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Abstract: Sulfuric acid and water clusters are important for new particle formation in the atmosphere. Recent
experimental studies demonstrate that critical clusters in diverse atmospheric environments contain two
acid molecules and may also include additional N-containing molecules (i.e., a base). We use first-principles
molecular dynamics simulations to show that the presence of two sulfuric acid molecules in
(H2SO4)m ·base · (H2O)6 clusters is always sufficient to form a double ion, whereas a single acid molecule,
even in the presence of a base, is not.

Atmospheric aerosol particles exert a considerable impact on
global climate through the scattering of solar radiation and the
involvement in cloud condensation. The formation of new
aerosol particles by nucleation of gas-phase species remains the
least understood of the steps influencing aerosol concentration.1

Recent experimental atmospheric observations demonstrate that
critical clusters found in diverse continental and marine environ-
ments contain two sulfuric acid (H2SO4) molecules.2 Variations
in the kinetic prefactor with environment suggest that additional
conucleating species may be present in the critical cluster.2 This
is consistent with comparisons of particle formation rates
obtained by classical nucleation theory to experimental observa-
tion, which show that basing aerosol formation solely on H2SO4

+ H2O reactions does not adequately explain atmospheric
nucleation.3-5 Instead, nucleation mechanisms that include
additional species, such as ammonia (NH3), may play a
significant role in atmospheric new particle formation.

Many theoretical studies have used ab initio techniques to
examine proton transfer in small clusters of H2SO4 and H2O,
as well ternary clusters with ammonia.6-15 These studies

explored the clusters either at 0 K or included temperature
effects via the harmonic approximation including zero-point
energy effects, i.e., a cluster is viewed as a solid-like entity
whose properties are determined by a single or a few configura-
tions. In general, these static calculations indicate that for
H2SO4 · (H2O)n, acid dissociation occurs and a double-ion cluster
is formed for n g 3.8,11,13 In the presence of a single ammonia
molecule, acid dissociation was found even for n ) 1.9,14 To
some extent, these theoretical predictions of double-ion forma-
tion for clusters with a single acid molecule disagree with the
experimental observation that critical nuclei contain two acid
molecules.2 Furthermore, the static calculations indicate that for
clusters with two acid molecules both of them tend to
deprotonate.10,14

Several studies have used first-principles molecular dynamics
(FPMD) simulations to investigate atmospherically relevant
small molecules in aqueous clusters and at interfaces. These
simulations view the system as a liquid-like entity whose phase
space needs to be sampled, albeit this is commonly done based
on classical mechanics. Both experiment16 and simulation17

support the liquid-like character of the critical cluster for
nucleation of neat water over the atmospherically relevant
temperature range. Tobias et al. showed that a chloride ion
prefers surface locations in a Cl- · (H2O)6 cluster, making the
ion available for heterogeneous reactions at the air/water
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interface.18 Shamay et al. used FPMD slab simulations to show
that nitric acid at the air/water interface is less likely to dissociate
than in a bulk aqueous liquid, changing its chemical reactivity
at the surface.19 In this study, we use FPMD simulations to
examine the effect of acid concentration and the presence of a
base on proton dissociation and ionic speciation in small clusters
of water and sulfuric acid.

The CP2K simulation package was used to perform the
FPMD simulations.20 The electronic structure part of CP2K uses
the Gaussian plane wave (GPW) method21 for the calculation
of forces and energies. The GPW method is based on the
Kohn-Sham formulation22 of density functional theory and
employs a hybrid scheme of Gaussian and plane wave functions.
Previous CP2K studies have shown that the vapor-liquid
equilibrium properties of water are sensitive to the choice of
functional and basis set.23,24 The BLYP functional25 with a
Gaussian triple-� basis set augmented by two polarization
functions (TZV2P) and a charge density cutoff of 280 Ry was
chosen for this study because this representation has been well
characterized for both water clusters and the liquid phase.20,23,26,27

Nine clusters of (H2SO4)m ·base · (H2O)6 were simulated where
m ) 1 or 2. Since the cluster growth rate is determined by the
uptake rate of the least volatile constituent (H2SO4), the
experimental data do not indicate the number of water molecules
present in the critical nucleus, and the current choice of six was
made to provide a suitable microsolvation environment and to
be higher than the minimum number of water molecules
observed that lead to deprotonation in the static calculations.
Three N-containing bases were selected that reflect the diversity
of bases in the natural environment: NH3, methylamine
(CH3NH2), and pyridine (C5H5N). For each base, three clusters
were simulated, one containing one H2SO4 molecule and two
containing two H2SO4 molecules, starting with and without
hydrogen bonds between the acid molecules. An additional two
clusters with no base present were simulated, H2SO4 · (H2O)6

and (H2SO4)2 · (H2O)6, for comparison.
The initial structure of each cluster was optimized using

CP2K, followed by 20 ps (C5H5N) or 30 ps (NH3, CH3NH2) of
MD simulation using a time step of 0.5 fs. A temperature of
250 K was chosen because it reflects the (reduced) temperature
where multicomponent nucleation of neutral gas-phase species
is believed to be the dominant process for atmospheric
nucleation (after taking into account the calculated critical
temperature for the BLYP representation of water23). The
temperature was controlled by Nose-Hoover chain thermo-

stats.28 The structural analysis was carried using the last 12
ps of each run. Figure 1 depicts the evolution of the radius
of gyration for the 11 clusters during the analysis period.
The large fluctuations reflect structural rearrangements of the
clusters (molecules moving from one H-bond arrangement
to another) and demonstrate the liquid-like behavior of these
small clusters.

The most important observation of this study is that the
presence of two acid molecules is always sufficient to form a
double ion, whereas a single acid molecule, even in the presence
of a base, is not. With one exception, the deprotonation in the
two-acid cluster already occurs during the initial geometry
optimization, and in the other case, it occurs after about 1.5 ps.
It appears likely that the growth of such a double-ion cluster
can proceed without encountering any nucleation free energy
barrier.29 Thus, our simulations support the experimental
observation that critical clusters for atmospheric nucleation
contain two sulfuric acid molecules.2

The speciation found for the 11 clusters is summarized in
Table 1. In these acidic clusters, a proton can exist in multiple
types of cations, such as an Eigen ion (H3O+), a Zundel ion
(H5O2

+), a protonated base (HB+), or a Zundel-type complex
HSO3O · · ·H · · ·OH2 (H4SO5). In this analysis, a hydrogen atom
is considered bound to an atom X if rXH e 1.3 Å, where X )
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Figure 1. Radii of gyration for the final 12 ps of each simulation. Colors
are as follows: C5H5N (green), NH3 (purple), CH3NH2 (blue), and base-
free (black), with m ) 1 clusters shown as dashed lines. The darker and
lighter color shades indicate simulations started with and without hydrogen
bonds between the two acid molecules.

Table 1. Speciation within Clusters as a Fraction of First
Dissociable H2SO4 Protonsa

no base C5H5N NH3 CH3NH2

pKa 5.22 9.25 10.66

(H2SO4)m 1 2 1 2 1 2 1 2

H2SO4 1.00 1.09 0.01 0.99 1.00 1.00 0.00 0.98
HB+ 0.00 1.00 0.00 1.00 1.00 1.00
H3O+ 0.00 0.70 0.84 0.00 0.00 0.00 0.00 0.00
H4SO5 0.00 0.19 0.08 0.01 0.00 0.00 0.00 0.02
H5O2

+ 0.00 0.01 0.07 0.00 0.00 0.00 0.00 0.00

a For m ) 2 and base present, the values given are the averages of
the two simulations with different initial structures.
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O, N, S, or C. For all clusters with two sulfuric acid molecules
and a base present, the base is protonated (HB+) throughout
the entire analysis period. In the base-free cluster with m ) 2,
one acid molecule is preferentially dissociated and the movable
proton is found mostly as an Eigen ion with the Zundel-type
H4SO5 as minor species.

For m ) 1, the speciation varies. The acid molecule remains
protonated throughout the entire simulation for the base-free
and the NH3-containing clusters. On the other side, a proton
dissociates from the acid after about 1.5 and 9.5 ps for the
methylamine- and pyridine-containing clusters. In the former
case, the dissociation leads to the formation of CH3NH3

+,
whereas an Eigen ion is the dominant protonated species in
the latter case. The parts of the trajectories during which the
initial proton transfers occur for the m ) 1 clusters are shown
in Figure 2. It is interesting to note that in both cases the
initial transfer of the proton is induced by the formation of
H4SO5, followed by a bound Eigen ion (HSO4

- ·H3O+) that
is stable for only 0.2-0.5 ps before the proton is transferred
again either to the base or to a second water molecule.
Although dissociation is not observed in the current simula-
tions for the H2SO4 ·NH3 · (H2O)6 and H2SO4 · (H2O)6 clusters,
it needs to be cautioned that the 30 ps time scale of the
simulations may not be sufficient to explore all important
regions of phase space.

In the following, a brief structural analysis of the (H2SO4)m ·
base · (H2O)6 clusters is provided. First of all, at 250 K, these
clusters are dynamic entities that undergo significant structural
changes associated with hydrogen-bond formation/breaking
throughout the 12 ps analysis period (see Figure 1). Selected
radial distribution functions and the corresponding number
integrals are shown in Figures 3 and 4. For the m ) 1 clusters,
we observe that CH3NH3

+ is well solvated and acts as donor
for about three H-bonds of which ≈2.2 are with H2O and the
remainder with HSO4

-. The neutral ammonia molecule is
involved in about 1.1 H-bonds, whereas a neutral water molecule
participates in 1.7 H-bonds on average. Pyridine is not well
solvated, and it accepts slightly less than one H-bond and

dangles at the surface of the cluster. In this case, there is a well-
defined minimum in the radial distribution function and the
corresponding potential of mean force yields a barrier of ≈11
kJ/mol. Here, it should be noted that the pKa values of the
conjugate acids of pyridine, ammonia, and methylamine are
5.23, 9.25, and 10.66, respectively, i.e., methylamine is the
strongest base and its enhanced solvation environment may
justify the use of pKa as an explanation for the proton transfer
in this case.

For the m ) 2 clusters, that all contain two ions, an important
question is whether these are present as contact or solvent-
separated ion pairs because the growth rate is likely to be higher
for the latter. Figure 4 illustrates that a contact ion pair (with a
direct H-bond) is present in the base-free cluster for about 90%
of the time when the acid is deprotonated. For the HB+-
containing clusters, only one out of six cases shows a contact
ion pair, whereas acid and base are separated by one or two
water molecules in the other cases. In contrast, many of the
static calculations indicate direct H-bonding between the acid
and base.7,10,13-15

Figure 2. Trajectories of proton coordination for (a) H2SO4 ·
CH3NH2 · (H2O)6 and (b) H2SO4 ·C5H5N · (H2O)6. Colors are as follows:
Oacid-H1 (black), Owat-H1 (red), Owat-H2 (green), N-H2 or Osec-H2 (blue)
where Owat and Osec are the oxygen atoms belonging to the first water
molecule hydrogen-bonded to the acid and a next-nearest neighbor water
molecule.

Figure 3. Radial distribution functions (solid) and number integrals
(dashed) for m ) 1 clusters. Solvation of base indicated by N-X pairs,
where X ) Owat or Oacid. Color scheme follows that of Figure 1.

Figure 4. Radial distribution functions (solid) and number integrals
(dashed) for m ) 2 clusters. The ion pair structure is indicated by O-

acid-X
ion pairs, where X is either the N in HB+ or the O in H3O+. Color scheme
follows that of Figure 1.
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In conclusions, our FPMD simulations indicate the importance
of two sulfuric acid molecules for the formation of double ions
in (H2SO4)m ·base · (H2O)6 clusters at 250 K. For m ) 2, one
acid molecule is mostly deprotonated even when no base is
present. In most of these clusters, the deprotonated acid and
protonated base are separated by one or two water molecules.
Further simulations are necessary to map out the free energy
surface and to evaluate the importance of nuclear quantum
effects for nucleation in these ternary systems.30
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