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Abstract

We study a set of environmentally-relevant pollutant molecules adsorbing on a
pyrophyllite surface. The set of calculations needed for this study exemplify a short
and fairly simple workyow; we make use of the existing eMinerals minigrid, and
produce our own very simple self-written workyow management tools to govern the
process. We show that in the presence of a robust minigrid it is easy to set up and
manipulate simple workyows on this scale, and produce scientipcally interesting
results; the interaction of the molecules with the surface is shown to be largely
governed simply by the number of chlorines in the molecule.

SECTION |

Introduction

A signipcant environmental problem facing
society is the presence of persistent organic
pollutants and related molecules in the
global ecosystem. These chemicals include
halogenated substances used as pesticides
or produced as by-products from industrial,
commercial or social activities. Many are
toxic, and there is concern because these
substances enter human and wildlife food
chains. They may also affect the quality of
drinking water or the functionality of other
environmental resources, such as soil or the
atmosphere. There are no comprehensive
remediation strategies. Risk management
strategiesare needed that enable stakeholders
to make informed choices about use and
disposal options. Our specipc challenge is to
learn how these molecules bind to mineral
surfaces as this might affect environmental

behaviour and inyuence exposure patterns.
The role of eScience methods can be
seen by considering the example of various
polychlorinated polycyclic aromatic series;
as exempliped by the polychloro-biphenyls
(PCBs), the polychloro-dibenzo-difurans
(PCDFs), and the polychloro-dibenzo-p-
dioxins (PCDDs). In each case, the series
consists of an identical molecular backbone,
with the members of the series (known
as congeners) having different numbers
of chlorines substituted for hydrogens at
different positions. Combinatorics and
symmetry result in there being 209 distinct
congeners of the PCB family; 135 PCDFs,
and 75 PCDDs. We need to gain information
about each of these molecules, including
obtaining binding energies for each molecule
on different mineral surfaces. In addition to
the mechanical problem of managing such a
large number of calculations, we need also
to face a 0knowledge problemé of handling



data from such a large suite of calculations.

Science details

Although we intend to study all of these
three families of molecules, here we show
only results for the PCDDs, which are the
smallest family, and for which symmetry
reduces the problem space. However, the
methods we have used to construct and
manage the simulations and analyse the data
will be easily extended to cover the other
series.

Furthermore, we have restricted
ourselves to one mineral surface, the (001)
surface of pyrophyllite. Pyrophyllite is
an aluminosilicate mineral prevalent in
clay soil and representative of the class of
clay and mica minerals; its (001) surface
predominates in nature.

Computational details

The simulations required, which will be
described below, form a fairly simple,
but highly parallelizable and repeatable
workyow when considered for the whole
system of molecules. It is anticipated that
this workyow represents a common work
paradigm and so each step of the workyow
has been written to be as generic as
possible without compromising workyow
performance. Due to the simplicity of the
workyow the decision was made to not use
popular workyow editors / generators such
as Taverna, but rather to create our system
from scratch. The compute resources used
were a campus-wide Condor grid, and a
back-end for data storage based on the

Figure 1: Representation

of the surface of the layer
silicate pyrophyllite. Colour
scheme for atoms is red

= oxygen, blue = silicon,
yellow = aluminium, white
= hydrogen.

Storage Resource Broker (SRB) [1].

SECTION I

Scientipc overview of simulation
programme
The focus of this study was to calculate
binding energies for molecules on a mineral
surface; in such cases the accuracy of the
calculations requires quantum mechanical
methods, and our tool of choice is Density
Functional Theory (DFT). Due to the
relatively large size of our system (182
atoms when studying PCDDs), and the
surface nature of the calculation, we require
a DFT method which scales linearly with the
number of atoms, and is not hindered by the
simulation cell containing empty space. For
this reason, we used the SIESTA [2] code.
Our simulated systems consisted of a
portion of pyrophyllite surface combined
with one of the molecular congeners of
interest. The simulated surface, of (001)
pyrophyllite, is illustrated in pgure 1.
The exposed layer of atoms is primarily
composed of silicon and oxygen atoms,
and it is the interaction of these surface
atoms with the molecular atoms that will
largely determine the adsorption energy.
The illustrated portion of the surface
consists of four crystal unit cells, ina 2}
2 conpguration, with the surface being one
unit cell deep. SIESTA imposes periodic
boundary conditions in all directions, so
our system is in fact an inpnite plane, with
a separation between surfaces that we may
tune to remove surfacedsurface interaction
effects. For the accuracy of calculations



Figure 2: Representation of the non-chlorinated
dibenzo-p-dioxin. Colour key is gray = carbon,
red = oxygen, white = hydrogen.

performed in this study, a surface depth of 1
unit cell was found to reasonably represent
the bulk mineral. When a molecule is placed
in the system, it will be periodically imaged
in the same way, and we found a 2 J 2 cell
to be sufpcient for removing intermolecular
effects.

At this stage of the work, we focused
only on the PCDD family of molecules.
The non-chlorinated dibenzo-p-dioxin is
illustrated in pgure 2; as can be seen, it has
eight substitution sites. The molecule in its
ground state is planar, and its symmetry
in this conpguration is such that repeated
substitutions of chlorine atoms onto these
eight sites gives rise to the total of 75
chlorinated congeners. In addition to the
unchlorinated base molecule, we therefore
required 76 sets of calculations in this
study.

The prst task was to construct and
parameterize a simulation cell containing
the surface. This was achieved by simulating
a cell of bulk pyrophyllite, and cleaving the
surface in the appropriate plane. We tested
our system with respect to various input
parametersforenergy convergenceconsistent
with the level of accuracy required. For the
interest of DFT affectionadoes, we found
sufpcient the use of the GGA functional,
operating on an autogenerated DZP basis
set with energy shift of 50 meV, combined
with non-relativistic PBE pseudopotentials,
using the default cutoffs recommended by
Troullier and Martins [3], and a grid cutoff of
100 Rydbergs. Although representing a high

level of approximation, the salient features of
the system emerged. This gave us the energy
and structure of the bare surface. Although
this stage of the work did not require some of
the eScience tools which became invaluable
in later stages, nevertheless it was facilitated
by the existence of the eMinerals minigrid
[4].

The next step was the calculation of the
structures & energies of all of the molecules.
The crystal structures for a small number of
them were available from the Cambridge
Structural Database (CSD), and approximate
initial structures for the rest could be
estimated by appropriate substitution of ClI
atoms for H, and accompanying changes
in bond-length. A small program was
written to generate all congeners, discard
symmetry-related duplicates, and calculate
appropriate initial structures. The structures
for the molecules in the gas phase were
then optimized. The simulations for the
molecules were performed under the same
approximations as those for the surface.

In order to gain assurance of the
reasonableness of these structures, we
compared our calculated geometry with that
obtained by experiment, for one particular
congener for which crystallographic data
is abundant: the 2,3,6,7-tetrachloride [5]. It
should be noted that exact reproduction of
the geometry is not to be expected since the
molecular structure will not be unchanged
between gas-phase and crystalline structure;
nevertheless, all structural properties
calculated differed by less than 2.9% from
experiment.

The pnal stage in the calculation was
to calculate the energy of the surface
with adsorbed molecule. An important
question to ask concerned the position
and orientation of the adsorbed molecule
relative to the structure. In each case, we
placed the relevant molecule parallel to,
and a short distance from, the surface; in
every case, we placed it above the same
point. We then allowed the system to relax
while holding constant the positions of the
surface atoms, the relative positions of the






