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Abstract. Sulfuric acid clusters stabilized by base molecules
are likely to have a significant role in atmospheric newparticle formation. Recent advances in mass spectrometry techniques have permitted the detection of electrically
charged clusters. However, direct measurement of electrically neutral clusters is not possible. Mass spectrometry instruments can be combined with a charger, but the possible
effect of charging on the composition of neutral clusters must
be addressed in order to interpret and understand the measured data. In the present work we have used formation free
energies from quantum chemical methods to calculate the
evaporation rates of electrically charged (both positive and
negative) sulfuric acid–ammonia/dimethylamine clusters. To
understand how charging will affect the composition of electrically neutral clusters, we have compared the evaporation
rates of the most stable neutral clusters with those of the corresponding charged clusters. Based on the evaporation rates
of different molecules from the charged clusters, we determined the most likely resulting cluster composition when a
stable neutral cluster is charged and the molecules with the
highest evaporation rates are lost from it. We found that all of
the most stable neutral clusters will be altered by both positive and negative charging. In the case of charging clusters
negatively, base molecules will completely evaporate from
clusters with 1 to 3 sulfuric acid molecules in the case of ammonia, and from clusters with 1 or 2 sulfuric acid molecules
in the case of dimethylamine. Larger clusters will maintain
some base molecules, but the H2 SO4 : base ratio will increase. In the case of positive charging, some of the acid
molecules will evaporate, decreasing the H2 SO4 : base ratio.

1

Introduction

Atmospheric aerosol particles affect climate both directly
and indirectly (IPCC, 2007; Merikanto et al., 2009). One of
the less understood aerosol related processes is the formation of new particles from condensable vapors in the atmosphere. The participation of sulfuric acid in this process is
clear (see, for example, Sipilä et al., 2010), but sulfuric acid
on its own cannot explain the new-particle formation rates
observed during different field campaigns. It has long been
known that sulfuric acid clusters need to be stabilized to be
able to form aerosol particles. The identity of these stabilizing compounds has been the subject of several studies during
the recent years. Ammonia has been one of the most studied candidates to stabilize sulfuric acid clusters (Weber et
al., 1996, Merikanto et al., 2007; Benson et al., 2010). Recent results from the state-of-the-art Cosmics Leaving Outdoor Droplets (CLOUD) experiment at CERN (Kirkby et al.,
2011) have shown that, although the presence of ammonia
can enhance the observed particle formation rate, the rates
measured in the experiment are still far from those observed
in the atmosphere. Organic compounds, especially organic
nitrogen bases such as amines, have become the strongest
candidate to explain observed formation rates. Mäkelä et al.
(2001) reported the presence of amines in particles during
new-particle formation events. Different quantum chemical
studies have shown that amines stabilize sulfuric acid clusters
more efficiently than ammonia (Kurtén et al., 2008, Loukonen et al., 2010; Nadykto et al., 2011). This is supported
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by atmospheric and laboratory measurements (Smith et al.,
2010; Zhao et al., 2011; Almeida et al., 2013).
The main problem in understanding new-particle formation is that the key steps occur in small molecular clusters,
below 1.5 nm in diameter (see, for example, Kulmala et al.,
2013). Recent developments in cutting-edge high-resolution
mass spectrometry have enabled the chemical characterization of charged clusters from the molecular scale upward
(Junninen et al., 2010; Ehn et al., 2011; Kirkby et al., 2011;
Kulmala et al., 2013). These measurements can only provide
the elemental composition of the detected clusters, which
makes it impossible to distinguish between different compounds with the same elemental formula. For example, the
compound with the elemental formula C3 H7 N can be either
dimethylamine ((CH3 )2 NH) or ethylamine (CH3 CH2 NH2 ).
In addition, these measurements alone yield no information
on the composition of neutral clusters. A charger can be
included in front of the mass spectrometer (Jokinen et al.,
2012), but depending on the charging mechanism used in the
instruments, some cluster types may not be charged, others
may be broken up and others may be chemically completely
altered by the process (Kurtén et al., 2011; Kupiainen-Määttä
et al., 2013). Furthermore, clusters sampled by the atmospheric pressure interface time-of-flight mass spectrometer
(APi-TOF-MS) pass through a low-pressure interface, where
loosely bound molecules can evaporate from the clusters. In
addition, high-energy collisions with gas molecules inside
the instrument can also affect the composition of the detected
clusters.
In the present work, we have used the formation free energies from our previous quantum-chemistry-based works (Kupiainen et al., 2012; Olenius et al., 2013a, b) to calculate the
evaporation rate of charged sulfuric acid–ammonia and sulfuric acid–dimethylamine (DMA) clusters. We present a detailed analysis of the stability of charged clusters with different compositions. In addition, we compare the evaporation
rates of the most stable electrically neutral clusters (Ortega
et al., 2012) to those of the corresponding charged clusters in
order to determine how the charging process will affect the
composition of the neutral clusters.
In the atmosphere, water vapor is always present and the
clusters are likely to be hydrated to some extent. In this study,
however, we focus on the more simple case of dry clusters to
gain a general understanding on the dependence of the optimal acid : base ratio on charging state. As water can act both
as a weak acid and a weak base, it may complicate matters
slightly, but while it changes the effective evaporation rates
of clusters (Paasonen et al., 2012; Almeida et al., 2013), it
is unlikely to have a strong impact on the ratio of stronger
acid and base molecules in the most stable clusters. Furthermore, one of the main goals of this study is to understand how
the charging process affects cluster composition inside measurement instruments. Within these instruments, the clusters
are almost always subjected to low-pressure environments,
where the absolute water concentration is very low compared
Atmos. Chem. Phys., 14, 7995–8007, 2014

to the ambient atmosphere. Thus, while water molecules continue evaporating from the clusters (the evaporation rate is
independent of the vapor concentration), the collision rate
of water molecules with the clusters drops dramatically. In
other words, the atmospheric hydration equilibrium is not
maintained, and the clusters rapidly lose water in the instruments. The timescale for this water loss corresponds to the
inverse of the water evaporation rates, and is typically on the
order of micro- or nanoseconds – much shorter than the typical total residence time in the instrument. For this reason,
hydrated clusters are, except for a few very strongly bound
q
cases such as HSO−
4 H2 O, seldom observed in mass spectrometric experiments at anywhere close to room temperature. Therefore, studying the dry clusters is appropriate for
understanding the effect of charging on cluster composition
inside measurement instruments, even when the clusters are
extensively hydrated before entering the instruments.

2

Methodology

In this work we have used the formation free energies calculated in our previous works (Kupiainen et al., 2012; Olenius
et al., 2013a, b) using a multistep quantum chemical method
(Ortega et al., 2012). The geometry optimizations and frequency calculations were performed with the Gaussian09
program (Frisch et al., 2009) using the B3LYP hybrid functional (Becke, 1993) and a CBSB7 basis set (Montgomery
et al., 1999), and a single-point electronic energy was then
calculated with the TURBOMOLE program (Ahlrichs et al.,
1989) using the RI-CC2 method (Hättig and Weigend, 2000)
and an aug-cc-pV(T+d)Z basis set (Dunning et al., 2001).
We will refer to this method as B3RICC2.
In a previous study (Ortega et al., 2012) we compared the
results obtained with the B3RICC2 method with those of the
high-level multistep method CBS-QB3 (Montgomery et al.,
1999). The agreement between these two methods was very
good (with an average difference of 0.74 kcal mol−1 ). Later
work by Leverenz et al. (2013) has shown that B3RICC2
somewhat overestimates the binding of sulfuric acid–DMA
clusters compared to higher level methods. On the other
hand, the experimental results of Almeida et al. (2013) confirm our finding that DMA stabilizes sulfuric acid dimers significantly more strongly than ammonia.
Unfortunately, the Gibbs formation free energies of the
neutral clusters studied here have not been determined experimentally. Present experimental techniques to estimate
the Gibbs formation free energies are based on mass spectrometry measurements, and thus only charged clusters can
be studied. This leaves theoretical methods, of which quantum chemistry is currently the most accurate method, as the
only way to determine Gibbs formation free energies of neutral clusters. Experimental Gibbs formation free energies exist for some of the charged clusters studied in this work
(Froyd and Lovejoy, 2003, 2012). For these cases a direct
www.atmos-chem-phys.net/14/7995/2014/
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comparison between quantum chemical and experimental results is possible.
The evaporation rate of a certain molecule or cluster,
Ni (γi ), from the cluster Ni+j is related to the Gibbs formation free energies through the equation (see, for example,
Ortega et al., 2012, and references therein)
,γi Ni+j




!
1G Ni+j − 1G (Ni ) − 1G Nj
= βij cref exp?
(1)
kT

where βij is the collision rate of Ni with Nj ;
1G(Ni+j ), 1G(Ni ) and 1G(Nj ) are the Gibbs free
energies of formation of clusters Ni+j : Ni and Nj from
monomers at the reference vapor concentration cref ; k is the
Boltzmann constant and T is the temperature. It must be
noted that in the case where Ni and/or Nj are/is monomers/a
monomer, 1G(Ni ) and/or 1G(Nj ) are/is by definition zero.
The collision rate of a charged cluster with a neutral
molecule or cluster was calculated according to the parameterization of Su and Chesnavich (1982) that takes into account the dipole moment and polarizability of the neutral
species. This parameterization was chosen based on the work
by Kupiainen-Määttä et al. (2013) and its good performance
in reproducing observed experimental collision rates (Viggiano et al., 1997).
3

Clusters included in the study

We have included negatively and positively charged clusters
containing up to four sulfuric acid and four DMA molecules
and up to five sulfuric acid and five ammonia molecules.
Some clusters with an unfavorable acid : base ratio have been
left out due to their relatively low stability, as discussed by
Olenius et al. (2013a). Tables S1a and S1b in the Supplement summarize the specific negative and positive clusters
included in this study.
As a comparison, we have also used semi-experimental
cluster energies for positively charged sulfuric acid–
ammonia clusters from Froyd and Lovejoy (2012) and for
negatively charged sulfuric acid clusters from Froyd and
Lovejoy (2003). In both experimental studies the reaction enthalpies and entropies were determined by a Van’t Hoff analysis of equilibrium constants. It has to be noted that in some
cases, for example for negatively charged pure sulfuric acid
clusters, a direct determination of entropy was not possible,
and thus the reported entropies were calculated using ab initio methods. In the comparison we have also included theoretical cluster energies for negatively charged and electrically
neutral sulfuric acid–ammonia clusters calculated by Herb et
al. (2011, 2013) with the PW91PW91/6-311++G(3df,3pd)
method.

www.atmos-chem-phys.net/14/7995/2014/
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Results

Figure 1 shows the structures of the most stable clusters with one to four (or five in the case of pure sulfuric acid and ammonia-containing clusters) sulfuric acid
molecules for (a) negatively charged sulfuric acid clusters, (b) negatively charged ammonia-containing clusters,
(c) negatively charged DMA-containing clusters, (d) positively charged ammonia-containing clusters and (e) positively charged DMA-containing clusters (xyz coordinates for
all clusters included in the study are provided in the Supplement). Note that in the case of negatively charged basecontaining clusters, the “most stable cluster” refers to the
most stable cluster with at least one base molecule, not to
the most stable negatively charged cluster overall. Negatively charged DMA-containing clusters must contain at least
three sulfuric acid molecules (including the bisulfate ion)
to have a low enough evaporation rate to be abundant under atmospheric conditions, while in the case of ammoniacontaining clusters, four sulfuric acid molecules (including
the bisulfate ion) are needed. For negative clusters containing four acids and either DMA or ammonia, the most stable clusters contain two base molecules. The second DMA
molecule accepts a proton from the HSO−
4 ion, forming a
sulfate ion (SO2−
).
The
sulfate
ion
is
also
formed in the
4
− q
q
(H2 SO4 )4 HSO4 (NH3 )3 cluster.
The general structures of the most stable positively
charged clusters are similar for both the ammonia- and
DMA-containing systems. All base molecules are found
in their protonated form as long as the cluster contains
enough sulfuric acid molecules to donate the protons. Unsurprisingly, the sulfate ion (SO2−
4 ) is never formed in
positively charged clusters. The composition of the most
stable positively charged clusters can be summarized as
+
+
q
(HSO−
4 )x (NH4 )x+1 // ((CH3 )2 NH2 )x+1 .
In our previous work (Ortega et al., 2012) we showed
that, based on the computed Gibbs formation energies alone,
cluster-fission processes were expected to be more important than monomer evaporation for some neutral clusters.
Thus, in the present work, we have calculated the monomer
evaporation rates and all the possible cluster fission rates.
In some cases two or more evaporation pathways have similar rates, so we have decided to use the sum of all possible evaporation pathways in the study. Tables 1 and 2
summarize the highest evaporation rate for each cluster, the
molecule/cluster with the highest rate, and the total evaporation rate, which is the sum over all possible evaporation pathways. As in the neutral system, cluster fission is only relevant for DMA-containing clusters. The fragments leaving the
cluster in the fission process are (H2 SO4 )2 q (CH3 )2 NH and
(H2 SO4 )2 q ((CH3 )2 NH)2 , which are extremely stable (Ortega et al., 2012).

Atmos. Chem. Phys., 14, 7995–8007, 2014
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Figure 1. Structures of clusters with one to four/five sulfuric acid molecules and the most favorable number of base molecules (those with
the lowest total evaporation rate) for (A) negatively charged sulfuric acid clusters, (B) negatively charged ammonia-containing clusters,
(C) negatively charged DMA-containing clusters, (D) positively charged ammonia-containing clusters and (E) positively charged DMAcontaining clusters. Red spheres represent oxygen atoms, yellow spheres represent sulfur atoms, blue spheres represent nitrogen atoms,
white spheres represent hydrogen atoms and green spheres represent carbon atoms.
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Table 1. Highest evaporation rate, corresponding evaporating molecule/cluster and total evaporation rate at 298.15 K for different negatively
charged clusters studied.

4.1

Cluster

Highest evaporation
rate (s−1 )

Corresponding evaporating
molecule/cluster

Total evaporation
rate (s−1 )

H2 SO4 q HSO−
4
(H2 SO4 )2 q HSO−
4
(H2 SO4 )3 q HSO−
4
(H2 SO4 )4 q HSO−
4
q
HSO−
4 NH3
q
H2 SO4 q HSO−
4 NH3
q
q
(H2 SO4 )2 HSO−
4 NH3
− q
q
(H2 SO4 )3 HSO4 NH3
q
(H2 SO4 )4 q HSO−
4 NH3
q
(H2 SO4 )2 q HSO−
4 (NH3 )2
q (NH3 )2
(H2 SO4 )3 q HSO−
4
q
(H2 SO4 )4 q HSO−
4 (NH3 )2
q (NH3 )3
(H2 SO4 )3 q HSO−
4
q
(H2 SO4 )4 q HSO−
4 (NH3 )3
q (NH3 )4
(H2 SO4 )4 q HSO−
4
q
HSO−
4 (CH3 )2 NH
q
H2 SO4 q HSO−
4 (CH3 )2 NH
q
(H2 SO4 )2 q HSO−
4 (CH3 )2 NH
q (CH3 )2 NH
(H2 SO4 )3 q HSO−
4
q
H2 SO4 q HSO−
4 ((CH3 )2 NH)2
q
(H2 SO4 )2 q HSO−
4 ((CH3 )2 NH)2
q ((CH3 )2 NH)2
(H2 SO4 )3 q HSO−
4
q
(H2 SO4 )2 q HSO−
4 ((CH3 )2 NH)3
q ((CH3 )2 NH)3
(H2 SO4 )3 q HSO−
4
q
(H2 SO4 )3 q HSO−
4 ((CH3 )2 NH)4

2.70 × 10−15
5.60 × 10−3
2.41 × 101
2.82 × 103
4.23 × 1011
2.00 × 1010
1.57 × 105
2.74 × 101
1.90
1.16 × 105
1.09 × 101
3.45 × 10−1
2.19 × 103
9.42 × 10−3
3.14 × 109
8.18 × 109
5.23 × 102
5.28 × 10−2
1.89
3.82 × 108
2.67 × 10−1
1.47 × 10−3
2.46 × 104
3.10 × 101
7.70 × 101

H2 SO4
H2 SO4
H2 SO4
H2 SO4
NH3
NH3
NH3
NH3
H2 SO4
NH3
NH3
NH3
NH3
NH3
NH3
(CH3 )2 NH
(CH3 )2 NH
(CH3 )2 NH
(H2 SO4 )2 q (CH3 )2 NH
(CH3 )2 NH
(CH3 )2 NH
(H2 SO4 )2 q ((CH3 )2 NH)2
(CH3 )2 NH
(CH3 )2 NH
(CH3 )2 NH

2.70 × 10−15
5.60 × 10−3
2.41 × 101
2.82 × 103
4.23 × 1011
2.00 × 1010
1.57 × 105
2.74 × 101
2.29
1.16 × 105
1.09 × 101
4.06 × 10−1
2.19 × 103
9.42 × 10−3
3.14 × 109
8.18 × 109
5.23 × 102
5.71 × 10−2
2.11
3.82 × 108
2.67 × 10−1
1.47 × 10−3
2.46 × 104
3.10 × 101
7.70 × 101

Negative clusters

Evaporation rates of pure sulfuric acid, sulfuric acid–
ammonia and sulfuric acid–DMA clusters at 298.15 K are
compared in Fig. 2. The negatively charged sulfuric acid
dimer, H2 SO4 q HSO−
4 , is extremely stable, with an evaporation rate of practically zero. The negatively charged sulfuric acid trimer, (H2 SO4 )2 q HSO−
4 , is also stable, with an
evaporation rate of 5.60 × 10−3 s−1 . The collision frequency
of free sulfuric acid molecules with one charged trimer is
around 1 × 10−9 s−1 cm−3 . Thus, if the concentration of sulfuric acid monomers is around 5 × 106 cm−3 or larger, the
collisions of sulfuric acid monomers with the cluster will be
faster than evaporation. In the case of the charged tetramer,
(H2 SO4 )3 q HSO−
4 , the evaporation rate is already relatively
high, requiring a higher concentration of sulfuric acid to allow for a collision before the cluster evaporates. The charged
pure sulfuric acid pentamer, (H2 SO4 )4 q HSO−
4 , is not stable, with an evaporation rate of 2.82 × 103 s−1 . Therefore, as
in the neutral case (Ortega et al., 2012), additional stabilizing compounds are needed to allow for further additions of
sulfuric acid molecules to the cluster. Similar results are obwww.atmos-chem-phys.net/14/7995/2014/

tained using formation free energies from Froyd and Lovejoy
(2003) and Herb et al. (2013) (Fig. 2).
q
Ammonia evaporation rates from HSO−
4 NH3 and
− q
10
q
H2 SO4 HSO4 NH3 clusters are around 10 –1011 s−1 . For
q
the (H2 SO4 )2 q HSO−
4 NH3 cluster, the ammonia evaporation rate is close to 105 s−1 , and thus the ammonia concentration needs to be on the order of 1014 cm−3 (around 4 ppm)
for collisions to be frequent enough to retain ammonia in
q
the cluster after charging. The (H2 SO4 )3 q HSO−
4 NH3 cluster is as stable as the pure charged four sulfuric acid clus− q
q
ter (H2 SO4 )3 q HSO−
4 , and the (H2 SO4 )3 HSO4 (NH3 )2 is
the most stable negatively charged cluster with four sulfuq
ric acid molecules. Both the (H2 SO4 )4 q HSO−
4 NH3 and
− q
q
(H2 SO4 )4 HSO4 (NH3 )2 clusters are more stable than the
pure five sulfuric acid cluster, (H2 SO4 )4 q HSO−
4 . In the case
q NH3 cluster, H2 SO4 will evapoof the (H2 SO4 )4 q HSO−
4
rate faster than ammonia from the cluster. The results obtained using formation free energies from Herb et al. (2013)
show a similar trend. Nevertheless, it has to be noted that
the data from Herb et al. (2013) are limited to clusters containing just one ammonia molecule, and thus the stability of
negatively charged clusters with three and four sulfuric acid
Atmos. Chem. Phys., 14, 7995–8007, 2014
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Table 2. Highest evaporation rate, corresponding evaporating molecule/cluster and total evaporation rate at 298.15 K for different positively
charged clusters studied.
Cluster

Highest evaporation
rate (s−1 )

Corresponding evaporating
molecule/cluster

Total evaporation
rate (s−1 )

H2 SO4 q NH+
4
(H2 SO4 )2 q NH+
4
NH3 q NH+
4
H2 SO4 q NH3 q NH+
4
(H2 SO4 )2 q NH3 q NH+
4
(H2 SO4 )3 q NH3 q NH+
4
(NH3 )2 q NH+
4
H2 SO4 q (NH3 )2 q NH+
4
(H2 SO4 )2 × (NH3 )2 q NH+
4
(H2 SO4 )3 q (NH3 )2 q NH+
4
(H2 SO4 )4 q (NH3 )2 q NH+
4
(H2 SO4 )2 q (NH3 )3 q NH+
4
(H2 SO4 )3 q (NH3 )3 q NH+
4
(H2 SO4 )4 q (NH3 )3 q NH+
4
(H2 SO4 )3 q (NH3 )4 q NH+
4
(H2 SO4 )4 q (NH3 )4 q NH+
4
(H2 SO4 )5 × (NH3 )4 q NH+
4
(H2 SO4 ) q (CH3 )2 NH+
2
(H2 SO4 )2 q (CH3 )2 NH+
2
(CH3 )2 NH q (CH3 )2 NH+
2
H2 SO4 q (CH3 )2 NH q (CH3 )2 NH+
2
(H2 SO4 )2 q (CH3 )2 NH q (CH3 )2 NH+
2
((CH3 )2 NH)2 q (CH3 )2 NH+
2
H2 SO4 q ((CH3 )2 NH)2 q (CH3 )2 NH+
2
(H2 SO4 )2 q ((CH3 )2 NH)2 q (CH3 )2 NH+
2
(H2 SO4 )3 q ((CH3 )2 NH)2 q (CH3 )2 NH+
2
(H2 SO4 )4 q ((CH3 )2 NH)2 q (CH3 )2 NH+
2
(H2 SO4 )2 q ((CH3 )2 NH)3 q (CH3 )2 NH+
2
(H2 SO4 )3 q ((CH3 )2 NH)3 q (CH3 )2 NH+
2
(H2 SO4 )4 q ((CH3 )2 NH)3 q (CH3 )2 NH+
2
(H2 SO4 )4 q ((CH3 )2 NH)4 q (CH3 )2 NH+
2

3.53 × 10−1
2.79 × 102
5.45 × 10−5
2.76 × 10−2
1.22
4.16 × 102
2.13 × 104
9.84 × 102
2.31 × 10−5
2.25 × 102
5.64 × 103
1.69 × 104
5.75 × 10−4
1.18 × 102
2.28 × 104
6.86 × 10−1
1.20
7.65 × 102
7.08 × 101
1.66 × 10−2
1.630 × 10−10
1.63
1.04 × 104
2.71 × 10−2
5.79 × 10−10
1.26 × 102
1.74 × 10−1
1.54 × 10−2
1.46 × 10−8
4.25 × 103
1.53 × 10−5

H2 SO4
H2 SO4
NH3
H2 SO4
H2 SO4
H2 SO4
NH3
NH3
NH3
H2 SO4
H2 SO4
NH3
NH3
H2 SO4
NH3
NH3
H2 SO4
H2 SO4
H2 SO4
(CH3 )2 NH
H2 SO4
H2 SO4
(CH3 )2 NH
(CH3 )2 NH
H2 SO4
H2 SO4
H2 SO4
(CH3 )2 NH
H2 SO4
H2 SO4
H2 SO4 q (CH3 )2 NH

3.53 × 10−1
2.79 × 102
5.45 × 10−5
2.76 × 10−2
1.22
4.16 × 102
2.13 × 104
9.84 × 102
2.31 × 10−5
2.25 × 102
5.65 × 103
1.69 × 104
5.85 × 10−4
1.18 × 102
2.28 × 104
6.906 × 10−1
1.23
7.65 × 102
7.11 × 101
1.66 × 10−2
1.630 × 10−10
1.63
1.04 × 104
2.71 × 10−2
8.14 × 10−10
1.26 × 102
1.74 × 10−1
1.54 × 10−2
1.79 × 10−8
4.25 × 103
1.54 × 10−5

molecules (including the bisulfate ion) is not directly comparable to the most stable clusters predicted by B3RICC2
method, which contain two molecules of ammonia. Therefore we have not included those values in the comparison.
q
The stability of the HSO−
4 (CH3 )2 NH cluster is
similar to the corresponding ammonia cluster. However, in DMA-containing clusters, the stability increases
much faster as the number of sulfuric acid molecules
increases than in ammonia-containing clusters. The
q
(H2 SO4 )2 q HSO−
4 (CH3 )2 NH cluster is already close in
stability to the pure charged three sulfuric acid cluster, and
q
(H2 SO4 )3 q HSO−
4 ((CH3 )2 NH)2 is more stable than the
−
q
(H2 SO4 )3 HSO4 cluster.
Similar trends have been observed in several experimental studies. Hanson and Eisele (2002) saw that
all dimers and most three sulfuric acid clusters con-

Atmos. Chem. Phys., 14, 7995–8007, 2014

tained no ammonia, while larger clusters contained at
least one ammonia molecule. Bzdek et al. (2011) observed mostly ammonia-free clusters up to the tetramer
(H2 SO4 )3 q HSO−
4 , and for larger clusters mostly a comq
position, (H2 SO4 )i+3 q HSO−
4 (NH3 )i . A similar composition was found also for mixed sulfuric acid–ammonia–DMA
clusters, but clusters consisting only of sulfuric acid and
DMA had a higher ratio of DMA. Kirkby et al. (2011) measured pure negatively charged sulfuric acid clusters up to 20
molecules at 248 K when almost no base contaminants were
present, but at higher temperatures and higher base concentrations they also saw ammonia and DMA molecules in the
clusters beginning from the four sulfuric acid cluster. Using the same setup but with a higher DMA concentration,
Almeida et al. (2013) saw DMA molecules already in clusters with three sulfuric acid molecules.

www.atmos-chem-phys.net/14/7995/2014/
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Figure 2. Total evaporation rates at 298.15 K (s−1 ) for most stable negatively charged clusters versus the number of sulfuric acid
molecules in the cluster including the bisulfate ion; that is, 1 corre−
sponds to HSO−
4 , 2 corresponds to H2 SO4 HSO4 etc. Solid lines
represent pure sulfuric acid clusters, dashed lines represent sulfuric acid–DMA clusters and dotted lines represent sulfuric acid–
ammonia clusters. Black lines represent evaporation rates from this
work, blue lines represent evaporation rates obtained using the theoretical formation free energies by Herb et al. (2013) and red lines
represent evaporation rates obtained using the semi-experimental
formation free energies reported by Froyd and Lovejoy (2003).
Numbers in parentheses indicate the composition of the cluster
(acids, bases).

Figure 3. Total evaporation rates at 298.15 K (s−1 ) of sulfuric acid
clusters containing one Lewis base versus the number of sulfuric
acid molecules in the cluster (not including the bisulfate ion). The
dash-dotted line represents pure neutral sulfuric acid clusters, the
dotted line represents neutral sulfuric acid clusters with one ammonia molecule, the dashed line represents neutral sulfuric acid clusters with one DMA molecule and the solid line represents pure sulfuric acid clusters with one HSO−
4 ion. Note that, unlike in Fig. 2,
1 now corresponds to H2 SO4 q X, 2 corresponds to (H2 SO4 )2 q X
etc., where X = NH3 , DMA or HSO−
4.

These results confirm that while sulfuric acid is able to
form up to anionic trimers on its own, in a similar way
to neutral clusters, some additional stabilizing compound is
www.atmos-chem-phys.net/14/7995/2014/
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Figure 4. Total evaporation rates at 298.15 K (s−1 ) for most stable positively charged clusters versus the number of sulfuric acid
molecules in the cluster. Dashed lines represent sulfuric acid–DMA
clusters and dotted lines represent sulfuric acid–ammonia clusters.
Black lines represent evaporation rates from this work and the red
line represents evaporation rates obtained using the formation free
energies reported by Froyd and Lovejoy (2012). Numbers in parentheses indicate the composition of the cluster (acids, bases).

needed to enable further growth by addition of sulfuric acid
molecules. This is not surprising, since the bisulfate ion itself
is a Lewis base, and thus able to stabilize the cluster. Figure 3 compares the evaporation rates of pure neutral sulfuric
acid clusters and clusters containing one stabilizing base (including the bisulfate ion as a base). In all cases, one base
molecule is able to stabilize only clusters with up to three
sulfuric acid molecules, and additional base molecules are
needed to stabilize larger clusters. HSO−
4 is able to form
very stable clusters with one sulfuric acid molecule compared to DMA and NH3 , but clusters with two sulfuric acid
molecules are already better stabilized by DMA. As sulfuric
acid molecules are added to the cluster, the evaporation rate
approaches that of pure neutral sulfuric acid clusters. Clusters containing four sulfuric acid molecules are not stabilized
sufficiently by just one base, and thus the evaporation rate of
clusters containing four sulfuric acids and a base is similar to
the evaporation rate of the pure sulfuric acid tetramer. As already shown by Ortega et al. (2012), further base molecules
are needed to stabilize larger clusters. It is not possible to add
a second bisulfate ion to a small cluster due to electrostatic
repulsion, but a neutral nitrogen-containing base (ammonia
or DMA) can be added.
4.1.1

Positive clusters

For each number of sulfuric acid molecules, the most stable positively charged clusters (Fig. 4) have evaporation rates
below 1 s−1 . In the case of positive sulfuric acid–ammonia
clusters, the most stable cluster is (H2 SO4 )2 q (NH3 )2 q NH+
4.
As cluster size increases, the evaporation rate increases. As
in negatively charged clusters, DMA clusters are more stable than ammonia clusters. For DMA the most stable cluster
Atmos. Chem. Phys., 14, 7995–8007, 2014

8002

I. K. Ortega et al.: Base evaporation from charged sulfuric acid clusters

is H2 SO4 q (CH3 )2 NH q (CH3 )2 NH+
2 , and, as in the case of
ammonia, as cluster size increases, so too does the evaporation rate. The acid : base stoichiometry of positively charged
clusters is the same for ammonia and DMA. The most stable clusters are formed by the cation and an equal number of
sulfuric acid and base molecules.
This same optimal stoichiometry has also been observed
experimentally by Bzdek et al. (2010) for clusters where the
acid was either sulfuric acid or nitric acid and the base was
either ammonia, methylamine, dimethylamine or trimethylamine. Almeida et al. (2013) found this stoichiometry to be
dominant for small sulfuric acid–DMA clusters, but, starting from four sulfuric acids, clusters with a higher DMA
content were seen to dominate. Froyd and Lovejoy (2012)
detected positively charged sulfuric acid–ammonia clusters
with a wider variety of acid : base ratios, but all clusters contained more ammonia than sulfuric acid molecules and most
stable ones had the same optimal stoichiometry found in this
work and by Bzdek et al. (2010). The evaporation rates obtained using the formation free energies reported by Froyd
and Lovejoy (2012) present the same trend that the ones
calculated from B3RICC2 formation free energies, though
B3RICC2 evaporation rates seem to be systematically underestimated.
+
In this case NH+
4 and (CH3 )2 NH2 cations (or technically
the protons bound to the nitrogen atoms) are Lewis acids, so
there will be competition for bases between the cation and
the sulfuric acid, instead of competition between bases for
the available acids.
4.1.2

Charging neutral clusters

To evaluate the effect of charging in the detection of neutral
clusters by mass spectrometry techniques, we have compared
the evaporation rates of the most stable base-containing neutral clusters to the evaporation rates of the charged clusters
obtained by adding or removing a proton from the neutral
clusters (Figs. 5–7).
Figure 5 shows the most stable ammonia-containing
neutral clusters and the corresponding negatively charged
ones. We can see that if the most stable neutral ammoniacontaining clusters become charged, their charged counterpart is unstable. For example, the (H2 SO4 )2 q NH3
cluster is stable, but its negatively charged counterpart,
q
H2 SO4 q HSO−
4 NH3 , is extremely unstable and the ammonia molecule will evaporate, resulting in the charged
pure sulfuric acid dimer. The situation for charged clusters containing three sulfuric acid molecules is similar.
Neutral ammonia-containing clusters will lose the ammonia molecules when charged, and will be detected as pure
charged trimers. Once the cluster has four sulfuric acid
molecules, only one ammonia molecule is likely to evaporate
from the cluster. Thus, although some ammonia molecules
will stay in the cluster, the composition of the resulting
charged cluster will be different from the original neutral
Atmos. Chem. Phys., 14, 7995–8007, 2014

Figure 5. Comparison of the total evaporation rates at 298.15 K
(s−1 ) of neutral clusters (solid lines), negatively charged clusters
obtained by removing a proton (dotted lines) and the most stable
negatively charged clusters with the same number of sulfuric acid
molecules (including the bisulfate ion, dashed lines). Black lines
represent evaporation rates from this work and red lines represent
evaporation rates obtained using the formation free energies by
Herb et al. (2013). Numbers in parentheses indicate the composition of the cluster (acids, bases). Blue arrows illustrate the charging
process and the resulting most stable charged cluster. Top panel:
ammonia-sulfuric acid clusters. Bottom panel: DMA-sulfuric acid
clusters.

cluster. Evaporation rates based on the computational cluster energies by Herb et al. (2011, 2013) have been included
for comparison. While they predict the clusters to be overall less stable, the trends of cluster composition and stability as a function of sulfuric acid content are very similar
to our results. As in Fig. 2, only clusters with comparable
composition have been included in the comparison. Similarly, in the case of DMA-containing clusters, the most stable neutral cluster (H2 SO4 )2 q (CH3 )2 NH will lose the DMA
molecule when it is charged, ending up as a charged pure
sulfuric acid cluster. The main difference between ammonia
and DMA clusters is that three sulfuric acid molecules are
enough to keep some DMA molecules in the cluster after
negative charging. As in the case of ammonia, the number
of DMA molecules in a stable neutral cluster will decrease
when the cluster is charged. This has important implications,
since according to recent modeling studies (Olenius et al.,
www.atmos-chem-phys.net/14/7995/2014/
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Figure 6. Comparison of the total evaporation rates at 298.15 K
(s−1 ) of neutral clusters (solid lines), positively charged clusters
with one proton added (dotted lines) and the most stable positively
charged clusters with the same number of sulfuric acid molecules
(dashed lines). Numbers in parentheses indicate the composition of
the cluster (acids, bases). Black lines represent evaporation rates
from this work and red lines represent evaporation rates obtained using the formation free energies by Froyd and Lovejoy (2012). Numbers in parentheses indicate the composition of the cluster (acids,
bases). Blue arrows illustrate the charging process and the resulting most stable charged cluster. Top panel: ammonia-sulfuric acid
clusters. Bottom panel: DMA-sulfuric acid clusters.

2013b; Kupiainen-Määttä et al., 2013), H2 SO4 q DMA and
(H2 SO4 )2 q DMA clusters might be relatively abundant under atmospheric conditions, but they will not be detected by
mass spectrometry techniques as DMA-containing clusters.
Charging base-containing clusters positively will also affect their composition (Fig. 6). The H2 SO4 q NH3 cluster
(which is very unstable although it is the most stable neutral
ammonia-containing cluster with one sulfuric acid molecule)
is stabilized by being ionized positively, but for all larger
sizes the most stable neutral clusters will not remain stable
when charged positively. The (H2 SO4 )2 q NH+
4 cluster will
evaporate one sulfuric acid molecule, leading to the stable
H2 SO4 q NH+
4 cluster. In the case of neutral clusters, the
number of sulfuric acid molecules in stable clusters is one
higher than the number of ammonia molecules, while in the
most stable positively charged clusters the number of ammonia molecules (including the NH+
4 ion) is one higher than
number of sulfuric acid molecules. Therefore clusters conwww.atmos-chem-phys.net/14/7995/2014/
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taining three and four sulfuric acids need to evaporate two
sulfuric acid molecules after being charged in order to reach
a favorable composition. Here the results are compared to
evaporation rates based on the semi-experimental cluster energies by Froyd and Lovejoy (2012), and again the main
trends are in agreement with our conclusions.
In the case of DMA-containing clusters, all the charged
counterparts of the most stable neutral clusters are un+
q
stable. H2 SO4 q (CH3 )2 NH+
2 and (H2 SO4 )2 (CH3 )2 NH2
clusters will most probably evaporate into monomers.
In the case of larger clusters, which in the neutral
case favor the same number of DMA and sulfuric
acid molecules, positively charged clusters will evaporate
one sulfuric acid molecule, leading to the formation of
the stable clusters (H2 SO4 )2 q (CH3 )2 NH q (CH3 )2 NH+
2 and
(H2 SO4 )2 q ((CH3 )2 NH)2 q (CH3 )2 NH+
.
2
Figure 7 schematically represents the effect of charging on
the composition of the most stable neutral ammonia/DMAcontaining clusters. In Fig. 7, the decay of a neutral cluster
is presented as a step-wise evaporation process determined
by the highest evaporation rate of each cluster on the evaporation pathway. In the figure we have included evaporation
pathways until the resulting cluster has an evaporation rate
lower than 10 s−1 , and therefore the last cluster on the pathway may not be the most stable one in terms of total evaporation rate (Figs. 5 and 6). This limit is arbitrary and has
been chosen for figure clarity. The relative concentration of
different clusters is not only determined by their evaporation
rates but also by the collision frequency of different species
with the cluster. In other words, the most stable cluster (in
terms of evaporation rate) will not always be the most abundant. However, in the case of clusters with extremely high
q
evaporation rates, for example in the case of HSO−
4 NH3 ,
the concentration of those clusters will be close to zero in
any atmospherically relevant conditions. In a similar way, if
the evaporation rate is close to zero, like for H2 SO4 q HSO−
4
cluster, the cluster will not evaporate under any atmospherically relevant conditions.

5

Conclusions

In this work we present the evaporation rates of both positively and negatively charged sulfuric acid–ammonia and
sulfuric acid–DMA clusters. We found that the most stable
positively charged base-containing clusters have evaporation
rates below 1 s−1 , while in the case of the smallest negatively
charged clusters the pure sulfuric acid clusters with evaporation rates on the order of 10−15 –10−3 s−1 are more stable
than the most stable base-containing clusters (for which the
evaporation rates are 105 –1011 s−1 ), and bases become important only when the cluster contains more than 3–4 sulfuric
acid molecules. DMA-containing positively charged clusters
are more stable than the ammonia-containing clusters, and
in both cases the stability decreases when the cluster size
Atmos. Chem. Phys., 14, 7995–8007, 2014
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(a)

(b)

Figure 7. Schematic representation of the evaporation pathways after charging of the most stable neutral base-containing clusters. White
circles represent sulfuric acid, white circles with a minus sign represent the bisulfate ion, black circles represent ammonia, black circles with
a plus sing represent the ammonium ion, grey circles represent dimethylamine and grey circles with a plus sign represent the dimethylammonium ion.
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increases. In the case of negatively charged clusters, HSO−
4
acts as a Lewis base, and is able to stabilize the smallest cluster effectively. Similar to neutral clusters, one base is able
to bind to only a few (around two) sulfuric acid molecules.
To prevent the fast evaporation of subsequently added sulfuric acid molecules, the addition of further base molecules
is needed. In the case of HSO−
4 , the addition of a second
ion is not possible due to electrostatic repulsion, and thus an
electrically neutral base molecule is needed. This base competition makes base-containing negatively charged clusters
unstable until they reach a certain number of sulfuric acid
molecules. Ammonia-containing clusters need four sulfuric
acid molecules (including the bisulfate ion) to prevent the
evaporation of the ammonia molecule from the cluster, while
only three acids are needed in the case of DMA-containing
clusters.
We have studied how charging processes (in this case,
addition or removal of one proton, for example, by chemical ionization) affect cluster composition by comparing the
evaporation rates of the most stable neutral sulfuric acid–
ammonia and sulfuric acid–DMA clusters to the evaporation rates of the corresponding charged clusters. Our calculations show that the composition of the stable base-containing
clusters will change after they are charged. All positively
charged clusters will retain their base molecules but will lose
a number of sulfuric acid molecules. After becoming negatively charged, neutral ammonia-containing clusters with
one to three sulfuric acid molecules will lose all ammonia
molecules. In the case of DMA-containing clusters, one and
two sulfuric acid clusters will lose all DMA molecules after charging. These results are in good agreement with experiments by Zhao et al. (2011), Hanson and Eisele (2002),
Kirkby et al. (2011) and Almeida et al. (2013) in which the
smallest detected base-containing negatively charged clusters contained three to four sulfuric acid molecules.
The results presented in this work help in the interpretation of experimental data on neutral cluster distributions obtained via chemical ionization APi-TOF mass spectroscopy,
a state-of-the-art instrument in which naturally neutral clusters are charged in order to determine their composition by
mass spectrometry. The theoretical predictions on the different effects of positive and negative charging can be validated by distribution measurements performed by both positive and negative ionization of the same sample of neutral
clusters. As the chemical ionization techniques are likely to
become more common in the chemical characterization of atmospheric molecular clusters (Jokinen et al., 2012; Kulmala
et al., 2013), we propose this type of measurement to experimentally verify the effect of charging on the composition of
small acid–base clusters.
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