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PROTONIC DEFECTS IN LARGE WATER CLUSTERS AT FINITE
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We present a brief overview of recent experimental and theoretical studies of the hydration shell structure and
translocation of protonic defects in large water clusters. The primary focus of the present article is on finite temperature
behaviour of large water clusters with one proton less so that the cluster is overall negatively charged. We present
some results of our own work on (H,0), OH™ which we have taken up as a case study and have looked at the
structure and dynamics of the cluster by means of quantum chemical calculations and finite temperature ab initio
molecular dynamics simulations. In the latter method, the forces on the nuclei are obtained directly from ‘on the
fly’ quantum electronic structure calculations and it is ideally suited to study proton translocation processes which
proceed through breaking and formation of chemical bonds. Results are discussed for the structure of hydration
shell of the protonic defect at zero and room temperatures and also the frequency of proton translocation events
at room temperature.
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1 Introduction

Studies of hydration and translocation of protonic
defects created by the addition or removal of a
proton in water clusters are of fundamental
importance in chemistry, biology and atmospheric
science. It is, therefore, not surprising that these
cluster ions have been the subject of extensive
studies, both experimentally and theoretically. Earlier
experiments’ on larger clusters with protonic defects
identified some of the magic numbers such as
(H,0) H* with n=21, 28, 30, 34 and (H,0) OH" with
m=20, 28, 29, 30 etc. for n,m = 20. Recent
developments of high resolution nanoscale
experiments have provided opportunities for
studying molecular details of the hydration structure
of protonic defects in these clusters®’. Nanoscale
clusters have properties which differ from both
small aggregates composed of a few molecules and
bulk phases. They are sufficiently large to exhibit
some of the bulk-like properties, yet the surface
forces play an important role in determining their
structural and dynamical behaviour. One important
issue regarding the structure of these nano-sized
cluster ions is the hydration state of the protonic
defect - whether it is solvated inside the cluster or
at the surface. A related issue is the presence or
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absence of dangling hydrogens of the core ion
containing the protonic defect. The core ion can
be a hydronium ion (H,0*) or a Zundel cation
(H,O,") when there is an excess proton and it is the
hydroxyl ion (OH) when the defect is due to the
shortage of a proton. Another important issue is how
the protonic defect is translocated in such finite-
sized clusters and to what extent the mechanism
of translocation in these clusters differs from that
in bulk liquids®.

Recent experimental studies®” on nano-sized
protonated water clusters have used infrared
spectroscopy to probe vibrational transitions of the
OH stretch modes of the clusters. These modes
show high sensitivity on the hydrogen bonded
environment of the OH bonds. The frequency of
a hydrogen bonded OH group is lower than that
of a non-hydrogen bonded or dangling OH and the
presence of these dangling hydrogens contains
important information about the structure of the
clusters. Although these studies showed transitions
from multiple ring to cage like structures with
increase of cluster size, no definite conclusion was
made regarding the internal or the surface state of
the hydrated proton in a given cluster’. A very recent
theoretical study’ on these protonated clusters based
on finite temperature simulations have shown that
the observed structures can vary depending on the
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temperature of the clusters. Recent experiments'*
have also investigated proton transfer in protonated
hydrogen bonded systems which are smaller in size
but can exhibit features such as breaking and
reformation of hydrogen bonds that are associated
with proton transfers. The proton transfer in some
of the smaller water and mixed water-ammonia
clusters has also been investigated theoretically by
means of quantum chemical calculations and ab
initio molecular dynamics simulations and have
revealed many interesting results*"’.

Contrary to the rather large number of studies
that have been carried out on hydrogen bonded
clusters with an excess proton, not many studies
have been reported on water clusters with one
proton less, i.e. water clusters containing a hydroxyl
ion. Robertson et al.’® reported high-resolution
infrared studies on (H,0) OH™ with n = 1 - 5 and
there have been a few quantum chemical®® and
finite temperature Monte Carlo® studies on these
systems. These studies have primarily focused on
the hydrogen bonded structure of the OH™ ion and
the relative binding energies for different isomers
of different cluster sizes. Since there have been only
a few theoretical studies on water clusters with one
proton less, and that too primarily for smaller
clusters, much more work is needed in this area
to have a better understanding of the hydration and
translocation of protonic defects in nano-sized
hydrogen bonded clusters. In the present article,
we report some of our work in this area based on
quantum chemical calculations and finite
temperature ab initio molecular dynamics
simulations. In particular, we present results of a
cluster made of 20 water molecules and an OH-
ion. We look at the hydration structure of the core
ion and also find out the index of the oxygen to
which the protonic defect is attached as we move
along the simulation trajectory. The frequency of
the change of this oxygen index provides information
on how fast the proton is translocated in the cluster.

2 OH" in (H,0),: A Case Study using
Quantum Chemical Calculations and
Quantum Simulations

We have carried out all-electron quantum chemical
calculations of the (H,0),OH" cluster to find the
location of the protonic defect in some of its
optimized geometries. The calculations are done
at Hartree-Fock level with the 6-31G* basis set

Fig.1 The optimized structures of (H,0), OH" with hydroxyl ion
atthe centre (left) and at the surface (right) of the dodecahedral
cage. The arrow points to the hydroxyl ion

using the Gaussian 03 package®. In Fig.1, we have
shown two optimized geometries with different
locations and hydration structures of the OH- ion.
In the first configuration (left), OH" is located in
an inner state whereas it is located at a surface state
in the second configuration (right). In the inner
state, the oxygen of OH" is having four hydrogen
bonds with surrounding water molecules and its
hydrogen is also forming a weak hydrogen bond.
For the surface state, the hydrogen of OH' is dangling
and its oxygen is participating in three hydrogen
bonds. In both cases, the hydrogen bonds are defined
by using a distance criterion of R, < 2.5 A.
Between these two structures, the configuration
with the inner state of OH™ is found to be more stable
than the one with the surface state by about 0.17
eV.

Next, we have carried out finite temperature ab
initio molecular dynamics simulations of the cluster
starting from the inner state of the hydroxyl ion.
The simulations are performed by means of the Car-
Parrinello method®?* and the CPMD code®. The
cluster is kept in the central region of a simple cubic
box of length 18.5 A. The length of the box is
sufficiently large so that there is enough empty
space around the cluster in all directions. The
electronic structure of the system is represented by
the Kohn-Sham (KS) formulation®® of DFT within
a plane wave basis and BLYP functional. We have
used the BLYP functional”” because it has been
shown to provide a good description of hydrogen
bonded systems such as water®3°, methanol® and
also ammonia®**. The core electrons are treated via
the Troullier—Martins normconserving
pseudopotentials* and the plane wave expansion
of the KS orbitals is truncated at a kinetic energy
of 70 Ry. A fictitious mass of u = 800 a.u. has been
assigned to the electronic degrees of freedom and
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the coupled equations of motion describing the
system dynamics are integrated by using a time step
of 5 au. or 0.12094 fs. The hydrogen atoms are
given the mass of deuterium in order to reduce the
influence of quantum effects on the structural and
dynamical properties. We note that the above values
of the fictitious electronic mass, time step and
hydrogen mass ensured adiabatic separation of
electronic and nuclear motion and energy
conservation during the simulation run as required
by the Car-Parrinello algorithm*?*. We have
equilibrated the systems for about 10 ps in the
canonical ensemble at 300K using Nose-Hoover
chain method and, thereafter, the simulations are
continued in microcanonical ensemble for another
9.1 ps for calculation of the various structural and
dynamical quantities.

We note that in our finite temperature
simulations, the protonic defect is not attached to
a given oxygen for the entire trajectory due to the
presence of proton translocation process. In order
to identify the oxygen to which the defect is attached,
i.e. of the hydroxyl ion, we first assign to each
oxygen its two nearest hydrogen atoms. Then the
hydrogen that has been assigned to two oxygens
is found out and it is assigned to its nearest oxygen.
The other oxygen, having only one hydrogeu
assigned to it, is identified as the hydroxyl oxygen
O*. The hydration structure of this hydroxyl ion
is investigated by calculating the number of hydrogen
bonds that the oxygen and hydrogen atoms of the
hydroxyl ion make with surrounding water
molecules in its first hydration shell. The first number
we call the accepted hydrogen bond number and
denote it as N, while the second number is called
the donated hydrogen bond number which is denoted
as N_.. In Fig. 2, we have shown the instantaneous
values of the hydrogen bond numbers of the
hydroxyl ion over the simulation run period. It is
found that the hydroxyl ion prefers to accept four
hydrogen bonds through its oxygen atom and it
does not donate any hydrogen bond through its
hydrogen atom. The hydrogen atom of the OH is
dangling almost all the time and thus it prefers a
surface state. The average values of the hydrogen
bond numbers are: N_,=3.73 and N_,=0.02. In Fig.3,
we have shown a representative configuration taken
from the simulation trajectory where the presence
of dangling hydrogen of the hydroxyl ion is clearly
seen.
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Fig. 2 The instantaneous numbers of hydrogen bonds accepted by
the oxygen (N,,) and donated by the hydrogen atoms (N,,,)
of the hydroxyl ion in (H,0),JOH" at room temperature

Fig. 3 A representative configuration taken from the simulation
trajectory of the (H,0),/OH" cluster at room temperature.
The arrow points to the hydroxyl ion

As discussed earlier, the protonic defect is not
located at the same oxygen all the time. It moves
within the cluster due to proton translocation which
is aided by interconversion of covalent and hydrogen
bonds. In the present cluster, there are 21 oxygen
atoms which are identified by numbers from 1 to
21 and the number assigned to a given oxygen atom
is called its index. The kinetics of proton translocation
can be determined by the rate at which the index
of the hydroxyl oxygen changes due to proton
transfer. In Fig.4, we have shown the index of the
hydroxyl oxygen along the simulation trajectory.
Firstly, we note that there are few transfer events
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Fig. 4 The index of the hydroxyl oxygen O* along the simulation
trajectory of (H,0), OH

due to rattling effects caused by intermolecular
vibrations. These are not ‘real’ proton transfers and
will not contribute to the average mobility of the
charge defect. When these rattling events are filtered
out, it is seen that, for first 4.75 ps, the protonic
defect stays essentially all the time with the same
oxygen and then it switches to a different oxygen
atom. Another change with a shorter lifetime is
found at around 8.25 ps. Thus, this cluster of OH-
in 20 H,O is found to be large enough to provide
a favourable environment for proton translocation.

3 Conclusions

We have discussed the hydration and translocation
of protonic defects in large water clusters at finite
temperatures. The defects can be created by the
addition or removal of a proton. In the present
article, we have primarily focused on large water
clusters with one proton less so that the overall
cluster is negatively charged and contains a hydroxyl
ion. We considered (H,0), OH" as a case study and
investigated its structure and dynamics by means
of quantum chemical calculations and ab initio
molecular dynamics simulations. Two lower-energy
isomers are found from quantum chemical
calculations, one with an inner state and the other
with a surface state of the hydroxyl ion. Energetically,
the isomer with the inner state of the hydroxyl ion
is found to be slightly more stable than the one with
the surface state. In the inner state, the oxygen and
hydrogen atoms of the hydroxyl ion are found to
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In the present article, we have discussed
hydration and translocation of protonic defects in
water clusters which are free from any external
confining potential. A recent study* has employed
ab initio molecular dynamics and an empirical
valance bond model to investigate the transport of
an excess proton through a one dimensional
hydrogen bonded water chain confined in a narrow
carbon nanotube. The mechanism of proton transport
in this confined environment was found to be quite
different from that in bulk liquid water. Theoretical
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