water molecule is
followed by one proton transfer which likely explains the
stability of the trihydrate. Upon the fourth and fifth hydration,
water molecules are connected to each other to form a ring
water network which is bound to the HSO4

−(H2SO4) core.
This ring water structure seems to hinder the stability of the
tetrahydrate more than the pentahydrate. The clusters
containing one bisulfate ion and two or more sulfuric acid
molecules are in general favorable to water addition, at least
until the third hydration. The fourth hydrations are not
favorable in these cases, seemingly due to the high stability of
the respective trihydrates and the difficulty to incorporate the
fourth water molecule in their structures. It is seen from Figure
S2 in the Supporting Information that, as opposed to the
trihydrate (and lower hydrates) of HSO4

−(H2SO4)3 where all
hydrogen atoms of the water molecules are completely involved
in the formation of hydrogen bonds, some water molecules in
the tetrahydrate (and the pentahydrate) have dangling protons,
which hinder the stability of these hydrates by not participating
in the formation of hydrogen bonds.
Using the Gibbs free energies of hydration shown in Table 1,

we calculated the equilibrium distributions of the
HSO4

−(H2SO4)s hydrates. These were explored at 252 and
298.15 K and different relative humidities (1, 20, 50, 67, 80, and
100%) chosen for atmospheric relevance and for comparability
with experiments.20 The equilibrium distribution of
HSO4

−(H2O)n at 298.15 K shows that the bisulfate ion is
extensively hydrated under most conditions (see Figure 3) and
can bind one water molecule even at extremely dry conditions
(at relative humidity = 1%). The equilibrium hydrate
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distribution of the bisulfate ion determined by our method is in
very good agreement with the high level ab initio CCSD(T)/
CBS results.44 The HSO4

−(H2SO4), HSO4
−(H2SO4)2, and

HSO4−(H2SO4)3 clusters show narrower hydrate distributions
than the bisulfate ion. They are generally dry at relative
humidities below 20% while binding up to two molecules at
relative humidities between 20 and 100% (related figures, i.e.,
Figures S14, S15, and S16 are shown in the Supporting
Information). This is different from the corresponding
protonated clusters whose populations are wider at all relative
humidities above 10%.22

The major difference between the equilibrium distributions
of HSO4

−(H2O)n at 252 and 298.15 K resides in the differences
in the heights of the peaks at similar conditions. Our
distributions for HSO4

−(H2SO4)s(H2O)w clusters at 252 K
agree qualitatively well with those determined experimentally
by Froyd and Lovejoy20 who produced their ionic clusters using
an ion flow reactor and a quadrupole mass spectrometer for
detection. At 1% relative humidity, both our method and the
experiments predict HSO4

−(H2O)1, HSO4
−(H2SO4), and

HSO4
−(H2SO4)2 to be the most abundant clusters in their

respective hydrate distributions. However, for the
HSO4

−(H2SO4)3(H2O)w family, we predict the most abundant
cluster to be monohydrated instead of the unhydrated cluster
found experimentally. For this latter case, it is however possible
that this cluster, initially hydrated, loses water in the vacuum of
the mass spectrometer before being detected.
For small clusters (s = 0−1), the hydrate distributions of

HSO4
−(H2SO4)s clusters at 67% relative humidity are also in

good agreement with the experiments,20 although we somewhat
overestimate the water affinity by ca. one water molecule for
large clusters (s = 2−3). For the HSO4

−(H2SO4)2 and
HSO4

−(H2SO4)3 clusters, we predict the dihydrates to be the
most abundant clusters in their respective hydrate distributions.
Overall , our method qualitatively reproduces the
HSO4

−(H2SO4)s experimental hydrate distribution.
Ammonia-Containing Clusters. The hydration of ammonia-

containing clusters depends strongly on the number of
ammonia molecules involved. Clusters containing one
ammonia molecule have more negative Gibbs free energies of
hydration than base-free systems, although the average
difference in the Gibbs free energy of hydration between the
two cluster types rarely exceeds 1 kcal/mol. Clusters containing
two ammonia molecules generally have positive Gibbs free
energies at the first hydration, while negative values are
obtained at the following hydration levels.
For clusters containing one ammonia molecule, hydration of

the HSO4
−(H2SO4)3(NH3) cluster gives the best agreement

between results reported here and those from Herb et al.21

(with an average difference in the Gibbs free energy of
hydration of ca. 0.5 kcal/mol). The first water binds strongly to
HSO4

−(H2SO4)3(NH3), with ca. −5.91 kcal/mol Gibbs free
energy at 298.15 K. The consequence of this highly negative
value for the Gibbs free energy of first hydration of
HSO4

−(H2SO4)3(NH3) is that its hydrate distribution is highly
populated by monohydrates at relative humidities above 20%.
This distribution is shown in Figure 4 as the representative

example of the hydrate distributions of clusters containing one
ammonia molecule, while the hydrate distributions of other
clusters are given in the Supporting Information.
The hydration of clusters containing two ammonia molecules

is completely different from that of base-free clusters and
clusters with one ammonia: the first hydration steps of clusters
containing one bisulfate ion, one sulfuric acid, and two
ammonia and those containing one bisulfate ion, two sulfuric
acids, and two ammonia molecules are endergonic (ca. 2 kcal/
mol), while the following hydrations are exergonic. The
hydration of clusters containing one bisulfate ion, three sulfuric
acid, and two ammonia molecules is quite weak, with −0.30 and
0.36 kcal/mol Gibbs free energy for the first and second
hydration, respectively. As a consequence of this weak
hydration, the clusters in this family remain almost dry at all
relative humidities, with only tiny proportions of the other
hydrates.

Dimethylamine-Containing Clusters. Of the clusters
containing one dimethylamine molecule, those containing
one bisulfate ion and one sulfuric acid and those containing
one bisulfate ion and two sulfuric acid molecules have the most
favorable hydration, with all but the first Gibbs free energies of
hydration being negative. The first hydration step is endergonic
in both cases, which results in hydrate distributions being highly
populated by dry clusters at all relative humidities. Figure 5
shows the equilibrium hydrate distribution of clusters
containing one bisulfate ion, two sulfuric acid, and one
dimethylamine molecule as one example of clusters containing
one dimethylamine molecule, and the distributions of other
clusters, including those containing two dimethylamine
molecules, are shown in the Supporting Information. The
s m a l l a m o u n t o f d i h y d r a t e s i n t h e
HSO4

−(H2SO4)2((CH3)2NH) hydrate distribution reflects the
favorable addition of the second water molecule (with ΔG =
−3.33 kcal/mol).
The hydration Gibbs free energies of all clusters containing

two dimethylamine molecules exhibit similar trends to those in

Figure 3. Equilibrium hydrate distribution of the HSO4
−(H2O)0−5

clusters at 298.15 K and various relative humidities (RH).

F igure 4 . Equ i l i b r i um hydr a t e d i s t r i bu t i on o f t he
HSO4

−(H2SO4)3(NH3)(H2O)0−3 clusters at 298.15 K and various
relative humidities (RH).
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clusters containing one dimethylamine molecule. In clusters
containing two dimethylamine molecules, the first hydration is
even more endergonic than that in clusters containing only one
dimethylamine, while further hydrations are more exergonic.
The hydrate distributions of these clusters are exclusively
populated by the dry species at all relative humidities. The sole
exception is for the HSO4

−(H2SO4)((CH3)2NH)2 cluster
which is mainly populated with dry clusters at relative
humidities below 20% and with pentahydrated clusters at
relative humidities above 20%. The hydrate distribution of the
HSO4

−(H2SO4)((CH3)2NH)2 cluster is likely a result of the
stability induced by the formation of the SO4

2− ion in dry and
highly hydrated clusters.
In sum, regardless of the number of dimethylamine

molecules involved, the hydration pattern of clusters containing
dimethylamine is somewhat similar to that of clusters
containing two ammonia molecules, with the first hydration
being endergonic in most cases, as can be seen from Table 1.
The sole case with negative energy for the first hydration is that
of the HSO4

−(H2SO4)3((CH3)2NH) cluster.
Apart from the bisulfate ion, hydrations of all other clusters

investigated in this study are weaker than those of their
corresponding electrically neutral forms published in our
previous work.22 It is likely that the weak binding of water to
bisulfate ion-containing clusters relative to the binding to
sulfuric acid-containing clusters reflects the fact that the
molecules in bisulfate ion-containing clusters (which have one
proton less than the corresponding neutral clusters) form less
hydrogen bonds with each other and with water than the
molecules in the sulfuric acid-containing clusters.
At equilibrium, while the number of water molecules bound

to the HSO4
−(H2SO4)1−3 clusters at relative humidities above

10% rarely exceeds three, it is seen that at least three water
molecules are always bound to the (H2SO4)2−4 clusters at
similar conditions.22 Whether there is base in the cluster or not
does not change the situation considerably, especially when the
base is ammonia. However, in the presence of dimethylamine,
the neutral clusters are still relatively highly hydrated while
charged ones are mostly unhydrated at all relative humidities
investigated here. The high hydration of the neutral clusters
also reflects the high stability of their hydrates relative to
charged clusters, and hence, the charge effect in the
enhancement of new particle formation due to sulfuric acid-
containing cluster hydrates might be small.

■ ION CLUSTER MOBILITIES
The electrical mobilities of charged particles determine their
ability to move in response to an electric field and are
important for size-selected measurements involving ion
mobility spectrometers.55,56 In this work, we examined the
effect of humidity on the electrical mobilities of clusters
calculated from the coordinates of their lowest energy
configurations. Keeping in mind that clusters usually adopt
many low energy configurations, the sole consideration of the
lowest energy configuration in predicting the electrical
mobilities is likely to be a source of uncertainties.
For clusters investigated in this study, the electrical mobilities

fell in the range 1.05−3.42 cm2/(V s). The corresponding
mobility diameters42,55,57 fell in the range 0.52−1.11 nm,
consistent with the observed range of mobility diameters for
clusters formed in the very first steps of atmospheric particle
formation.58 The equation used to convert the electrical
mobilities into mobility diameters is given in the Supporting
Information. We found that, for all clusters, the electrical
mobility decreases with increasing hydration. This is a result of
the increased collision cross section of the cluster as more water
molecules are bound to it. Figure 6 shows an example of the

variation in electrical mobility with relative humidity for five
selected ions, while the numerical values of electrical mobilities
of all clusters are given in the Supporting Information. As can
be seen from Figure 6, the electrical mobilities of dimethyl-
amine-containing clusters are less sensitive to relative humidity
than the mobilities of base-free clusters and ammonia-
containing clusters. Due to it small size and high hygro-
scopicity, the bisulfate ion shows the strongest variation in
electrical mobility with relative humidity. These results show
that the effect of humidity is expected to be small on the
electrical mobility measurements of clusters having a molecular
mass above 97 Da (the molecular mass of the bisulfate ion) and
particularly on those containing dimethylamine, supporting the
assumption made by Jen et al.59 Since the effect of hydration on
electrical mobilities is found to be weak, the sole consideration

F igure 5 . Equ i l i b r i um hydr a t e d i s t r i bu t i on o f the
HSO4

−(H2SO4)2((CH3)2NH)(H2O)0−5 clusters at 298.15 K and
various relative humidities (RH).

Figure 6. Variation of the electrical mobilities in air with hydration for
t h e H S O 4

− , H S O 4
− ( H 2 S O 4 ) , H S O 4

− ( H 2 S O 4 ) 2 ,
HSO4

−(H2SO4)2(NH3), and HSO4
−(H2SO4)2((CH3)2NH) clusters.

The molecular masses are 97, 195, 293, 310, and 338 Da, respectively.
Calculations were performed at 298.15 K and 1 atm.
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of the lowest free energy configurations to calculate the
electrical mobilities does not probably lead to a significanl error.

■ CONCLUSIONS
We have used ab initio calculations based on the RI-CC2/aug-
cc-pV(T+d)Z//B3LYP/CBSB7 method to study atmospheric
clusters consisting of one bisulfate ion, up to three sulfuric
acids, up to two bases (ammonia or dimethylamine), and up to
five water molecules. The structures of these clusters were
determined, and the thermochemistry of their stepwise
hydration was examined. In most clusters containing one
bisulfate ion and at least two sulfuric acid molecules and
regardless of the identity of the base molecule, the formation of
the lowest energy configurations involved protons being
transferred either from sulfuric acid or the bisulfate ion to the
base or to water molecules. We found that, at high hydration,
water facilitates the proton transfers. The formation of a sulfate
ion was observed in many base-containing clusters, independ-
ently of the identity of the base molecule present.
Although most base-containing clusters exhibited positive

Gibbs free energies for the first hydration, their hydration was
more energetically favorable than that of base-free systems, with
the exception of the bisulfate ion. Further, it was found that the
hydration of ammonia-containing clusters was more favorable
than that of dimethylamine-containing ones. Using the Gibbs
free energy of hydration, we determined the equilibrium
hydrate distributions at 252 and 298.15 K and relative
humidities between 1 and 100% of all clusters studied here.
Regardless of the number of bases involved, ammonia-
containing clusters were more hydrated than dimethylamine-
containing and base-free clusters under the investigated
conditions. The combination of these results with those
previously published by our group22 provides a thorough set
of thermochemical data on the hydration of neutral and
negatively charged clusters containing sulfuric acid, ammonia,
or dimethylamine.
The electrical mobilities of all clusters were determined from

their coordinates using a particle dynamics model. The results
indicate that the electrical mobilities of all but the bisulfate ion
vary weakly with relative humidity. Moreover, the electrical
mobilities of dimethylamine-containing clusters are almost
completely insensitive to humidity. The results further indicate
that at ambient conditions the effect of relative humidity is
expected to be small in electrical mobility measurements of
molecular clusters formed in the very first steps of atmospheric
particle formation and especially for clusters containing
dimethylamine.
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O.; Olenius, T.; Ortega, I. K.; Clegg, S. L.; Kurteń, T.; Riipinen, I.;
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