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Isomers and Energy Landscapes of Perchlorate-
Water Clusters and a Comparison to Pure Water and
Sulfate-Water Clusters

John C. Hey, Lewis C. Smeeton, Mark T. Oakley and Roy L. Johnston®
School of Chemistry, University of Birmingham, Edgbaston, Birmingham, B15 2TT, UK

Abstract

Hydrated ions are crucially important in a wide array of environments, from biology to the
atmosphere, and the presence and concentration of ions in a system can drastically alter its
behavior. One way in which ions can affect systems is in their interactions with proteins. The
Hofmeister series ranks ions by their ability to salt-out proteins, with kosmotropes, such as
sulfate, increasing their stability and chaotropes, such as perchlorate, decreasing their stability.
We study hydrated perchlorate clusters as they are strongly chaotropic and thus exhibits different
properties to sulfate. In this study we simulate small hydrated perchlorate clusters using a basin-
hopping geometry optimization search with empirical potentials. We compare topological
features of these clusters to data from both computational and experimental studies of hydrated
sulfate ions and draw some conclusions about ion effects in the Hofmeister series. We observe a
patterning conferred to the water molecules within the cluster by the presence of the perchlorate
ion and compare the magnitude of this effect to that observed in previous studies involving
sulfate. We also investigate the influence of the overall ionic charge on the low-energy structures

adopted by these clusters.

" E-mail: r.l.johnston@bham.ac.uk Tel: +44 121 414 7477
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1. Introduction

The Hofmeister series is an ordering given
to solutions of ions based on properties such
as their ability to desolvate or “salt-out”
proteins or their specific ion effects.’” This
effect was first reported in 1888 by Lewith
and Hofmeister based on their work on
protein solubilities.” The Hofmeister series
is separated into kosmotropes (order-
making) and chaotropes (disorder-making).
Ions at opposite ends of the Hofmeister
series have different effects on species in

solution.'*®

Kosmotropes generally
increase the solubility of proteins whilst
chaotropes  decrease  their  solubility.'
Hofmeister ions have also been shown to
affect the surface interfacial properties of

- 3457
electrolytic  solutions.”™

Understanding
the Hofmeister series is important because
its effects can be seen in many different
systems including industrial processes and

atmospheric chemistry as well as in

biology.*"°

In previous work, we have studied the
sulfate ion (SO42') solvated in a finite water
cluster.'' Sulfate is one of the most
kosmotropic  Hofmeister ions, while
perchlorate (ClO4) is one of the more
chaotropic Hofmeister ions. Here, we
present a study of the structures and energy
landscapes of hydrated perchlorate clusters
(Cl04)(H,O)n, with N < 50, making
comparisons with hydrated sulfate clusters
and pure water clusters, in order to draw
some general conclusions about the
Hofmeister series.

2. Methodology

Due to the relatively large sizes and
complexities of the systems under
consideration we have used an empirical
potential energy model and rigid bodies (i.e.
with fixed bond lengths and angles) to
represent the perchlorate and sulfate ions
and the water molecules. Modelling the
molecular entities as rigid bodies allows

them to be described by angle axis



coordinates, this permits inexpensive
changes to geometry, whilst avoiding the
problems inherent in the FEuler axis

123" Rigid body modelling also

system.
significantly reduces the computational
expense, as it removes the internal degrees
of freedom from the fragments and reduces
the search space for global optimization.

The interaction energy (U) of the ion-
water cluster was evaluated as the sum of
coulombic and Lennard-Jones contributions

over all pairs of interacting sites (atoms and

water lone pair sites).
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where o; and g; are the Lennard-Jones
distance and energy parameters, rj; is the

inter-site separation, and q; and q; are the

charges of sites 1 and j, respectively.

The Lennard-Jones parameters and partial
charges used for perchlorate were taken
from the literature and were determined by
ab initio LCAO MO SCF calculations.'*"
The perchlorate ion was modelled as a rigid
tetrahedral molecule with O-CI-O bond
angles of 109.5° and CI-O bond lengths of
1.44 A.

Sulfate was also modelled as a rigid
tetrahedron with O-S-O bond angles of
109.5° and S-O bond lengths of 1.49 A. The
Lennard-Jones parameters and partial
charges used for sulfate were derived using
Moller—Plesset MP4SDTQ ab  initio
calculations.'""'® The water molecules were
modelled using the TIP4P potential, a rigid
four-body molecule is defined with a H-O-H
bond angle of 104.52°, with an oxygen lone

pair site described as a pseudo-atom which



Table 1. Lennard-Jones parameters and partial charges for perchlorate, sulfate and TIP4P

water.
Molecule Atom Type ¢ / keal mol™! /A qle
Perchlorate Cl 0.0401572 4.9 0.44
ClOs O 0.075723 3.1 -0.35
Sulfate S 0.25 3.6 24
S04~ 0 0.25 32 1.1
O 0.648 3.2 0

TIP4P H,O Lone pair 0 0 -1.04
H 0 0 0.52

carries the charge of the oxygen but which
has no Lennard-Jones parameters.'”'® This
TIP4P model has been shown to replicate
experimental data for bulk water whilst also
being computationally inexpensive. '%'?%*!
The Lennard-Jones parameters and partial
charges for all molecules are presented in
Table 1.

Low-energy minima on the potential
energy surface for the perchlorate-water and
sulfate-water clusters were found using the
basin-hopping Monte Carlo algorithmzz’B’24

implemented in the pele® software package.

The basin-hopping algorithm is used to

obtain the putative lowest-energy structure
(the global minimum, GM), to explore the
potential energy landscape efficiently, and
locate other low energy structures, for

subsequent landscape mapping.****

The Monte Carlo geometry perturbations
implemented in this study were performed in
blocks of 100 moves of the same type.
Three move-classes have been implemented:
rotations; translations; and cycle inversions.
Rotation moves rotate all rigid body
molecular fragments in the cluster by a
random angle up to tm radians; this rotation

is about the vector connecting the oxygen



atom of each TIP4P water and the central
atom of the tetrahedral ion. Translation
moves apply a random displacement to a
randomly chosen molecule relative to the
rest of the cluster.

The cycle inversion moves are somewhat
more complex and involve reducing the
hydrogen bonding within the cluster to a
network graph in which each water molecule
is a node and each hydrogen bond is an
edge.®® This graph is then analyzed, with
closed cycles of hydrogen bonds being
identified. One of these cycles is then
inverted and the graph is then projected back
onto the hydrogen bonding network found in
the original cluster. In our previous study of
sulfate-water clusters, these cycle inversions
were found to have a greater effect on total
energy for larger hydrogen bonded cycles
and to be more beneficial for the global
optimization of larger clusters."’

The pele software package was used to

connect minima on the potential energy

landscape for the hydrated perchlorate
system. A doubly-nudged -elastic band
method was used to search for transition
states between previously found minima,”
by sampling between end points using a
linear interpolation of the translational
coordinates of the rigid-body molecules and
spherical linear quaternion interpolation of
the rotational coordinates.”® Candidate
transition states were then further optimized
using hybrid eigenvector-following.>'** The
resultant energy landscapes were visualized
as disconnectivity graphs using the

PyConnect package.™



3. Results and Discussion

Figure 1. Putative global minimum structures for (CIO;) (HO), 3<N<

16.
Eight independent basin-hopping runs were

performed for each hydrated perchlorate
cluster (CIO,) (H,0),. with 3 < N < 50 (to

enable comparison with sulfate-water
clusters, which are only stable for N >3). For
perchlorate-water clusters with N < 16, all of

the basin-hopping runs located the same

lowest-energy  structures,  giving  us
confidence that these are indeed GM. These
putative GM are shown in Figure 1 and their
interaction energies are listed in Table SI
(Supplementary Material). For clusters with
N > 16, however, there is a rapid drop off in

the number of parallel runs which converge

on the same candidate global minimum, with



100% of the runs finding the same minimum
at N=16, 63% at N=17 and a maximum of
25% (but often a lower percentage) of runs
agreeing for larger sizes.

3.1 Analysis of global minimum
structures and energy landscapes for

hydrated perchlorate clusters

The structures observed for hydrated
perchlorate clusters in this study (see Figure
1) generally have similar structural motifs to

those seen in small pure water clusters, i.e.

-11.8 . T

stacked hexagons, pentagons and cubes,
albeit in somewhat distorted forms. This
distortion is caused by the presence of the
perchlorate ion, as it has a smaller effective
size than the number of water molecules that
it replaces in the pure water -cluster.
Perchlorate clusters tend to be globular, with
low symmetry. The perchlorate ion is
usually found on the periphery of the cluster
and is not found in the cluster interior even

at larger cluster sizes. This is indicative of
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Figure 2. Boltzmann weighted interaction energy per water molecule for the lowest energy

minima of ((CIO} ) (H,0)y for3 < N < 50.



the fact that the water-water hydrogen
bonding interactions are the dominant
interactions within these clusters.

The evolution of interaction energy per
water, shown in Figure 2, demonstrates that
50 water molecules is an insufficient number
to have reached the asymptotic limit for bulk
TIP4P water, i.e. the infinitely dilute
perchlorate solution (= -10 kcal mol™).**

3.2 DFT

DFT vs empirical energies for CIO, (H,0);,

The 20 lowest energy isomers for each
cluster size in the range 3 < N < 12 were
locally minimized at the density functional
theory (DFT) level with the B3LYP
exchange-correlation functional and a 6-
311++G** basis set, (for consistency with
our previous work), as implemented within
the NWChem package.*”

Figure 3 shows the correlation between

the DFT and the empirical energy

@
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Figure 3. (Left) Locally minimized DFT vs empirical energies for the 20 lowest energy minima
found for N=12. Energies are given relative to the respective global minima. And (Right) The
corresponding minima found using the empirical model (left) and the structures obtained when
these are locally re-minimized at the DFT level (right).



evaluations for the 20 lowest energy
Cl0; (H,0);, minima when locally re-
minimized at the DFT level. The putative
global minimum found at the empirical
level, when locally minimized at the DFT
level is no longer the global minimum,
however this minimum does remain the
second most energetically favorable
structure. The lowest energy minimum
found at the DFT level was identified as the
fourth lowest energy minimum at the
empirical level. As can be seen in the
structures pictured within Figure 3 the
empirical and DFT lowest energy minima
share the same oxygen framework, with the
network of hydrogen bonding being the only
significant difference between them. These
structures are typical of all of the structures
within 1.5 kcal mol™ of the lowest energy
structure. Three of the structures re-
minimized to be comparatively much less

favorable than the others. These structures

are all similar in terms of their oxygen

frameworks to the labeled structure. Whilst
these have all reached local minima, we
believe that these are metastable states.

In all of the structures examined there was
a general retraction of the water molecules
from the ion. This is likely due to the lack of
polarization in the model, and would be
improved by using a model which accounts

for this, such as the AMOEBA forcefield.



3.3 Comparison of global minima of
hydrated perchlorate clusters with
hydrated sulfate and pure water clusters

There are morphological similarities
observed between some of the proposed
(ClO4)(H,0O)n minima and the structures of
pure water clusters reported by Wales et
al*® The perchlorate anion tends to take the
place of 2-3 water sites within the structure.
The presence of the perchlorate ion
suppresses dangling OH bonds at the surface

by acting as a net acceptor of hydrogen

Figure 4. (a) Comparison of (ClO4)(H,0),
and (H,0)4. (b) Comparison of (ClO4)(H,0)
and (H20)12.

10

bonds from the coordinated water
molecules. This effect can be seen clearly in
Figure 4.

The global minima proposed by Smeeton
et al. for the hydrated sulfate system share
few morphological similarities with the
minima proposed for the perchlorate clusters
in this study. For sulfate-containing clusters,
the ion is almost exclusively located at or
near to the center of mass of the cluster,
which leads to structures with high
symmetry being formed, especially at lower
numbers of water molecules (N < 25), with
examples shown in Figure 5. These high-
symmetry structures are almost entirely
absent in the minima found for small
perchlorate clusters, with the exception of

the (CIO4)(H,O)s cluster which has the

same structure as (SO4>)(H,0);.
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Figure 5. Structures of (SO,4”)(H,0)y for N =9

(left) and 12 (right).

3.4 Analysis of dangling OH bonds in
hydrated perchlorate and sulfate and
pure water clusters

Dangling OH bonds are those which stick
out of the surface of the cluster and are not
involved in forming hydrogen bonds with
other water molecules or the oxyanion. They
are of interest because there is experimental
data available (due to Williams and co-
workers) for the hydrated sulfate system
with which we can make comparisons.'' In
the experiment, dangling OH bonds are
observed in hydrated sulfate clusters of more
than 43 water molecules.” This was

reproduced computationally in the work

conducted by Smeeton ef al.''
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The number of dangling OH bonds for the
perchlorate system was calculated for each
cluster and the Boltzmann weighted mean,
(T=130 K), across all the clusters observed
was calculated using:

_ Y ety
X etUif

(2)

The difference between the energy of cluster
i and that of the GM is denoted by AUj;, the
number of dangling OH bonds is given by f;,
and f =1/kgT. The weighted mean is
taken over all structural isomers with unique
energies found in all of the basin-hopping
runs for each cluster size. A theoretical
temperature of 130 K was used to maintain
consistency with the previous computational
work and the experimental work conducted

into hydrated sulfate by Williams and co-

2
workers.



Figure 6 shows a comparison of the
Boltzmann weighted mean number of

dangling OH bonds as a function of N for

hydrated perchlorate and sulfate clusters at T

7 ; .
z nn Pure Water
6l e === Perchlorate
: - = Sulfate
51 L1
=z e~
SO
|5~ -
3 i
2 i
1 4
a4
Iy FL) l"
] 1t [ ',
0 ' L ‘_{' 4
10 20 30 40 50

Figure 6. Boltzmann weighted (T = 130 K) mean number of dangling OH bonds (f) for
(H20)3.20 and hydrated perchlorate and sulfate clusters with 3 < N < 50 water molecules.
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Figure 7. (left to right) lowest energy minima for hydrated perchlorate clusters with N = 15,
16 and 17 water molecules. The unoccupied sites are circled in green and the subsequently

filled sites in blue.
= 130 K. Data for pure TIP4P water clusters

in the range 3 < N < 20 are included for
reference. Perchlorate shows a significantly
lower incidence of dangling OH bonds than
pure water clusters up to N = 20. Across the
entire sampled range for perchlorate, an
almost total suppression of dangling OH
bonds is only seen for N = 3, 6 and 7. None
of the candidate GM of (Cl04)(H,O)n for N
< 12 show dangling OH bonds but higher
energy isomers do and it is these which
contribute to the non-zero f values in the
graph. The anomalously low number of
dangling OH bonds seen at N = 16 is due to
favorable

a particularly energetically

geometry with very few dangling OHs.

13

As can be seen in Figure 7, the N=16
perchlorate cluster with anomalously low
numbers of dangling OH bonds is closely
related in structure to the cluster with one
fewer water molecules, with the “additional”
water molecule filling in a hole on the
cluster surface and interacting with the
dangling OH bond (circled in the GM for N
= 15) through a hydrogen bond, making the
larger cluster more fully saturated. Based
upon visual inspection, the minima shown
are structurally representative of the 100
lowest minima for each cluster size.

In the work on micro-hydrated sulfate
al.,“

presented by Smeeton et the

acceptor/donor ratios for hydrogen bonds



exhibited by the water molecules within the
system were examined. Water is capable of
accepting two hydrogen bonds at the oxygen

site, and donating two through the

hydrogens. The hydrogen bond

acceptor/donor ratio in water systems has an

asymptotic limit of 1, but this can never be

14

reached in clusters which exhibit dangling
OH bonds. Here, we perform the same
analysis for the perchlorate system, plotting
the Boltzmann weighted mean
acceptor/donor ratio ( 7,4) for each cluster

size:



1.0

0.9

0.2
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20
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Figure 8. Boltzmann weighted mean acceptor/donor ratios (7,q) for hydrated
perchlorate and sulfate clusters.

Tad

where: a; and d; are the number of

_LietPay/d; (3

YiehUiP

15

accepted and donated hydrogen bonds on a
water molecule in minima i, respectively.
Again AU; denotes the energy of cluster i
relative to the lowest energy structure

and f = 1/kgT.



Figure 8 shows a plot of 7, for (ClO4
)(H,0)y and (SO4¥)(H,0)x with 3 <N < 50.
As sulfate generally forms 12-14 hydrogen
bonding interactions with water, compared
to the 5-6 seen in most perchlorate-water
clusters, we expect 7,4 for the water
molecules in the cluster to be higher for
perchlorate than for sulfate at cluster sizes of
N > 3 and this is indeed the case. As neither
ion can donate any hydrogen bonds back
into the system, they are both net sinks for
hydrogen bonding. We observe that at small
cluster sizes 7,5 1s much larger for
perchlorate systems than for sulfate systems:
at these sizes sulfate displays a total
suppression of dangling OH bonds, whereas
perchlorate merely partially suppresses
them. At larger cluster sizes 7,4 for the two
systems become much closer. At N > 43
dangling OH bonds are reported to reappear
in the sulfate-water system. This could be

due in part to the outermost water molecules

within the clusters falling outside the sphere

16

of influence of the directing effect exerted

by the sulfate ion. However, for the
perchlorate system there is no significant
change in the incidence of dangling OH
bonds. For perchlorate 7,, reaches 0.93 at N
= 50, implying that 93% of hydrogen bonds
are being accepted by water molecules, for
sulfate this is slightly lower at 87%; but in
both cases it shows that the clusters are
becoming water-like, as the effect of the
anion becomes smaller for larger clusters.
As the clusters become larger (and the
surface/volume ratio decreases) 7,, should
approach the bulk water limiting value of
1.0.

3.5 Comparison of energy landscapes of

hydrated perchlorate clusters with

hydrated sulfate and pure water clusters

There are significant differences in the

energy landscapes obtained for
(Cl0;7)(H,0)y and (SO4*)(H,O)x, which is
demonstrated in Figure 9 for the case of

N=8. Our (H,0)g disconnectivity graph is



similar in shape to that previously reported

by Wales et al."?
The landscapes obtained for the
perchlorate  system (Figure 9a) are

significantly glassier and frustrated than the
landscapes obtained for the sulfate system
(Figure 9b). This is to be expected when
examining the minima obtained for hydrated
perchlorate clusters as they adopt structural
features commonly seen in pure water
clusters, even at small sizes. This is in stark
contrast with the sulfate system (with its
preference for more symmetrical structures)
which

shares very few morphological

similarities with water. The landscapes
obtained for the sulfate system are more
funneled, indicating that there is a stronger
directing effect towards the formation of the
high symmetry structures observed for
sulfate clusters than towards the more

asymmetric globular clusters observed for

the perchlorate system.

17

The pure water (TIP4P) disconnectivity
graph (Figure 9c) is significantly more
frustrated than that of either of the other
systems, with large energy barriers
separating deep wells (= 3 kcal mol™1).
Frustration is also seen in the
disconnectivity graph for the perchlorate
system, but to a lesser extent, with smaller
barriers separating minima. There is also a
deeper funnel present in the perchlorate
graph, which suggests a greater directing
towards the minimum

effect global

structure.



-95 ﬁ/,)\w '
m/ -181 - w
_67,
—-96 - m/ —-182 -
—68 4
—97 -183 -
) 1 - 78
5 g 5
£ o8 € -184 :
s z ¥ =70
= g =
S g 5 (©)
g -99 S 185 (b) g
w (a) -7
—100 - —186 - .
~101 - Y 3 —-187 - [ \A ) *
X7 ” BV ER e
~102 - —-188- " k_ﬂ 4 { J x 7. > -

Figure 9. Disconnectivity graphs showing the global minimum and connected minima for the N=8 perchlorate and sulfate ion-water
clusters and the pure 8 water cluster. (a) The full landscape for (ClO4)(H,O)s comprises 10210 minima and 211152 transition states. (b)
The full landscape for (SO4)(H0)s comprises similar numbers of minima and transition states. (c) The full landscape for the pure (H,O)s
cluster comprises 4135 minima and 21270 transition states. Minima are included which are within 7 kcal mol™ of the global minimum
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3.6 Investigation of the variation of ion
charge

As discussed above, the structures of the
GM for hydrated perchlorate and sulfate
clusters are quite different. In order to
determine to what extent this is due to the
charge on the XO4% oxyanion, the sulfate
interaction energy potential was taken and
the overall charge (q) varied in steps of 0.1¢

from -2.0 (corresponding to sulfate) to -1.0

Table 2. Partial (qyx,qo) and overall (q)
charges for the central XO4? anion in the
study of (X04q)(H20)12.

ax do q
+2.4 -1.10 -2.0
+2.28 -1.045 -1.9
+2.16 -0.99 -1.8
+2.04 -0.935 -1.7
+1.92 -0.88 -1.6
+1.80 -0.825 -1.5
+1.68 -0.77 -1.4
+1.56 -0.715 -1.3
+1.44 -0.66 -1.2
+1.32 -0.605 -1.1
+1.20 -0.55 -1.0

19

(perchlorate), while maintaining a constant
ratio between the charge on the central atom
and on the oxygen, as listed in Table 2. The
cluster geometry and the Lennard-Jones
parameters were fixed to those for SO4”.

The test system chosen to study the effect of
charge was (XO4%)(H,0);;. As shown in
Figure 10, four distinct GM are observed
with changing charge q. GM (a) is only
observed for q = -2 and corresponds to the
previously found GM for (SO4%)(H0)2,
having three hydrogen-bonded trimer rings
sitting symmetrically over the faces of the
sulfate tetrahedron, which sits in the center
of the cluster. Similarly, GM (d) is only seen
for q = -1 and 1s the same structure
previously found as the GM for (ClO4

three  fused

)(H20)2, consisting  of
pentagonal prisms. In the interval between q
= -2 and -1, there are two intermediate
structures, which become more “perchlorate-

like” as the total charge approaches -1. GM

(b) is the GM for q = -1.9 and -1.8, while



Figure 10. The putative global minima for the variation of total charge (q) in the (XO4%)
(H,0)15 cluster: (a) g =-2.0; (b) q=-1.9 and -1.8; (¢) q=-1.7to -1.1; (d) g =-1.0.

GM (c) is the GM over a wide range of
charges from q = -1.7 to -1.1. Structures (b)
and (c) were also observed as competitive
structures for (SO4”)(H20)1,. Structure (b)
was found to be the second lowest energy
structure of (SO42')(H20)12 with AU = 0.6
kcal mol” and structure (c) being the 59
lowest energy structure found with AU = 3.1

kcal mol™.

20

The displacement of the heavy atom (X)
of

the XO4 anion from the geometric centre
of the cluster (dy) is taken as a metric to
distinguish ~ between  sulfate-like  and
perchlorate-like clusters, as for the (q = -2)
and (q = -1) extremes there is a very clear

distinction. As shown in Figure 11, the

sulfate-like clusters typically have very low
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Figure 11. Displacement vs. overall charge (q) for the (XO4%)(H,0); cluster.

displacements (corresponding to centrally-

located sulfate) and the perchlorate clusters

 eAUBY._ .
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have much higher displacements

(corresponding to peripheral perchlorate).
When these displacements are taken as the
mean over the 100 lowest energy structures
which have been found, the increase in
the maximum

displacement approaches

quite smoothly as the charge approaches -1,

21

this is somewhat unexpected as (as shown in
Figure 10) there were 4 visually distinct GM
for different overall charges but can perhaps
be explained by the mixing of higher energy
minima. The data were also boltzmann
weighted according to:

where dy; 1s the displacement of X from the
geometric centre of cluster i. AU; denotes
the energy of cluster i relative to the lowest
energy structure and § = 1/kgT (T=130 K).

This shows the effect of the four distinct



global minima found at different ranges of
charges g. The increasing displacement with
decreasing charge is still seen.
4. Conclusions

We have presented candidate global

minima for micro-hydrated perchlorate
clusters with up to 16 water, using a basin-

search strategy and empirical

hopping
potentials with rigid body molecules. These
perchlorate clusters are generally globular in
shape, with perchlorate atoms on the
periphery of the cluster, and display low-
symmetry hydrogen-bonded cages which are
commonly seen in pure water clusters. There
are no clusters with N > 3 for which
perchlorate adopts the same lowest energy
structure as previously reported for sulfate-
water clusters.''

The total suppression of dangling OH
bonds, and

seen both experimentally

computationally for the sulfate-water

system, is not present in the perchlorate-

water system for any cluster with more than
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eight water molecules, although there is a
significantly lower incidence of dangling
OH bonds when compared with pure water
clusters of up to 20 molecules.

The energy landscapes produced for the
perchlorate-water clusters show significant
frustration, with comparatively large energy
barriers connecting several different low
energy structures. These energy landscapes
show significant parallels with those
obtained for pure water clusters, as both are
highly frustrated. The significant directing
effect towards a small number of low energy
minima which is observed for the sulfate-
water clusters is not seen in the perchlorate
system, although there is a smaller directing
effect present which is greater than that seen
in the energy landscapes of pure water
clusters.

Hydrated perchlorate and sulfate clusters
and pure water clusters behave quite

differently and there are clear differences in

the observed structures of the low-energy



minima for the hydrated perchlorate and
sulfate clusters, as well as the pure water
clusters. The sulfate system favors high-
symmetry structures, whilst the perchlorate
and pure water systems typically adopt
lower-symmetry structures. The perchlorate
ion favors sites on the surface the cluster,
whilst the sulfate occupies the center of the
This

cluster. is due to the water-water

hydrogen bonding interactions being

dominant in determining the morphology of

the clusters:

(Cl0z)(H,0)n placing
perchlorate at the surface maximizes the
total number of water-water interactions,
consistent with partial solvation of the singly
charged anion. The opposite is true in the
sulfate system, where (due to the higher
ionic charge) maximization of the number of
water-ion interactions is favored.

The clear charge dependence of the
adopted geometries of the solvated ions was
observed in the

again varied-charge

investigation. With a perchlorate like

23

monoanion, the observed global minimum
energy structure was the same as that
proposed for perchlorate, and this structure
had the ion on the cluster surface. As the
charge on the ion was increased the ion
gradually migrated towards the center of the
cluster, until the dianion was located at the
geometric center of the cluster. This
suggests that charge, or charge density, is
the dominant factor in determining the
observed

morphologies  of  hydrated

Hofmeister 1ion clusters as, despite
significant difference in the Lennard-Jones
parameters used for the perchlorate and
sulfate anions, the hypothetical
(S03)(H,0);, cluster adopted the same
structure as (C103)(H,0)4,.
Supplementary Information

Table S1 contains the energies for all of
the reported putative global minima.

Copies of all the structures analyzed in
this work, as well as a copy of the basin

hopping code used to generate them, will be



made publicly available through the

Research Data  Archive service at
Birmingham.
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