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Abstract
Sampling the shallow free energy surface of hydrated atmospheric molecular clusters is a significant challenge. Using computational methods we present an efficient
approach to obtain minimum free energy structures for large hydrated clusters of atmospheric relevance. We study clusters consisting of two to four sulfuric acid (sa)
molecules and hydrate them with up to five water (w) molecules. The structures of
the ”dry” clusters are obtained using the ABCluster program to yield a large pool
of low-lying conformer minima with respect to free energy. The conformers (up to
ten) lowest in free energy are then hydrated using our recently developed systematic
hydrate sampling technique. Using this approach, we identify a total of 1145 unique
(sa)2−4 (w)1−5 cluster structures. The cluster geometries and thermochemical parameters are calculated at the ωB97X-D/6-31++G(d,p) level of theory, at 298.15 K and 1
atm. The single point energy of the most stable clusters is calculated using a high level
DLPNO-CCSD(T0 )/aug-cc-pVTZ method. Using the thermochemical data, we calculate the equilibrium hydrate distribution of the clusters under atmospheric conditions
and find that the larger (sa)3 and (sa)4 clusters are significantly more hydrated than
the smaller (sa)2 cluster or the sulfuric acid (sa)1 molecule. These findings indicate
that more than five water molecules might be required to fully saturate the sulfuric
acid clusters with water under atmospheric conditions. The presented methodology
gives modellers a tool to take the effect of water explicitly into account in atmospheric
particle formation models based on quantum chemistry.

2

1

Introduction

Poor fundamental understanding of the initial formation and growth of atmospheric aerosol
particles persist as the largest uncertainty in predicting our current and future climate. 1
Aerosol particles residing in the atmosphere cool the Earth’s surface by scattering incoming
sunlight back into space. By uptake of water vapour, aerosol particles can act as cloud
condensation nuclei and influence the albedo and precipitation patterns of clouds. Up to
half the number of cloud condensation nuclei are believed to originate from the formation of
new particles from gas phase vapours 2 via molecular clustering. 3 The ambient atmosphere
contains large quantities of water vapour, which can significantly affect cluster formation
via hydrogen bonding with polar molecules in the vapor phase, however, the exact chemical
nature of the participating vapours in forming new particles remain ambiguous. Sulfuric
acid, together with water, is believed to be a principal component in new particle formation
and sulfuric acid concentrations have been shown to correlate directly with observed new
particle formation events. 4 The two component sulfuric acid - water system is capable of
forming clusters at high altitudes, due to the low temperatures and the fact that there are
no competing formation channels, and thus is responsible for the formation of stratospheric
sulfur aerosols known as the ”junge layer”. 5 In the lower atmosphere other stabilizing vapour
molecules, such as atmospheric bases 6 and highly oxidized organic compounds, 7 are required
to facilitate the particle formation process. In particular trace species with high basicities
such monoamines, 8–14 diamines 15–17 or guanidine 18–20 are potent candidates to stabilize sulfuric acid clusters and enhance new particle formation in the lower troposphere.
It is challenging to obtain direct experimental information about the atmospheric cluster composition. Using electrospray ionization (ESI), clusters can be formed in situ and
measured with mass spectrometry techniques in the laboratory. 21 Applying, for instance,
cryogenic infrared techniques, it is possible to obtain molecular level structural information
about the cluster structure. 22 Using chemical ionization atmospheric pressure time of flight
mass spectrometry (CI-API-TOF), 23 direct online information about the cluster composi3

tion can also be obtained. However, the ionization technique requires that the clusters are
charged in order to be detected, and the charging process might lead to fragmentation inside
the instrument. 24,25 Especially, water is difficult to measure using these techniques as the
energy added in the ionization process causes instant evaporation of most water molecules
that might have been present. 26,27
Numerous studies on atmospheric cluster formation using quantum chemical calculations
exist, but the inclusion of water molecules is still not a standard procedure. This is caused
by the fact that each water molecule in the cluster severely complicates the search for the
lowest free energy configuration as the potential free energy surfaces are quite shallow. This
is evident from the still ongoing exploration of the potential energy surface of the simple
pure water clusters. 28–36 The hydration of a single sulfuric acid molecule, 37–43 as well as
the hydration of the sulfuric acid dimer, 44–46 have previously been studied extensively using quantum chemical methods. Larger (H2 SO4 )1−2 (H2 O)0−5 47 and (H2 SO4 )1−4 (H2 O)1−5 48
clusters have been studied using quantum chemical methods by Loukonen et al. and Henschel et al., respectively. However, the sampling of these large clusters was unlikely to be
sufficient as it was performed using molecular dynamics or by hand based on chemical intuition. Kildgaard et al., recently proposed a systematic hydrate sampling approach, 49 which
has been applied efficiently to study the hydration of a single sulfuric acid molecule with
up to 15 water molecules and the hydration of three different atmospheric relevant organic
acids with up to 10 water molecules. 50 In this paper, we present a procedure for efficiently
sampling the configurational space of large hydrated clusters of atmospheric relevance using
the binary sulfuric acid - water cluster system as a test system. We apply the ABCluster
program 51,52 to obtain the free energy minimum structures of the”dry” (sa)1−4 clusters, and
subsequently, apply the systematic hydrate sampling approach by Kildgaard et al. to add
up to five water molecules to the clusters.
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Methods

2.1

Computational Details

The Gaussian 16 program was used in all geometry optimizations and vibrational frequency
calculations. 53 The Gaussian 09 54 defaults were used and the rigid-rotor and harmonic oscillator approximations were employed in all calculations. We employed the ωB97X-D functional as it has demonstrated superior performance compared to other density functionals in
yielding binding energies in agreement with higher level methods such as CCSD(T). 55,56 We
used a 6-31++G(d,p) basis set as it has been shown to be a cost-effective choice to obtain
the molecular structures and thermal contributions to the free energy without introducing
significant errors compared to larger basis sets. 57,58
The ORCA 4.2.0 program was employed for all single point energy calculations with
the DLPNO-CCSD(T0 ) method. 59,60 The DLPNO-CCSD(T0 ) method has previously shown
excellent performance for the large GMTKN55 test set. 61 We used an aug-cc-pVTZ basis set with the corresponding /C and /JK auxiliary basis sets for density fitting and
Coulomb/exchange fitting in the Hartree-Fock calculation, respectively. The DLPNOCCSD(T0 )/aug-cc-pVTZ level of theory with a NormalPNO criterion 62 has been shown to
be a cost efficient approach to obtain binding energies of atmospheric molecular clusters
which are in good agreement with CCSD(T) complete basis set estimates. 56,63 Furthermore,
it has been shown that using a TightPNO criterion does not improve the calculated energetic
compared to benchmark CCSD(T)/CBS estimates 56,63 and for a test set of 139 (sa)(w)1−9
clusters. 49 Thus a NormalPNO criterion was chosen. We applied the semi-canonical (T0 )
approximation for calculating the perturbative triples correction as it was shown recently
that the improved iterative (T) approximation 64 yielded identical performance for a test set
of 45 atmospheric dimer formation reactions. 63
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3
3.1

Results and Discussion
Hydrate Sampling Procedure

The initial ”dry” (sa)2−4 structures of the clusters were taken from Kubečka et al., 65 where
the clusters have been generated using the ABCluster program. 51,52 Initially, the clusters were
optimized using GFN-xTB 66 and narrowed down based on different thresholds of 0.01 Å,
0.001 Hartree, and 0.1 Debye for the radius of gyration, the energy, and the dipole moment,
respectively. Subsequently, the molecular structures of the identified conformations were
optimized at the ωB97X-D/6-31++G(d,p) level of theory. This procedure generated a large
pool of initial conformers for the (sa)2−4 cluster system. We used up to 10 conformers
lowest in free energy as starting point for hydrating the clusters. The hydrated clusters were
sampled using the systematic configurational sampling algorithm presented by Kildgaard et
al. 49,50 In brief, the method generates a number of points (n = 10) evenly distributed around
each atom using Fibonacci spheres and excluding all points that are within 0.5 Å of each
other. Subsequently, a water molecule is placed at each point in three different orientations.
To add water molecules to the core of the cluster we locate existing hydrogen bond pairs and
radially translate the cluster away from the midpoint of the pairs to allow space for a water
molecule. This procedure generates a uniform distribution of water molecules around the
cluster with 800-1200 initial input conformations for each cluster geometry. Subsequently,
each conformation is optimized and vibrational frequencies are calculated using the PM7
method. 67 The conformations are then sorted and the initial number of clusters reduced
based on their relative free energy (cut-off of 3.0 kcal/mol relative to the lowest free energy
conformer), and rotational constants. Finally, the clusters are optimized and vibrational
frequencies are calculated at the ωB97X-D/6-31++G(d,p) level of theory. The resulting
mono-hydrated (sa)2−4 (w)1 clusters are then subjected to another hydration step using the
same procedure in a sequential manner to finally obtain the entire set of the (sa)2−4 (w)1−5
clusters. After all the clusters were optimized at the DFT level, a DLPNO-CCSD(T0 )/aug-
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cc-pVTZ calculation was performed on the three cluster structures lowest in free energy. The
final approximate DLPNO-CCSD(T0 ) binding free energy was then calculated as:
DLPNO-CCSD(T0 )

∆Gbind

DLPNO-CCSD(T0 )

Where ∆Ebind

= ∆Ebind

DLPNO-CCSD(T0 )

+ ∆GωB97X-D
therm

(1)

is the electronic binding energy and ∆GωB97X-D
is the thermal
therm

contribution to the free energy, respectively, defined as:
DLPNO-CCSD(T0 )

∆Ebind

= Ebind, cluster

DLPNO-CCSD(T0 )

− ∑ Ebind, monomers

DLPNO-CCSD(T0 )

(2)

ωB97X-D
= GωB97X-D
∆GωB97X-D
therm, cluster − ∑ Gtherm, monomers
therm

(3)

A schematic overview of the sampling process is outlined in Figure 1:

ABCluster

Conf 1
Conf 2

restart

SE

“Dry Clusters”

restart

sort

DFT

sort

DLPNO

Conf i

“Hydrated
Clusters”

DLPNO
n+1

sort

restart

DFT

add water

Conf 1, Conf 2

sort

Conf i

SE
restart

Figure 1: Schematic overview of the sampling process of the (sa)2−4 (w)n clusters, with n up
to five. SE refers to semi-empirical methods and DFT refers to density functional theory.
The linear top ”track” of the flow chart for obtaining the dry clusters outlines a workflow
as described by Temelso et al. 68 and Kubečka et al. 65 The lower cyclic track outlines the
consecutive addition of water molecules as described in this work.
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There are other options for the semi-empirical (SE) and DFT methods used in the sampling process. We chose the ωB97X-D density functional based on numerous benchmarks
of cluster binding energies. 55–57,63,69 The sorting mechanism can also be based on properties
(energies, dipole moments, ect) or on the molecular structure instead of the free energies.
”restart” in Figure 1 refers to restarting calculations that might not have converged due to
a too disadvantagous starting geometry. In the present manuscript we did not restart the
SE methods, but the DFT calculations were restarted 1-3 times. The clusters were sorted
semi-manually based on the free energies and rotational constants to ensure that too similar
molecular structures were not included.

3.2

Cluster Structures

Utilizing the approach outlined in Figure 1 we identified a total of 1145 unique (sa)2−4 (w)1−5
cluster structures. All the cluster structures and thermochemistry have been added to the
Atmospheric Cluster Database (ACBD). 70 The identified cluster structures lowest in free
energy at the DLPNO-CCSD(T0 )/aug-cc-pVTZ//ωB97X-D/6-31++G(d,p) level of theory
(298.15 K and 1 atm) are presented in Figure 2. It should be mentioned that applying the
DLPNO-CCSD(T0 )/aug-cc-pVTZ energy correction in some cases led to a change in the
ordering of the conformers with respect to their free energy. This is a consequence of the
conformers lying very close in free energy.
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(sa)2(w)1

(sa)2(w)2

(sa)2(w)3

(sa)2(w)4

(sa)2(w)5

(sa)3(w)1

(sa)3(w)2

(sa)3(w)3

(sa)3(w)4

(sa)3(w)5

(sa)4(w)1

(sa)4(w)2

(sa)4(w)3

(sa)4(w)4

(sa)4(w)5

Figure 2: Molecular structure of the identified lowest free energy (sa)2−4 (w)1−5 clusters, at
DLPNO-CCSD(T0 )/aug-cc-pVTZ//ωB97X-D/6-31++G(d,p) level of theory (298.15 K and
1 atm). The clusters have been optimized at the ωB97X-D/6-31++G(d,p) level of theory.
The blue circles encompasses a recurring hydrogen bond pattern found in most of the cluster
structures. Yellow = sulfur, red = oxygen and grey = hydrogen.
For most of the cluster structures we identify a recurring hydrogen bond pattern SOH ⋯ O(H)H ⋯ O=S (shown by the blue circles in Figure 2). This pattern ”bridges”
two sulfuric acid molecules and the fact that it is identified in most of the lowest free energy
cluster structures implies that it might significantly contribute to the stability of the clusters.
A similar hydrogen bond pattern has been identified in (HSO−4 )1 (H2 SO4 )1−2 (H2 O)0−6 71 and
(HSO−4 )2 (NH+4 )3 (H2 O)0−4 72 clusters using infrared multiple photon dissociation and cryogenic
ion vibrational predissociation spectroscopy techniques. It should be mentioned that the
cluster structures currently in the cluster database only have the this type of hydrogen bond
pattern in a few of the cluster structures. In the (sa)3 (w)3 and generally in clusters containing
4-5 water molecules, we observe a proton transfer from one sulfuric acid molecule to one of
the water molecules.
As illustrated in Figure 2 there can be a large molecular rearrangement from the n − 1
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to the n water cluster. This implies that the lowest free energy cluster conformation of the
n − 1 cluster might not lead to the lowest free energy conformation of the n water cluster
when performing the sampling. Table 1 presents the conformation number (Confn−1 #,
with increasing free energy for Conf 1, Conf 2, ... , Conf i) for the n − 1 water cluster
that leads to the lowest free energy of the n cluster. Table 1 also compares our newly
sampled cluster structures and thermochemistry to the clusters available in the literature i.e.
the atmospheric cluster database. 70 Here ∆∆Gn shows the Gibbs free energy difference (in
kcal/mol) compared to the same cluster currently in the atmospheric cluster database. 70 All
clusters are compared at the DLPNO-CCSD(T0 )/aug-cc-pVTZ//ωB97X-D/6-31++G(d,p)
level of theory, 298.15K and 1 atm.
Table 1: Confn−1 # shows the conformation number of the n − 1 water cluster in the hydrate
sampling that leads to the lowest free energy conformer of the n water cluster. The cluster
conformations are numbered with increasing free energy for Conf 1, Conf 2, ... , Conf i.
∆∆Gn present the Gibbs free energy change (in kcal/mol) compared to the same cluster in
the atmospheric cluster database 70
Cluster

Confn−1 #

∆∆Gn

(sa)2 (w)1

Conf 3

-0.9

(sa)2 (w)2

Conf 2

-0.8

(sa)2 (w)3

Conf 2

-1.1

(sa)2 (w)4

Conf 1

-2.8

(sa)2 (w)5

Conf 6

-2.2

(sa)3 (w)1

Conf 5

-2.4

(sa)3 (w)2

Conf 3

-3.8

(sa)3 (w)3

Conf 9

-1.7

(sa)3 (w)4

Conf 4

-1.8

(sa)3 (w)5

Conf 5

-4.8

(sa)4 (w)1

Conf 2

-0.9

(sa)4 (w)2

Conf 4

-6.9

(sa)4 (w)3

Conf 4

-3.8

(sa)4 (w)4

Conf 1

-9.1

(sa)4 (w)5

Conf 9

-7.1

Table 1 shows that the lowest free energy of the n−1 cluster only yields the lowest free energy
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n cluster in the case of the (sa)2 (w)4 and (sa)4 (w)4 clusters. This shows that to locate the
n water cluster lowest in free energy additional local minima are required when adding
another water molecule to the n − 1 clusters. We have used a maximum of 10 conformers
(with a cut-off in free energy at 3.0 kcal/mol) and in the case of forming the (sa)3 (w)3 and
(sa)4 (w)5 clusters conformation #9 yields the lowest free energy cluster. This indicates that
a larger pool than the 10 lowest structurally different conformations might be necessary in
some cases. However, it is system specific at what point the number of initial conformers is
sufficient with respect to obtaining the lowest possible free energy structure and including
more initial conformers will at some point lead to sampling unimportant higher free energy
minima on the free energy surface.
In all cases, we obtain a conformation that is lower in free energy than the one currently
available in the cluster database. This is a clear illustration that the presented sampling
methodology is reliably capable of locating low free energy cluster structures. However,
we still can not guarantee that we have found the ”true” global minima, but due to the
exhaustive search algorithm presented here, we believe that we have found a minima close
to it in free energy (although it might still be structurally different). Table 1 shows that we
locate minima significantly lower in free energy than the clusters available in literature by
up to -9.1 kcal/mol. This is an very significant difference and will certainly have an effect
on the stability of the clusters. It should be noted that the structures in the database have
been extracted from the work by Henschel et al. 48 which have been sampled using chemical
intuition and at a different level of theory (B3LYP/CBSB7). We only re-optimized the lowest
free energy cluster found by Henschel et al. and hence, it is expected that the newly sampled
structures are either identical or lower in free energy.
The newly sampled (sa)2 (w)4−5 clusters are structurally slightly different from the clusters
previously presented by Temelso et al. 46 Re-optimizing the lowest free energy structures
found by Temelso et al. at the DLPNO-CCSD(T0 )/aug-cc-pVTZ//ωB97X-D/6-31++G(d,p)
level of theory (298.15K and 1 atm) confirms that the structures presented in Figure 2
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are slightly lower in free energy at this level, by -0.3 kcal/mol and -1.7 kcal/mol for the
(sa)2 (w)4 and (sa)2 (w)5 clusters, respectively. As the free energy surface is very dependent
on the applied level of theory, there could be numerous reasons to this slight discrepancy.
Temelso et al. applied MP2/6-31+G(d) compared to ωB97X-D/6-31++G(d,p) used by us to
optimize the cluster geometries. Furthermore, they applied scaling factors to the vibrational
frequencies to account for anharmonic effects, while the corresponding scaling factor at the
ωB97X-D/6-31++G(d,p) level of theory has been estimated to be close to unity. 57 For
the single point energies, Temelso et al. extrapolated the MP2/6-31+G(d) energies to the
complete basis set limit using an 4-5 inverse polynomial extrapolation scheme. We apply
DLPNO-CCSD(T0 )/aug-cc-pVTZ which might be more prone to basis set superposition
errors, but has shown excellent performance compared to CCSD(T)/CBS estimates. 63 The
minor structural and free energy difference between Temelso et al. and the present study
further illustrate how complex the potential free energy surface is, and how dependent it is
on the applied methodology, even for these two component sulfuric acid - water clusters.
For the largest (sa)2 (w)5 , (sa)3 (w)5 and (sa)4 (w)5 cluster hydrates we compared the
applied sampling technique to directly sampling the hydrated clusters using ABCluster following the protocol from Kubečka et al . 65 While being significantly more computationally
demanding than direct sampling, the systematic sampling process presented here locates
(sa)2 (w)5 , (sa)3 (w)5 and (sa)4 (w)5 minimum cluster structures -1.0, -2.4, and -1.1 kcal/mol
lower in free energy, respectively, at the DLPNO-CCSD(T0 )/aug-cc-pVTZ//ωB97X-D/631++G(d,p) level of theory (298.15K and 1 atm). The method presented here uses assumptions that make the addition of one water molecule computationally low but still reaching
proper exploration of the potential free energy surface. The bottleneck becomes the sequential addition of more water molecules. Kubecka et al., on the other hand, show how to
directly perform configurational sampling of clusters with arbitrary composition. To reach
the same level of PES exploration as the method presented in this article, it would be orders
of magnitude more computationally expensive to use the approach presented by Kubecka et
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al.

3.3

Thermochemistry

Whether or not a given cluster hydrate is formed in the atmosphere depends on the stepwise
reaction free energies for adding a water molecule to the cluster. The reaction free energy of
the n’th hydrate is calculated as:
∆Gwater, add = ∆Gn − ∆Gn−1

(4)

Here ∆Gn and ∆Gn−1 are the binding free energies of the n’th and n−1’th hydrated clusters.
The ∆Gwater, add -values for the studied clusters are presented in Table 2 at the DLPNOCCSD(T0 )/aug-cc-pVTZ//ωB97X-D/6-31++G(d,p) level of theory, at 298.15 K and 1 atm.
The Gibbs free energy data for the (sa)1 (w)n system is taken from Ref. 49.
Table 2: Stepwise reaction free energy (∆Gwater,add in kcal/mol) for adding water molecules
to the (sa)2−4 clusters. Calculated at 298.15 K and 1 atm. The Gibbs free energy values for
the (sa)1 (w)n system is taken from reference 49.
n (sa)1 (w)n 49

(sa)2 (w)n

(sa)3 (w)n

(sa)4 (w)n

1

-1.7

-2.7

-2.1

-2.8

2

-1.0

-2.5

-2.4

-5.2

3

-1.1

-0.7

-2.2

-2.1

4

-1.1

-0.9

-2.4

-2.4

5

1.6

-1.5

-3.2

-1.8

The clusters with several sulfuric acid molecules interact significantly stronger with water
than a single sulfuric acid molecule. For the (sa)2 (w)1 and (sa)2 (w)2 clusters the ∆Gwater, add
is -2.7 and -2.5 kcal/mol, respectively, while it leads to a lower value in the range of 0.7 to -1.5 kcal/mol the larger (sa)2 (w)3−5 hydrate clusters. The (sa)3 (w)1−5 clusters have
water addition free energies ranging from -2.1 kcal/mol to -3.2 kcal/mol. For the (sa)4 (w)1−5
13

clusters the water addition free energy is also seen to be quite favourable, with a high peak
value of -5.2 kcal/mol for the (sa)4 (w)2 cluster. Utilizing the calculated binding free energies,
the cluster hydrate distributions can be calculated. The hydrate distribution xn of the n’th
hydrate, is given by: 48
⎛ p(H2 O) ⎞
∆Gn
x0 exp (−
xn =
)
RT
⎝ pref ⎠
n

(5)

Here ∆Gn (∆G0 = 0) is the binding free energy of the n’th hydrate cluster, pref is the reference
pressure for which the ∆G’s have been calculated (1 atm). The dry cluster x0 -value is set
as a normalization constant so that the distributions sum up to one. The saturation vapour
pressure (at 298.15 K) of water is p(H2 O) = 0.0316 atm. Figure 3 shows the calculated
hydrate distributions for the (sa)2 (w)1−5 , (sa)3 (w)1−5 and (sa)4 (w)1−5 clusters, at 50%, 75%
and 100% relative humidity.
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Figure 3: Hydrate distributions (xn ) of the (sa)2 (w)1−5 , (sa)3 (w)1−5 and (sa)4 (w)1−5 clusters.
The distributions are calculated at 50%, 75% and 100% relative humidity, at 298.15 K.
For the (sa)2 (w)0−5 system the most populated cluster types are the (sa)2 (w)0−2 , with
only a minor contribution from the (sa)2 (w)3−5 clusters. The (sa)3 (w)5 cluster dominates
the (sa)3 (w)0−5 cluster distribution, with only a minor contribution from the other clusters.
The (sa)4 (w)0−5 clusters are also mainly hydrated with 2 to 5 water molecules. The fact that
the hydrate distribution shifts from low hydration for the clusters with less sulfuric acid to
higher level of hydration for the clusters with more sulfuric acid molecules indicates that it
might be necessary to consider more than five water molecules for the clusters with many
acid molecules.
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3.4

Analysis of the Effect of Conformers on the Free Energies

Conformers higher in free energy than the lowest free energy conformation contribute to the
average free energy of the clusters. Since the sampling procedure generates a large pool of
low free energy conformers we can include these into the calculations of the average binding
free energies. As this involves considering the full set of 1145 isomers, this analysis has only
been performed at the ωB97X-D/6-31++G(d,p) level of theory. The binding free energy
considering multiple conformations (∆Gmulti-conf ) can be calculated as: 73
∆Gmulti-conf = −RT ln [∑ exp (
n

−∆Gn
)]
RT

(6)

Considering more conformers in the calculation of the free energies will lead to a lowering
of the free energy as more microstates becomes available. Figure 4 illustrates the effect of
multiple conformers on the free energy of the clusters using the (sa)2 (w)2 cluster as an
example. The calculations are performed at 298.15 K and 1 atm.

-15.4

∆G (kcal/mol)

-15.6
-15.8
-16
-16.2
-16.4
-16.6
0

10

20

30

40

50

60

# Conformers

Figure 4: Example of the convergence of the binding free energy ∆Gn of the (sa)2 (w)2 cluster
as a function of the number of conformers included in the calculation.
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The binding free energy converges after including the ∼25 lowest free energy conformers in
the calculations. After this point the inclusion of higher free energy conformers contributes
very little to the free energy (below -0.01 kcal/mol). The binding free energy contribution
for including all the conformers (∆∆Gmulti-conf,corr ) is calculated as:
∆∆Gmulti-conf,corr = ∆Gmulti-conf − ∆G0 ,

(7)

where ∆G0 is the binding free energy of the lowest free energy conformation. For instance, the difference between only including the lowest free energy conformer or including all 63 (sa)2 (w)2 conformers as illustrated in Figure 4 leads to a ∆∆Gmulti-conf,corr -value
of -1.0 kcal/mol difference in the binding free energy. Table 3 presents the calculated
∆∆Gmulti-conf,corr -values of all the studied clusters at the ωB97X-D/6-31++G(d,p) level of
theory (298.15 K and 1 atm).
Table 3: Binding free energy difference (∆∆Gmulti-conf,corr in kcal/mol) between including
only the lowest free energy conformation or all conformations. n is the number of sulfuric
acid molecules in the cluster. The number of identified conformers for each system is shown
in the parenthesis.
Cluster

n=2

n=3

n=4

(sa)n (w)1

-1.0 (37)

-0.9 (65)

-0.8 (37)

(sa)n (w)2

-1.0 (63)

-0.4 (104)

-0.3 (51)

(sa)n (w)3

-1.2 (111)

-0.5 (123)

-0.3 (44)

(sa)n (w)4

-0.8 (107)

-0.6 (114)

-0.8 (38)

(sa)n (w)5

-0.7 (122)

-0.5 (77)

-0.3 (52)

The effect of including all conformers is found to be -1.2 kcal/mol or below. Within each
cluster system the free energy of water addition deviates very little, on the order of -0.5
kcal/mol or below. As this is similar in magnitude to the error expected from high level
binding energies at the CCSD(T) level of theory, it is not worthwhile to exhaustively identify
all low lying free energy minima as long as the lowest one can be identified.
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4

Conclusions

We present an efficient and systematic procedure for exploring the free energy surface of large
hydrated atmospheric relevant clusters. The procedure combines the sampling of the dry
clusters using the ABCluster program coupled with a systematic hydrate sampling technique.
Using the dry (sa)2−4 clusters as a test system we hydrate them with up to five water
molecules leading to a large pool of 1145 unique (sa)2−4 (w)1−5 clusters. We find that the
presented sampling procedure locates conformers up to -9.1 kcal/mol in free energy lower than
the clusters currently available in the cluster database. This illustrates that the sampling
procedure represents an efficient approach to study the complex free energy surface of large
hydrated atmospheric clusters.
Using the calculated thermochemical data, the cluster hydrate distributions are presented. We find that the (sa)2 (w)0−5 clusters are mainly hydrated by two or less water
molecules. For the larger (sa)3−4 (w)0−5 clusters the hydrate distribution is shifted towards
the more hydrated clusters, which indicate that these clusters might not be completely saturated with the respect to the number of water molecules. This implies that more than five
water molecules might be needed to take into consideration when studying large hydrated
atmospheric molecular clusters. The presented methodology provides modellers means to
take the effect of water genuinely into account in atmospheric particle formation models
based on quantum chemical data. Furthermore, the methodology can efficiently be applied
to clusters with other compositions and hydrated multicomponent clusters involving sulfuric
acid, bases and water should be further investigated.
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(19) Myllys, N.; Kubečka, J.; Besel, V.; Alfaouri, D.; Olenius, T.; Smith, J. N.; Passananti, M. Role of Base Strength, Cluster Structure and Charge in SulfuricAcid-Driven
Particle Formation. Atmos. Chem. Phys. 2019, 19, 9753–9768.
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