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Abstract. Three recent applications of the DL_POLY molecugnamics code are described, which

demonstrate the flexibility and viability of the dm for extending our understanding of the strugture
stability and reactivity of ceramics and mineratstlee atomic level. The first is an investigatiartoi
differences in oxygen atom mobility in bulk andifa¢ most stable {111} surface of ceria. The ressiitsw
enhanced surface transport but that it is via sfdbse oxygen. Secondly, we investigate how polyailo
dibenzo-pdioxins PCDDs)molecules might adsorb on clay surfaces. The tiaguadsorption energies
show a clear relationship with chlorine contenttef molecule. Finally, we apply DL_POLY to comparin

the aggregation of magnesium oxide and calciumasete nanoparticles. We find that very small caiciu

http://mc.manuscriptcentral.com/tandf/jenmol


mailto:s.c.parker@bath.ac.uk
mailto:d.c.sayle@cranfield.ac.uk
mailto:watsong@tcd.ie

©CoO~NOUTA,WNPE

Page 2 of 158

carbonate nanoparticles are amorphous and theiegagpn shows no preferred orientation in contrast

magnesium, which remain highly crystalline and comabn a highly structural specific way.
Introduction

The aim of this paper is to describe our current work using DL_P@l Model the
structures and energetics of inorganic solids, with particular esigpba surfaces and
nanostructuresiVe illustratethe scope of DL_POLY to modelling surfaces and interfaces
by considering three recent examples. The first example desailreapplication of
DL_POLY to explore the stability and transport of surface defestggen vacancies on
the most stable surface of ceria. Understanding the factors tiogtrible formation of
surface defects is of importance to understanding surface propésiésis the surface
defect that is often the site of chemical activity. Another commomé chemical
reactivity is understanding how molecules might adsorb onto surfacs. We are
following the DFT work by the Cambridge group [1] by applying DL_PQbYhelp our
understanding of these processes. Nanoparticles are of greafisdrgptest as they are
effectively a bridge between bulk materials and atomic or maeattuctures. The
interesting and sometimes unexpected properties of nanoparticlpartdyedue to their
large number of surface sites aspects. The percentage ofattmssurface of a material
becomes significant as the size of that material approachesatiwscale. Thus in our
final section we describe we describe recent work on studying theenties of

nanoparticles.

Molecular Dynamics at the Stable Low Index {111} Sdace of Ceria

http://mc.manuscriptcentral.com/tandf/jenmol
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Materials based on ceria (CgQ@re used in the production gparification of hydrogen,
the purification of exhaust gasesthree-way automotive catalytic converters, and other
catalyticapplication [2-5]. These applications make use of the electrochepnagzdrties
of this ceria: the ability to shift between its two oxidaticatess, Ce(lll) and Ce(lV), and
the high mobility of bulk oxygen species — properties that allonaderibehave as an
oxygen buffer. It is important therefore that we understand mogeHall oxygen atoms
move in the ceria surface, just under the surface and in bulk. Irtubig sve focused on
studying the {111} surface of ceria, which is calculated to be thH#est§8] and hence
most prevalent.

The METADISE code (minimum energy techniques applied to dislocatiterface, and
surface energies) [6] was used to construct surface slabs for DL_POLY.

A slab of the {111} surface was constructed to a thickness of 20.6 Aisteafficiently
thick to allow realistic simulation of bulk ceria at the cemtiréhe slab. The slab contains
996 atoms. 332 Ce, 664 O. We chose to use 3D periodicity for computationarneas
hence introduced a 50 A vacuum gap. The Coulombic sums were calculap&Ewsild
summation precision of 18. The potential model used in this work is a potential from
Balducci et al (1997) [7] that is a modification of a potentialwaetiby Sayle T.X.T.
(1994) [8]. We included the shell model of Dick and Overhauser [11] to a&ienidnic
polarizability of the oxygen ions. In this model, the oxygen ion iseeprted as a core
plus a shell coupled by a harmonic spring. The total charge is sxpheween the shell
and the core. In the molecular dynamics simulations the shellsgivene a mass of 0.5

au.
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In order to investigate oxygen atom mobility at the stable {111jacaurface a potential
of mean force (PMF) method modification to DL_POLY has been usetntdate the
pathway and variation in free energy of a single oxygen atomatimgrin bulk ceria and
also at surface.

The constrained atom is moved towards a vacancy at a constantydlbeitvelocity is
usually 0.0001 nm per fs.

AA(z) = A(z)—A(zo):jszdz 1)

Zg

f,: average force in direction of vacancy.

Once energetically minimised, vacancies were introduced in &laheThe modification
now allows a single atom to be constrained so that it is forcedgi@te to the vacancy
position, at a pre-set velocity. The constrained atom is givemet teector, which is the
co-ordinates of the lattice vacancy position. However, the constratoed ia free to

move perpendicular to the target vector. The average force of thieaboed atom along
the target vector is recorded at the end of each time-stepraitibegof the force with

respect to distance yields the free energy, shown in equatiot(¥),is the free energy
change of migrationA(2) is the free energy at positianand A(z) is the free energy at

the initial position.

Thus the free energy of migration of the atom to be calculatedretus temperatures.
Additionally, MD simulation can be run just above zero Kelvin to enabke t
identification of the pathway and energy change neglecting teraprdthis allows for

simple (or an initial) analysis of the migration process, withioublving complications
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of nearby atoms excessively hindering the constrained atom duringjetstory. In doing

this, entropy effects are ignored, and therefore the energy ddtioigrather than the free
energy of migration, is in fact calculated.

Migration of a single oxygen atom was investigated at the eeasftithe slab, which

represents bulk ceria; just beneath the surface, with an oxygeatinggbetween bulk

and a vacancy position just under the surface; and at the surface,oxigen migration

is simulated between the layer of oxygen atoms just beneatlirfaeesand the surface

layer, and also the migration from a surface position to a near surface vacancy.

Oxygen Migration

The first PMF simulations were carried out on the diffusion of eryig the bulk of the
slab. The slab was initially run at 300 K using the nvt ensemble hanchigration path
plotted. Figure 1 shows that the pathway between oxygen sitegne@asdnd the energy
profile in figure 2 shows that the maximum is the energy of atign was 0.66 eV and
that the position was half way between the oxygen sites. Theatati energy agrees
very well with the work of Balducci et al.(1997) [9] who calcula@@5 eV using a
series of static energy calculations.

We can check that the location of the transition state is gxzaifivay between the sites
by plotting the average force of the constrained atom in the dineatitravel in Figure 3.
The force passes through zero at 1.05A along a total distance of 2.07 A.

We next modelled the trajectory for an oxygen atom migratimg the oxygen layer just
below the surface to a vacant site on the surface.

Figure 4 shows the pathway. The first point to notice is the trajectory is now curved.

http://mc.manuscriptcentral.com/tandf/jenmol
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The energy plot, figures 5 shows also a marked asymmetry. Tisgtioa state in this
case is very close to the surface ~0.5 A. Furthermore, Figure S shatvhe activation
energy for the oxygen migration from the surface to the levebgrseath is considerably
smaller ie. 0.06 eV. Interestingly, a greater activation endigy,eV, is required to
activate the return of a subsurface oxygen directly to the {111} uff@am this layer
beneath, which is still less than 0.66 eV, the bulk value. It alsdycmonstrates that

the vacancy is more stable just below the surface.

The next stage was to examine the transport from the suafgees fto the bulk. Figure 6
suggests the barrier is 0.67 eV, with the sub-surface site 0.2 eV less stable.
Analysis of the trajectory shows that the migration path is imeat as in the bulk
simulation, and that the position of the transition state is prediated slightly closer to
the bulk layer than the sub-surface layer.

We also considered the migration of an oxygen atom across theesarfd surprisingly
found that the activation energy was 2.5 eV. Thus Figure 7a and 7batiisstrow a
migrating oxygen atom would move down a layer just under the sudiade¢hen would
return to the surface layer leaving a vacancy in the sub-sudgee which is the most
stable site for an isolated vacancy, rather than transport across the surface.

We have seen more complex behaviour in some of the simulations, butvsiving
oxygen movement between the top two layers. Figure 8 shows thedairtfgguration of
a concerted mechanism involving an oxygen atom from the surfaareciaystrained to
move down into a vacancy position just under the surface. The initiat@omss shown

by the largest green arrow in order. The constrained migratiatig@s the formation of

http://mc.manuscriptcentral.com/tandf/jenmol
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a vacancy in a less stable position on the surface because va@aecieore stable at a
position just under the surface. The result is that, as the condti@uygen leaves its
lattice site to form a vacancy the next oxygen atom fillssiteeand because the energy
barriers are low we find that the next few oxygens move in unidwnéxt result is that
a sub-surface vacancy is formed but can be potentially some distancéhe original
vacancy.

The concerted motion does however highlight one problem, namely that thenerdwa
the ions in the concerted mechanism causes a resistance to thmenbw the
constrained atom, thus the resulting free-energy change is thefdhm activation free
energies of migration and the free energy for overcoming theforeg- Thus care must
be taken in interpreting the activation free energy.

Another important issue is the effect of charge compensation arlyc when the
charge compensating defects are bound to the oxygen vacancies. Vdercthresn in the
following section.

We treated the charge compensating defects as localisedomtecn neighbouring
cerium ions. Thus the first instance considered (Figure 9a) is teeoxygen atom
migrates directly into a vacant site which is adjacent to®@&9 ions. The trajectory of
migration takes the oxygen between the two adjacefitiGes. The effect of the charge
compensating C&ions on the migration is significant. The new activation ener@y3is
eV (Figure 10) for the oxygen migration up and between the compensathsg
compared to 0.06 eV for similar migration without the involvement of cossieng

ions.
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Another interesting result of this calculation is that the fic@hfiguration, with the
vacancy just below the surface is calculated to be 0.4 eV lk#sle.sBut note that the
final oxygen vacancy position is not in the highly bound state (i.e.upor the surface
and adjacent to the charge compensatirntj i0as.

The second example (Figure 11a) considered is where an oxygenuatopeneath the
surface is forced to migrate to the surface, adjacent to ahe wde of both the vacancy
and a compensating €don, (ie.) the oxygen vacancy moves from the top layer to the
layer underneath.

In this instance, the activation energy of migration (Figure 18)nslar to that for the

un-charged compensated migration, (ie) 0.10 eV cf. 0.06 eV.

The activation energy for the reverse process is approximateB\M].thus in common
with the un-charged compensated migration, the vacancy is morelstédlethe surface
but is very much more stabilised i.e., by about 0.9 eV.

Hence the energetics for the migration of an oxygen atom into adbobarge

compensated vacancy cluster, when that oxygen atom approaches thg Wacanbe

side of the compensation, differ significantly from the case @fration between the
compensating ions.

The final example considered (Figure 13a) involves the migratiom afxggen atom,
which is originally under the surface between two adjacerit @as, to a vacancy
position set just to the side of this charge compensating pair of Ttvesdirection of

migration is away from the charge compensation up into the vacdncly 8 considered

http://mc.manuscriptcentral.com/tandf/jenmol
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here only to be partially bound because the vacancy is not symihetcoafigured.
Thus the final configuration leaves the vacancy in the highly bound state.

The plot in figure 14 shows that the activation energies aresstdll, at 0.25 eV for the
forward and 0.4 eV for the reverse.

However, activation migration energy is 4 times greater thanetmergy for the
uncharged compensated case. It is 2.5 times greater than théiamignéo a bound
charge compensated vacancy with a trajectory from the side, fwicts smaller than the
1.35 eV required for activation of migration up and between charge conipgnsas
into the fully bound vacancy.

The results show that energetically the vacancy prefers to be Houtite charge
compensating defects in the subsurface oxygen site. Furthermotecdhien of these
charge compensating defects modify the activation energies and theno®bility of
oxygen near the surface. In the case of the movement along tioé thieeC&" ions, the
effect is significant and will have a large anisotropic effect on the atospié.

The results therefore suggest that the migration of a ddfestec differs from isolated

defects. Therefore, it is important to investigate the stability of diffelesters.

These simulation results suggest an important significance idirthetion of migration
around or between partially or fully bound charge compensated defetttat inappears
that oxygen atoms prefer to migrate up from the side of a bound compersirface

vacancy.
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Organic molecules adsorbed on clay surface: DL_POLY
as a high-throughput engine

Organic pollutants and related molecules can pose a serious envirahthesdt to the
global ecosystem. Amongst the most notorious are these halogenatesthcesbsised as
pesticides or by-products from human activities. Concerns are dugetb their general
toxicity and the fact they can enter human and animal food chaingllaas affecting
the quality of water or soil or atmosphere. In the absence oftaliight remediation
strategies, risk management information is needed to allow stdketidd decide options
concerning disposal.

Our interest lies in understanding how these molecules bind to msefates and to
establish a high-throughput methodology to efficiently investigate many
molecules/substrates combinations.

As a starting point, we choose the polychloro-dibenzo-pdioxins (PCDBéyfd he 76
members of this familly (congeners) have a different number ofinklatoms replacing
hydrogens at different positions.

We choose a substrate with soil relevance, a clay. The di-octhRetirsheet silicate
pyrophillite, Al;SigO20(OH),. is a simple example of the family of clay minerals that form

a significant fraction of many soil and rock types. Its [001] face was first coaedide

http://mc.manuscriptcentral.com/tandf/jenmol
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Preliminary DFT calculations showed that the organic molecule®tdchemisorb on the
pyrophillite surface. Of course, DFT is not adapted to the accsixadg of physisorption
phenomena due to its poor treatment of dispersion. Therefore our potesgidirbathod
was deemed ideal for such a study.

We now describe the choices of models, tools and resources, followedbhbegfa

discussion of the automatisation procedures and comments on the scientific results.

Model

A classical model requires an electrostatic description of sat@®m well as a
parameterisation of the intra-molecular and the inter-molecular intaracti

Well established models for Zeolite and clay minerals make mmgdéie substrate a
comparatively straightforward task. We chose the parameterisattiLewis and Catlow
[10] in which the electrostatics is described by the shell moddDiock and Overhauser
[11]. The total charge is separated between the shell and thelrtdtee molecular

dynamics simulations the shells were given a mass of 0.5 au.

For the molecules, we chose the CVFF model [12] for the bonding imtemcThe
attribution of the electrostatic components was more complex. We alsenitio

calculations (gaussian code [13]) with the Dunning/Huzinaga valence emthldasis
set on selected PCDDs'. From these we extracted the chatgéudion to extrapolate

point charges for all the PCDD. This simplified charge model is described irltable

http://mc.manuscriptcentral.com/tandf/jenmol
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Specie Charge (e)
H .20
Cl -.03
(0] -.50
C (H bonded) -.20
C (Cl bonded) .03
C (O bonded) .25

Table 1: Charge model (in €)
We generated the interaction parameters between the substditéher adsorbed
molecules by using the standard combination rules, which is a valid appmabtain
dispersion-repulsion interaction coefficients in the absence of strong bonding.
Our confidence in this model is confirmed by the excellent agneieofi¢est calculations
on the adsorption of simpler molecules (linear and cyclic aliptmticocarbons) with
experimental measurements [14, 15]: in the case of cyclohexane,.r3al kdompared

to —54 kJ.mot at 423 K.

DL_POLY as an optimiser

DL_POLY is the UK's national flagship package for molecular dyoesin{MD)
simulations [16]. While it is especially good for simulating vésyge systems, its
modular structure makes it very adaptable. It supports some fornmergyeoptimisation
(albeit not as efficiently as specialist codes such as UEZPor METADISE [6]). It is
also cml enabled which allows for certain direct inter-operability with soRedades.
The choice of a MD code for a problem essentially based on opimnisaight appear
odd at first. This choice was justified because the force fielddesigned is relatively
complex and not adaptable to GULP or METADISE codes without heawdirerand
especially because that our main objective is to tackle adsorpti@alistic conditions,
i.e. at various temperatures and with of water. Molecular Dynamnittee tool of choice

for these more advanced problems. So, to maintain upward compatibililecided to

http://mc.manuscriptcentral.com/tandf/jenmol
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use the same code for the current study as we would for the morecedwane, at the

cost of the early added complexity of using a MD code to perform optimisation

UCL Condor Pool

This project is combinatorial in nature. Not only are there sewxtypon equivalent
PCDD molecules, but the determination of reliable adsorption stpsres multiple
starting configurations. Furthermore, the search space is latgéha potential energy
surface can be complex and contain many local minima. However, steamsyare not
overly large and each energy calculation is not too demanding, tleerafoeavy handed,
brute force approach to optimisation is affordable

Instead of using a supercomputer, we took advantage of the UCL Condor pedlpEhi
of resource is ideal for this study, as it contains a very kanmggunt of processors (at the
time of writing 960 CPUs, operating under Windows OS).

Another feature of the Condor setup is the DAGMAN workflow managdectwallows

complex workflows. In our case, it essentially made the analysis task automatic

Methodology

First of all, three sets of independent calculations are requmetecule only (M),
substrate only (S), molecule adsorbed on substrate (M+S). The ads@pémy is
defined as a difference between the energy of these systggsiEs)

The two custom filesnode_list and atom_list are at the centre of the data
structure and operate on the two modified DL_POLY input fi@&LD and CONFIG.
node_list contains seventy six lines, one for each PCCD, starting witkea

provided molecule code, and then twenty two intermediate atom codés, ander in
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which the atoms appear in the CONFIG file (these codes can ®k @, C, CH, CCl or

CO). atom_list creates a link between these intermediary codes and the nades us
in theCONFIG (H, Cl1, 0O, C), as well as with the charges appearing inRBELD

file (as the carbon atoms can be allocated different charg@d3olcontains information

concerning the bonding parameters, which need to be allocatedAGiEL® file.
A list of dedicated scripts reads thede 1ist and operates on the 76 corresponding

directories.

The simpler scripts are just expansion of unix commaddss¥{ _cp, list_myv,
list grep). list_setdir generates the data structure (directories NODE_n-

moleculecode, where n is an arbitrary molecule index, correspondirie torder in

node_list). 1ist config replaces <list> flags in a modified CONFIG by the
correct atom name and put the correct CONFIG in its directbiyst field replaces
<list> and <harm> flags in the field by their value from #om_1list (atom name
and charge, two specie bonds parametdrsyt fire submit the jobs to the condor
scheduler (via run.dlp files). list rota, is an expanded version of
list config which additionally applies a rotation and/or translation to the édgg

atoms of CONFIG (in our case of course those of the PCDD molecule).

These scripts are sufficient to optimise the structures of the isolatedufaslec

As already mentioned, the case of the adsorbed molecules isystight complex as
several starting configuration are needed. Each of these isdcaaquentially, for each

molecule. The scriptonfig rota, a same directory, command line version of
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list rota is used in conjunction with DAGMANList fire is also updated to
list fire_dag. Practically, three sites of high symmetry were exploatb\e Si,

above O, above “hexagon” centre, see figure 16) with 8 rotational caatfaur(by

increment of pi/2), with 24 calculations per molecule.

Results and discussion

In Figure 15 we plot the adsorption energy of the 76 PCDDs. The moladebeis only
meaningful in so far as it increases with the number of chlotimm®sa The horizontal
lines are a guide for the eye and correspond to molecules withathe sumber of
chlorine. It can be seen that the adsorption energy is stronglyated¢o the number of
chlorine. Each additional chlorine attached to the carbon rings leadgetage to an
increase of .03 eV in adsorption energy.

Furthermore, and as could have been expected, all the moleculet lag tlze surface,
see Figure 16.

We also observe that the corrugation do increase with the numberaovinehlThe
potential energy surface is very flat for the PCDD with a IBWwcount (indeed a
translational corrugation off001eV for G,O.Hg). At higher CI count, the corrugation
increases, up to .07eV fori40.Clg. Therefore, the concept of adsorption site is rather
meaningless for NCI lower than 4. For NCI higher than 3, the PClhiosa
systematically favours a position such as illustrated in Figj@revith the centre of mass
of the molecule situated above a surface oxygen, and where the bangsrst inside

the quasi-hexagon of the surface top layer.
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In addition, to modelling molecules in contact with surfaces welameconcerned with

the interaction of nanoparticles.

Molecular dynamics simulations of the structural clanges that occur

during aggregation of mineral oxide and carbonate anoparticles

DL_POLY has been used by other groups to study the structure andystabitninerals

on the nano-scale. Spano et al found computational evidence of ZnS forming typkebl
clusters [18] (ZnS)clusters, with n ranging from 10 to 47, were energy minimised using
a simulated annealing technique. Spano et al found that spheroidal (blirtersowith
only three coordinated atoms are more stable than the bulk struéttive.number of
ZnS units is increased to 60 then the appearance of onion structurefl&¢ctihis is a
(ZnS). inside a bubble of (Zng Banfield and co workers have also considered ZnS
nanoparticles, typically n=360-400, making the diameter of the ZnSkearstund 3nm,
which is comparable to experimental synthesised particles [20].BEméield group
started using molecular dynamics to study the phase stabilitn®fnanoparticles in
vacuum and in the presence of water. They found that the wurtzite (@nSparticles
smaller than 7nm are more stable than sphalerite nanoparticheacimum at 300K.
However adsorption of water onto the ZnS nanoparticle surface stahiliez sphalerite
structure. Zhang et al [21] predicted anhydrous ZnS nanoparticles toahhighly
disordered structure. Again these nanoparticles had a diameteowfdaBnm. The

adsorption of water, however, onto the nanoparticle surface results floretion of a
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relatively crystalline core. Zhang and Banfield showed that thiseptransformation of
sphalerite to wurtzite could be caused by nanoparticle aggregatibooarsening [22].
These 3nm ZnS nanoparticles were randomly orientated with respeath other and
allowed to aggregate to form a larger nanopatrticle. Followiggeagtion the coarsened
particle adopts a near-amorphous structure that transforms rapiglyrtzite. This work
by Banfield and co-workers has provided a link between atomistic sionuland the
forces that cause their aggregation, i.e. colloidal chemistryh&Ve used DL_POLY to
extend the range of materials to simulate the aggregation sgramfetwo different
materials, MgO and calcite (Caganoparticles. First we will describe the potentials
used to describe the interatomic interactions and then describe he&t we our systems
for aggregation.

The potential model used for simulating the magnesium-oxygen interas that of
Lewis and Catlow [23] and has been used before to simulate MgQesuft2d, 25] and
MgO nanocrystals [26]. The potential model used for simulating tleeuoacarbonate
interactions in calcite is that of Pavese et al [27] and hasusel in the past to simulate
calcite surfaces [28] and also calcite nanoparticles [29]. iAulations in this section
employ the shell model of Dick and Overhauser [11]. Where the shelis the oxygen
species only and have a mass of 0.2 au in Ga@@d 0.5 in MgO, this represents the
electronic charge cloud connected by a harmonic spring to a corencugtaiost of the
anion’s mass.

We have begun studying the structure and aggregation using molecul@midy
simulations by modelling an eight nanoparticle system. Each of ti@pasdicles in the

simulation is the same distance apart. The simulation was pedarmvacuum with no
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periodic boundary conditions. The molecular dynamic simulation was pedorme
canonical ensemble at 300 K and ambient pressure using a time ddepfsofEach

simulation was run for 1ns with a 2ps equilibration period.

Aggregation of Magnesium Oxide nanoparticles

Each MgO nanoparticle had a 0.6 nm in diameter and the simulatitedstath them
being 2.3 nm apart. The starting configuration is shown in figure 17. Wetaubes of
MgO as the most stable surface grows along the {100} plane [6]. &Wepot the
potential energy of our simulation as it evolves over time (figlBe The starting
configuration has a potential energy of -482.1kJ/mol and then drops rapiuyween
30-55ps to -484.4kJ/mol. This decrease in potential energy corresponds totidhe i
aggregation of MgO nanoparticles. Figure 19 shows a snapshot of trenMilation at
30ps. The particles retain their bulk-like structure and well ordsvefhces. At 30ps
single MgO nanoparticles are starting to aggregate togethpeairs. The aggregation
process seems very ordered and is dominated by orientation along the {406} Pphis
snapshot is also interesting because it also shows that thengheagioparticles will join
at the corners first. The pair of nanoparticles that are diicldigure 19 are a pair that
drifts further and further away from the rest of the nanopartasdelsdon’t aggregate with
the other six nanoparticles. Since they are so far away in gbthe snapshots it is not
practical to show them in some of the pictures. At 60ps figure 20 shaetabilisation of
potential energy at around -484.4kJ/mol. Figure 20 shows a snapshot of the MD
simulation at 60ps and shows the aggregation of a single MgO naoleptarta pair. The

snapshot again illustrates the general result that aggredpatsomitially occurred along
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the corners of the nanoparticles. The nanoparticles find their q@efimce centre cubic
site at 220ps (figure 21) when the potential decreases to around -484.6KDh@ol
increased ordering of aggregation along the {100} plan continues when th#iglote
energy decreases to -485.8kJ/mol when a pair of nanoparticles aggdretfze triplet at
275ps (figure 22). The final configuration occurs at 460ps (figure 23g ther sixth
nanoparticle joins the cluster of five. The two nanoparticles diicld=igure 19 were in
fact too far away to become attracted to the rest of them.ajggegation process has
also shown that when crystal growth occurs in MgO there arehtireces of kinks and
steps being formed.

We can compare any structural changes that may have occurred alggiegation by
comparing the radial distribution functions (RDF) of aggregated namdparwith bulk
MgO. Figure 24 shows the RDF of the (a) aggregated MgO nandpatid (b) bulk
MgO. The RDF's of the aggregated MgO nanoparticle and bulk MgQveny similar
with the first three peaks showing Mg-O bond distances at 0.21, 0.35 and Ombath i
graphs. These interatomic distances agree with x-ray diffraeixperiments [30, 31].
The RDF of the aggregated nanoparticle shows that during aggregae MgO
nanoparticles continue to maintain their crystalline form. Furthesmtire bonding
between the MgO is so highly directed, resulting in a continuoudwsteud hus although
the overall shape is non-symmetric there are no obvious grain bourskingsformed.

Next we show the aggregation process of eight calcite nanoparticles.

Aggregation of calcite nanoparticles

http://mc.manuscriptcentral.com/tandf/jenmol
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Eight calcite nanoparticles that are 1.6nm in diameter are dolacthm apart. The
starting configuration is shown in figure 25. The simulation was ourdrs. Figure 28
shows the potential energy of the system as a function of MD Tiheesimulation starts
with a potential energy of —715.3kJ/mol. As the simulation evolves thediop in
potential energy occurs at around 50ps. This corresponds to figure 27 wbws that
before aggregation occurs the individual nanoparticles will relaxhemwr own to a
potential energy of —715.6kJ/mol, which corresponds to a more disorderedirstruct
Once the calcite particles are relaxed aggregation ocoupsirs. At around 67ps the
eight nanoparticles have formed four nanoparticles and the energysldwer
716.9kJ/mol. Figure 28 shows a snapshot of aggregation at 87ps. The potengplaé
this system continues to lower, —718.2kJ/mol, as the four calcite naotgsasiart to
form two larger nanocrystals. The two larger calcite nanopestitow become attracted
to each other and again as they merge the potential energy dreffl@ a®kJ/mol at
around 140ps (figure 29. The final configuration occurs at 180ps and the patantigy
stabilises at —721.0kJ/mol. Figure 30 shows the aggregated nanopuatticle has lost
its symmetry. The final nanoparticle has a longest diametédrlgf nm and a width of
1.816 nm. Figure 31a shows the RDF of the final aggregated caloidaréicle. When
compared with the RDF of bulk calcite (Figure 31b) it has muchdetey and is more
amorphous then the crystalline bulk. The peaks in the RDF bulk calotesshe same
Ca-O bond distances, 0.23, 0.33, 0.41nm, as found experimentally [32, 33]. The average
coordination number for a calcium ion in the aggregated nanoparticédcisated to be

around 6.5, which is slightly higher then the coordination number for bulkecalbich
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is 6. This suggests that the amorphous nanoparticle is more ciekslyd to calcite,
rather than aragonite which has a calcium ion coordination number of 8.

The difference between an aggregated calcite and an aggrédgt®is that MgO keeps

©CoO~NOUTA,WNPE

its bulk-like structure and still has crystalline charactessfThe RDF shows sharp peaks
13 whereas the RDF of the aggregated calcite is more amorphttusmy two peaks. The

15 atoms of the calcite nanoparticle seems to be more disordered s lsdructural

18 preference for linking different particles whereas the ag¢edddgO has a very uniform

20 structure.

There has been a great deal of debate in the literature soggéstt biomineralisation

25 occurs from amorphous calcium carbonate [34-37]. We have shown that vally sm
27 calcium carbonate nanoparticles are more stable when amorphous @neheis they
aggregate together their morphology changes drastically. Theréfits aggregation
32 process could promote the exotic morphologies seen in biomineralistiomuia studies

34 we set out to quantify this aggregation process.

53 Conclusions
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DL_POLY has great scope for our molecular dynamics simulatiorriexgets. We have
been able to calculate both the free energy of nanoparticle aggregnd the activation
free energy of individual atom migration. DL_POLY has also been showea versatile
when used as an energy optimiser when investigating adsorption of utaslezn
surfaces.

Application of DL_POLY has allowed us to investigate oxygen atomgration at the
stable {111} surface of ceria. The oxygen migration is shown to be muuote
energetically favoured at the {111} surface than the bulk when via subsurfeygen
vacancies, and the activation free energy of migration was found tieebsame in all
directions. When considering the effect of neighbouring charge compeng&adi ions
the oxygen was found to be less mobile and no longer isotopic.

We have determined the adsorption energy and sites of the 76 PCDDhexsnga a
pyrophilite surface, using DL_POLY. The molecules are weakly bonded tlzend
corrugation is low. The variation in energy with adsorption site®ismall. The main
factor controlling the adsorption energy is the number of chlorine atoms.

The real simplicity of the PCDDs adsorption on this surface meéeisthe process can
be modelled very simply and parameterised for use in large sodleemediation
models.

We have investigated the differences between calcite and MgO miciepeggregation.
The difference between an aggregated calcite and an aggrédgt®is that MgO keeps
its bulk-like structure and still has crystalline charactessfThe RDF shows sharp peaks

whereas the RDF of the aggregated calcite is more amorphttusmy two peaks. The

http://mc.manuscriptcentral.com/tandf/jenmol
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structure of the calcite nanoparticle seems to be more mobileeathéhe aggregated

MgO has a very uniform structure.

©CoO~NOUTA,WNPE

In summary, DL_POLY is allowing us to carry-out sophisticated ocudée dynamics
13 simulations, intricate computational calculations and gives us scopefufther
15 investigatory work. Importantly, these applications of DL_POLY amiding a useful

18 complement to experiments.
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Figure 16
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: Adsorption position of a PCDD congener. The surface is parallel to the page.

The shaded atoms represent the lower layers. Surface: Si Large light ggmall@ark
grey. Molecule: H white, Cl light grey, C grey, O dark grey.

Figure 17
Figure 18
Figure 19
Figure 20
Figure 21
Figure 22
Figure 23
Figure 24
Figure 25
Figure 26
Figure 27
Figure 28
Figure 29
Figure 30

Figure 31

- Initial configuration of eight MgO nanoparticles before aggregation.

: Potential energy against time of an MD simulation of 8 MgO nanoparticle
: A snapshot of the MD simulation at 30ps for the MgO system

: A snapshot of the MD simulation at 60ps for the MgO system

: A snapshot of the MD simulation at 220ps for the MgO system

: A snapshot of MD simulation at 275ps for the MgO system

: Final configuration of the aggregated MgO nanoparticles

: RDF of the (a) aggregated MgO nanoparticles and (b) bulk MgO

- Initial configuration of calcite nanoparticles for MD simulation

: Potential energy against time of an MD simulation of 8 calcite nantgsart
: A snapshot of the MD simulation at 50ps for the calcite 1.6nm system

: A snapshot of the MD simulation at 87ps for the calcite 1.6nm system

: A snapshot of the MD simulation at 140ps for the calcite 1.6nm system
: Final configuration of the aggregated calcite nanoparticles

: RDF of the (a) aggregated calcite nanoparticles and (b) bulk calcite
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Figure 1: Oxygen Atom Migrating in The Middle of {111} Surface Slab
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Figure 2: Energy Profile of Bulk Oxygen Migration
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Constrained Force on Migrating Oxygen

Figure 3:
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Figure 4: Oxygen Atom Migrating in the {111} Surfece
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Figure 5: Energy Profile of Oxygen Migration in the{111} Surface.
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33 Figure 6: Energy Profile of Oxygen Migration from Bulk to Just Under the {111} Surface
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?

Figure 7 (a) Schematic of oxygen hopping across tiserface. AG ~ 2.5 eV
Figure 7 (b) Schematic of oxygen moving through theurface. AG ~ 0.3 eV

@ T=300 K

Figure 8: Pathway of Concerted Mechanism

http://mc.manuscriptcentral.com/tandf/jenmol



Page 35 of 158

©CoO~NOUTA,WNPE

17 Figure 9a: Before migration and with Surface Vacancy in placeYellow arrow points to Oxygen that
18 is to be constrained to migrate.

19 Figure 9b: After Oxygen atom, originally under the surface betveen Cé&" ions, has migrated to the
20 surface leaving vacancy just

21 under the surface and between Cé&ions. Green= C&' ,White=Ce"*, Red=0" The resultant sub-
22 surface vacancy is highlighted

23 by the blue arrow.
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49 Figure 10: Energy Profile of Oxygen atom migrationbetween C&" ions onto the Surface
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Figure 11a: Before migration and with Surface Vacany in place (blue arrow) Yellow Arrow points
to Oxygen atom to migrate from just beneath the siuface.
Figure 11b: After. Oxygen atom, originally under the surface and below the vacancy, has migrated to
the surface leaving vacancy just under the surfacand below the left C&" ion. Green= Cé&",
White=Ce", Red=0"
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Figure 12: Energy Profile of Oxygen atom migration From underthe Left Hand Ce** ion into the
Surface Vacancy between Compensating &dons
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Figure 13a Before migration and with Surface Vacangin place.
Figure 13b: After. Oxygen atom, originally under the surface between C& ions, has migrated to the
20 surface leaving vacancy just
21 under the surface and between Céions. Green= Cé&', White=Ce**, Red=0"
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52 Figure 14: Energy Profile of Oxygen atom migration Away from G2** ions onto the Surface

http://mc.manuscriptcentral.com/tandf/jenmol



©CoO~NOUTA,WNPE

Adsorption energy (eV)

10

20

30 40
Molecule index

50

80

Figure 15: Adsorption energy of the 76 PCDD
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33 Figure 16: Adsorption position of a PCDD congenerThe surface is parallel to the page. The shaded
34 atoms represent the lower layers. Surface: Si Largght grey , O small dark grey. Molecule: H
35 white, Cl light grey, C grey, O dark grey
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Figure 17: Initial configuration of eight MgO nanoparticles before aggregation
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nanoparticles

-481.5 T I T T I T T
-482 J’ 100 200 300 400 500 600 700

-482.5 A
-483

-483.5 A
-484

-484.5 — Potential Ener@
-485

-483.5 A
-486 -

-486.5

-487
Time (ps)

Figure 18: Potential energy against time of an MDisulation of 8 MgO nanoparticles
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30 Figure 19: A snapshot of the MD simulation at 30pfor the MgO system

58 Figure20: A snapshot of the MD simulation at 60psdr the MgO system
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Figure 22: A snapshot of the MD simulation at 275p&or the MgO system
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30 Figure 23: Final configuration of the aggregated M@ nanoparticles
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Figure 8a: Mg-O RDF of the Aggregated MgO Nanoparticle
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Figure 25: Initial configuration of calcite nanoparticles for MD simulation
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Figure 26: Potential energy against time of an MDisulation of 8 calcite nanoparticles
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Figure 27: A snapshot of the MD simulation at 50p$or the calcite 1.6nm system
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31 Figure 28: A snapshot of the MD simulation at 87p$or the calcite 1.6nm system
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Figure 29: snapshot of the MD simulation at 140p=f the calcite 1.6nm system

Figure 30: Final configuration of the aggregated caite nanoparticles
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Figure 15a: Ca-O RDF of the Aggregated Calcite Nanoparticle
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Specie Charge
H .20
Cl -.03
(0] -.50
C (H bonded) -.20
C (Cl bonded) .03
C (O bonded) .25

Table 1: Charge model (in e)
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38 Abstract. Three recent applications of the DL_POLY moleculgnamics code are described, which

40 demonstrate the flexibility and viability of the dm for extending our understanding of the structure
42 stability and reactivity of ceramics and mineratsttze atomic level. The first is an investigatiorta
44 differences in oxygen atom mobility in bulk andfa¢ most stable {111} surface of ceria. The ressiisw
enhanced surface transport but that it is via stidse oxygen. Secondly, we investigate how polyaklo
a7 dibenzo-pdioxins PCDDS)molecules might adsorb on clay surfaces. The tiaguadsorption energies
49 show a clear relationship with chlorine contenttaf molecule. Finally, we apply DL_POLY to comparin

51 the aggregation of magnesium oxide and calciumarete nanoparticles. We find that very small cafciu
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carbonate nanoparticles are amorphous and theiegagon shows no preferred orientation in contrast

magnesiunoxide which remain highly crystalline and combine ihighly structural specific way.

Introduction

The aim of this paper is to describe our currentkwasing DL_POLY to model the
structures and energetics of inorganic solids, p#inticular emphasis on surfaces and
nanostructurediVe illustratethe scope of DL_POLY to modelling surfaces andrfates
by considering three recent examples. The firstrgta describes our application of
DL_POLY to explore the stability and transport afface defects, oxygen vacancies on

the most stable surface of ceria. Understandingdbtrs controlling the formation of

B { Deleted: ]

defect that is often the site of chemical activiiyrface defects can also include adsorbed

_ - Deleted: Another component of
chemical reactivity is
77777777777777777777777777777777777777 understanding how molecules
mightadsorb onto surfac. Here

group [1] by applying DL_POLY to help our undersiarg of adsorptiopprocesses. - - { beleted: thes: )

Nanoparticles are of great scientific interesthes/tare effectively a bridge between bulk
materials and atomic or molecular structures. Tterésting and sometimes unexpected
properties of nanoparticles are partly due to theige number of surface sites aspects.

The percentage of atoms at the surface of a mhtsr@mes significant as the size of

p { Deleted: section ]
that material approaches the nanoscale. Thus irfioalr examplewe describe recent” - { peleted: we describe )
/{ Deleted: properties ]

Molecular Dynamics at the Stable Low Index {111} Sdace of Ceria
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Materials based on ceria (C@Q@re used in the production apgrification of hydrogen,

the purification of exhaust gasesthree-way automotive catalytic converters, atiteo

the high mobility of bulk oxygen species — propestthat allow ceria to behave as an

oxygen buffer. It is important therefore that wedarstand more fully how oxygen atoms

- Deleted: just under the surfac
and in bull

}

: which is calculated ]

: to be

)

prevalent.
The METADISE code (minimum energy techniques apbl@dislocation, interface, and

surface energies) [6] was used to constifuesurface slabs for DL_POLY.

: that

p { Deleted

sufficiently thick to allow realistic simulation dfulk ceria at the centre of the slab. The
slab contains 996 atoms. 332 Ce, 664 O. We choseisto 3D periodicity for

computational ease and hence introduced a 50 Auvagap. The Coulombic sums were

/{ Deleted: .

way of specifying the number of reciprocal lattigesctors and indicates the precision to

which the reciprocal component of the Ewald suipisverged.

p { Deleted

1 is a potential from

: that

1[11]

this model, the oxygen ion is represented as a pluz a shell coupled by a harmonic
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Y __________1 Z typical migration path distances

Page 54 of 158

spring. The total charge is separated betweenhbt and the core. In the molecular
dynamics simulations the shells were given a ma8sboau.

In order to investigate oxygen atom mobility at #table {111} ceria surface a potential
of mean force (PMF) method madification to DL_PO[M] has been used to simulate
the pathway and variation in free energy of a girggtygen atom migrating in bulk ceria

and also at surface.

Formatted: Indent: Left: 0 }

The constrained atom is moved towards a vacaney anstant velocityThe yeflgglgyf / {Cm
" 7| Deleted: .

chosen was 100m/s, which is fast enough to obtadt gtatistics in sufficient cpu time

but slow enough to allow the neighbouring ions étax while the atom is migrating.

Deleted: In the work here, j
~ | accurate oxygen migration profil
,,,,,,,,, - were calculated using a simulated
velocity that was usually 0.0001
nm per fs and which involved

[

AA(Z) = A(Z) - A(Z ) f dZ ' between 0.3 to 0.4 nm. Longer

(1) | migration distances were observed
for those migrations that involved
surface lattice positions; where
curved trajectories were predicted.
. . . b Linear trajectories are predicted fp
f,: average force in direction of vacancy. \ | oxygen migration between bulk
\ lattice positions. Careful
adjustments are required to
| simulate atom migration at a
The constrained atom is given a target vector, ufiscthe co-ordinates of the lattice | | ofioe% o, minc siome acicon
«\ ' | to the migration path, whilst the

vacancy position. However, the constrained atorfreés to move perpendicular to the [;‘;?ggggg atom moves in fts arc of

=

Deleted: The velocity is usually

target vector. The average force of the constraiatnin along the target vector |$ 0.0001 nm per fs.q

| Deleted: Once energetically

recorded at the end of each time-step. Integratfothe force with respect to dlstanc m'“imised

introduced in

Deleted vacancies were ]
yields the free energy, shown in equation ANz is the free energy change of {Deleted vacancies were J
( )

Deleted:

Deleted: to the slab. The
modification now allows a single
atom to be constrained so that it is
forced to migrate to the vacancy
position, at a pre-set velocity.

migration, A(2) is the free energy at positianand A(zy) is the free energy at the initial

position.
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p { Deleted: of the atom to be

Additionally, MD simulation can be run just aboveera Kelvin to enable the
identification of the pathway and energy changelewimg temperature. This allows for
simple (or an initial) analysis of the migratioropess, without involving complications
of nearby atoms excessively hindering the constchatom during its trajectory. In doing
this, entropy effects are ignored, and therefoeeethergy of migration rather than the free
energy of migration, is in fact calculated.

Migration of a single oxygen atom was investigat#dthe centre of the slab, which
represents bulk ceria; just beneath the surfac, an oxygen migrating between bulk
and a vacancy position just under the surfaceagaride surface, where oxygen migration
is simulated between the layer of oxygen atomsheskeath the surface and the surface

layer, and also the migration from a surface positd a near surface vacancy.

Oxygen Migration

The first PMF simulations were carried out on tlifudion of oxygen in the bulk of the

slab. We initially assumed that a vacancy was formedhout a localised charge

compensationwhich we envisage as modelling the transporthef tinbound oxygen

p { Deleted: nvt

path plottedThe results shoghat the pathway between oxygen sjtelinear (see Figure.~ -

1) andthatthe, energy of migratiois 0.66 e\with the transition statpalf way between -~ {

S =
W™
~

the oxygen sitessee Figure 2The activation energy agrees very well with tharkvof \\\{Deleted:and tht

{ Deleted: the position wa
Balducci et al.(1997) [11] who calculated 0.65 eV using a series of statierg;q/{,,eleted: (9]

calculations.
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We can check that the location of the transiti@tesits exactly halfway between the sites
by plotting the average force of the constrainetnain the direction of travel in Figure 3.
The force passes through zero at 1.05A along hdistmnce of 2.07 A.

We next modelled the trajectory for an oxygen atoigrating from the oxygen layer just
below the surface to a vacant site on the surface.

Figure 4 shows the pathway. The first point toemis the trajectory is now curved.

case is very close to the surface ~0.5 A. Furtheenfeigure 5 shows that the activation
energy for the oxygen migration from the surfacéhlevel just beneath is considerably
smaller ie. 0.06 eV. Interestingly, a greater atton energy, 0.3 eV, is required to
activate the return of a subsurface oxygen dirdctlthe {111} surface from this layer
beneath, which is still less than 0.66 eV, the hualue. It also clearly demonstrates that

the vacancy is more stable just below the surface.

The next stage was to examine the transport franstinface layers to the bulk. Figure 6
suggests the barrier is 0.67 eV, with the sub-sarfite 0.2 eV less stable.

Analysis of the trajectory shows that the migratath is not linear as in the bulk
simulation, and that the position of the transitidate is predicted to be slightly closer to
the bulk layer than the sub-surface layer.

We also considered the migration of an oxygen aasnoss theop of thesurface and
surprisingly found that the activation energy wa$ 2V. Thus Figure 7a and 7b
illustrates how a migrating oxygen atom would mdesvn a layer just under the surface,

and then would return to the surface layer leaxangacancy in the sub-surface layer,
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which is the most stable site for an isolated vagamather than transport across the

surface not unlike the recently proposed mechanism fofase transport by Allan and

_{ Deleted: 9]

Harding(12}, .~ - { Deleted: ..

We have seen more complex behaviour in some obithelations, but still involving

oxygen movement between the top two layers. Fi§uwslkows the initial configuration of

p { Deleted:

move down into a vacancy position just under théase. The initial constraint is shown
by the largest green arrow in order. The constchmération results in the formation of

a vacancy in a less stable position on the sutf@cause vacancies are more stable at a
position just under the surface. The result is,thatthe constrained oxygen leaves its

lattice site to form a vacanaye find thatthe next oxygen atom fills themptysite and

p { Deleted: we find that

N

p { Deleted: x

from the original vacancy.

The concerted motion does however highlight onélpra, namely that the movement of
the ions in the concerted mechanism causes a aeststto the movement of the

constrained atom, thus the resulting free-energngé is the sum of the activation free
energies of migration and the free energy for omiag the drag-force. Thus care must
be taken in interpreting the activation free energy

Another important issue is the effect of charge pensation particularly when the

charge compensating defects are bound to the oxyaeancies. We consider them in the

following section.
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We treated the charge compensating defects asidedatlectrons on neighbouring

/{ Deleted: the first instanc

{ Deleted: e

L

a vacant sitewhich is adjacent to two €eions. The trajectory of migration takes the

oxygen between the two adjacentTiens. The effect of the charge compensating’ Ce

- Deleted: for the oxygen
migration up and between the

ions on the migration is significant. The new aation energy is 1.35 eV (Figure 10); compensating ions

compared to 0.06 eV for similar migration withobietinvolvement of compensating
ions.

Another interesting result of this calculation at the final configuration, with the
vacancy just below the surface is calculated t®HdeeV less stable. But note that the
final oxygen vacancy position is not in the higblyund state (i.e.) just under the surface
and adjacent to the charge compensatirnj ©es.

The second example (Figure 11a) considered is wérerexygen atom just beneath the

,{ Deleted: the

surface is forced to migrate tosurfacesite that isadjacent tq boththe vacancy and a“ { Deleted: ,

> e e = Y Sy T E e e T )

o { Deleted: and to the side of

compensating C& ion, (ie.) the oxygen vacancy moves from the top layahéolayer

) { Deleted:

L L

for the un-charged compensated migration, (ie) @\@f. 0.06 eV.

The activation energy for the reverse process gsagmately 1.0 eV, thus in common

with the un-charged compensated migration, then@ces more stable below the surface
but is very much more stabilised i.e., by abouted/9

Hence the energetics for the migration of an oxyggom into a bound charge

compensated vacancy cluster, when that oxygen afgproaches the vacancy from the
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side of the compensation, differ significantly fraime case of migration between the
compensating ions.

The final example considered (Figure 13a) involthes migration of an oxygen atom,

©CoO~NOUTA,WNPE

which is originally under the surface between twijasent C& ions, to a vacancy
11 position set just to the side of this charge comspéng pair of ions. The direction of
13 migration is away from the charge compensatiomtip the vacancy which is considered
15 here only to be partially bound because the vacamaeyt symmetrically configured.

Thus the final configuration leaves the vacancthahighly bound state.

p { Deleted: f

22 forward and 0.4 eV for the reverse.

24 However, activation migration energy is 4 times agjee than the energy for the
26 uncharged compensated case. It is 2.5 times gréarthe migration into a bound
28 charge compensated vacancy with a trajectory flwrside, but is much smaller than the
30 1.35 eV required for activation of migration up doetween charge compensating ions
32 into the fully bound vacancy.

34 The results show that energetically the vacancyepseto be bound to the charge
compensating defects in the subsurface oxygen Kitghermore, the location of these
charge compensating defects modify the activatisergies and hence the mobility of
a1 oxygen near the surface. In the case of the moveaieng the site of the eions, the
43 effect is significant and will have a large anisgic effect on the atom transport.

45 The results therefore suggest that the migratioa défect cluster differs from isolated

47 defects. Therefore, it is important to investigdue stability of different clusters.
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These simulation results suggest an important feigmice in the direction of migration
around or between partially or fully bound chargenpensated defects, in that it appears
that oxygen atoms prefer to migrate up from the 9l a bound compensated surface
vacancy.

Lastly, it is important to note that a number ofialio studies ,for example Watson et

_{ Deleted: [43-46]

_{ Deleted: 47]

reliable.

Organic molecules adsorbed on clay surface: DL_POLY
as a high-throughput engine

Organic pollutants and related molecules can poseriaus environmental threat to the

. { Deleted: these

global ecosystem. Amongst the most notorious, ategkaatedcompoundssubstances * - { Deleted: and

77777777777777777777777777 _{ Deleted: re

used as pesticides @g by-products fromother human activities.There are @nCermns. - [ peteted: c
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**************************************************** - {Deleted: human and anim
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affecting the quality of watersoil ang atmosphere. In the absence of well thought { petetea:

AN Deleted: or

remediationplang risk managemenstrategies can givinformatiop needed to allow  { Deleted: or

N { Deleted: strategie

: { Deleted: is
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stakeholders to decide options concerning dispagalthese potentially harmful

chemicals

_ | Deleted: Our interest lies in
understanding how these
777777777777777777777777777777777777777777777777777777777777777777 molecules bind to mineral surfaces
and to establish a high-throughput
methodology to efficiently

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, investigate many

N

W molecules/substrates combinations.
how these molecules might bind to mineral surfacekin establishing a hiQh-thrOUthUt\\{Deleted: thel ]
{ Deleted: 35 - 42] )

methodology that can efficiently investigate the nwmapossible combinations of

molecules with substrates.

As a starting point, we choose the polychloro-d#zepdioxins (PCDDs) family. The 76
p { Deleted: | ]

N ‘[ Deleted: evance

N

silicate pyrophillite, AiSigO20(OH)a. is a simple example of the family of clay mineral ' Deleted: , a clay

L

that form a significant fraction of many soil andck types. Its [001] face was first

considered.

Preliminary DFT calculations showed that the organolecules do not chemisorb on the
pyrophillite surface. Of course, DFT is not adapi@the accurate study of physisorption
phenomena due to its poor treatment of disperdibarefore our potential based method

was deemed ideal for such a study.

p { Deleted: ed ]

discussion of the automatisation procedures andreams on the scientific results.

Model
A classical model requires an electrostatic desorip of atoms as well as a

parameterisation of the intra-molecular and therimtolecular interactions.
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Well established models for Zeolite and clay miteraake modeling the substrate a

comparatively straightforward task. We chose theupeterisation of Lewis and Catlow

_{ Deleted: [10]

_{ Deleted: [11]

_{ Deleted: [12]

attribution of the electrostatic components was enocomplex. We usedb initio

p { Deleted: g

set on selected PCDDs'. From these we extractedhbege distribution to extrapolate

point charges for all the PCDD. This simplified oiamodel is described in table 1.

Specie Charge (e)
H .20
Cl -.03
) -.50
C (H bonded) -.20
C (Cl bonded) .03
C (O bonded) .25

Table 1: Charge model (in e)
We generated the interaction parameters betweenstifistrate and the adsorbed
molecules by using the standard combination rudsch is a valid approach to obtain
dispersion-repulsion interaction coefficients ie #ibsence of strong bonding.
Our confidence in this model is confirmed by theadbent agreement of test calculations

on the adsorption of simpler molecules (linear agdlic aliphatic hydrocarbons) with
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_ | Deleted: [14, 15]
{ )

to —54 kJ.mof at 423 K.

DL_POLY as an optimiser

DL_POLY is the UK's national flagship package foroletular dynamics (MD)

_{ Deleted: [16] )
simulations [26], While it is especially good for simulating vergrge systems, its-
modular structure makes it very adaptable. It sugmDme form of energy optimisation

_{ Deleted: [17] )

also cml enabled which allows for certain diret¢eiroperability with some DFT codes.

The choice of a MD code for a problem essentiadlgeal on optimisation might appéar

/{ Deleted: late! J
beodd at first However, our main objectiye is to tackle adsorpiiorealistic conditions,
i.e. at various temperatures and with the involvetnad water. Molecular Dynamics is
the tool of choice for these more advanced proble®s, to maintain upward
compatibility, we decided to use the same coddhercurrent study as we would for the
more advanced one, even though there is added egityplising a MD code to perform
optimisation
| Deleted: This ]
Additionally, thechoice was justified because the force fieleblved was @signeduith .~ { peleted: we c )
P { Deleted: is J

the aspects of the larger study in mind and isefioee, relatively complex and not-~

\
\

equivalent PCDD molecules, but the determinatiometiible adsorption sites requirés

multiple starting configurations. Furthermore, #earch space is large and the potential:
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energy surface can be complex ahds contairs many local minima. However, the

systems are not overly large and each energy edionlis not toocomputationally

p { Deleted: | t ]
demandingA prute force approach to optimisationtiierefore deemed appropriate and- { peleted: herefore, )
{ Deleted: blunt,heavy handecor ]

indeed affordable

Instead of using a supercomputer, we took advargatiee UCL Condor pool. This type

of resource is ideal for this study, as it contangery large amount of processors (at the
. { Deleted: ) J

Another feature of the Condor setup is the DAGMARNrkilow manager which allows

complex workflows. In our case, it essentially m#ue analysis task automatic.

Methodology

First of all, three sets of independent calculai@re required: molecule only (M),
substrate only (S), molecule adsorbed on subs{iMtS). The adsorption energy is
defined as a difference between the energy of thgstems (gs-em-Es)

The two custom filemode_list andatom_list are at the centre of the data structure and
operate on the two modified DL_POLY input file8ELD and CONFIG. node_list
contains seventy six lines, one for each PCCRytisy with a user provided molecule
code, and then twenty two intermediate atom codeshe order in which the atoms
appear in the CONFIG file (these codes can be HOCC, CH, CCl or CO).atom_list
creates a link between these intermediary codeshendames used in tf@ONFIG (H,
Cl, O, C), as well as with the charges appearing inRteLD file (as the carbon atoms
can be allocated different charges). It also costaformation concerning the bonding

parameters, which need to be allocated irFitEe D file.
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A list of dedicated scripts reads thede_list and operates on the 76 corresponding
directories.

The simpler scripts are just expansiaf unix commandsliét_cp, list_mv, list_grep).
list_setdir generates the data structure (directories NODEoleculecode, where n is an
arbitrary molecule index, corresponding to the oridenode_list). list_config replaces
<list> flags in a modified CONFIG by the correcioet name and put the correct
CONFIG in its directory.list_field replaces <list> and <harm> flags in the field bgit
value from theatom_list (atom name and charge, two specie bonds paramdisrdire
submit the jobs to the condor scheduler (uia.dlp files). list_rota, is an expanded
version oflist_config which additionally applies a rotation and/or tiatisn to the
flagged atoms of CONFIG (in our case of coursedtaighe PCDD molecule).

These scripts are sufficient to optimise the stmed of the isolated molecules.

As already mentioned, the case of the adsorbedcmleke is slightly more complex as
several starting configuration are needed. Eacthede is carried sequentially, for each
molecule. The scriptonfig_rota, a same directory, command line versiotisdif rota is
used in conjunction with DAGMAN.list_fire is also updated tdist fire _dag.
Practically, three sites of high symmetry were expdl (above Si, above O, above
“hexagon” centre, see figure 16) with 8 rotationahfiguration (by increment of pi/2),

with 24 calculations per molecule.

Results and discussion
In Figure 15 we plot the adsorption energy of tePDDs. The molecule index is only
meaningful in so far as it increases with the nuntdfechlorine atoms. The horizontal

lines are a guide for the eye and correspond tcecntgs with the same number of
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chlorine. It can be seen that the adsorption enisrgsrongly correlated to the number of

chlorine. Each additional chlorine attached to ¢hebon rings leads on average to an

Page 66 of 158
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We also observe thaorrugationenergyjncrease with the number of chlorine. The - { peleted:
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corrugation increases, up t.07eV for G)O.Clg. Therefore, the concept dhe
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adsorption site is rather meaninglessrfariecules with numbers @I lower than 4. For. -
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molecules with greater than Gl atoms the PCDD almost systematically favours.a. { peleted: higher than
position such as illustrated in Figure 16, with temtre of mass of the molecule situated
above a surface oxygen, and where the benzenediihigside the quasi-hexagon of the
surface top layer.
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concerned with the interaction of nanoparticles.

Molecular dynamics simulations of the structural ctanges that occur

during aggregation of mineral oxide and carbonate anoparticles

DL_POLY has been used by other groups to studgtiueture and stability on minerals

on the nano-scale. Spano et al found computateridence of ZnS forming bubble type
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a simulated annealing technique. Spano et al foadspheroidal (bubble) clusters with

only three coordinated atoms are more stable tharbtilk structure. If the number of

_{ Deleted: [19]

(ZnS), inside a bubble of (Zng Banfield and co workers have also considered ZnS

nanoparticles, typically n=360-400, making the diten of the ZnS crystal around 3nm,

_{ Deleted: [20]

started using molecular dynamics to study the plsazhkility of ZnS nanoparticles in
vacuum and in the presence of water. They fountittewurtzite (ZnS) nanoparticles
smaller than 7nm are more stable than sphaleritopaticles in vacuum at 300K.

However adsorption of water onto the ZnS nanogargarface stabilizes the sphalerite

_{ Deleted: [21]

disordered structure. Again these nanoparticles datiameter of around 3nm. The
adsorption of water, however, onto the nanoparscldace results in the formation of a

relatively crystalline core. Zhang and Banfield wkd that this phase transformation of

_{ Deleted: [22]

sphalerite to wurtzite could be caused by nanagartiggregation and coarsenif@2] .-
These 3nm ZnS nanoparticles were randomly oriethtadth respect to each other and
allowed to aggregate to form a larger nanopartie@lowing aggregation the coarsened
particle adopts a near-amorphous structure thasfivams rapidly to wurtzite. This work

by Banfield and co-workers has provided a link kew atomistic simulation and the
forces that cause their aggregation, i.e. colloa@mistry. We have used DL_POLY to
extend the range of materials to simulate the aggien process of two different

materials, MgO and calcite (Cag(hanoparticles. First we will describe the potaisti

http://mc.manuscriptcentral.com/tandf/jenmol



©CoO~NOUTA,WNPE

used to describe the interatomic interactions hed tlescribe how we set up our systems
for aggregation.

The potential model used for simulating the magmasbxygen interaction is that of
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Lewis and Catlow33] and has been used before to simulate MgO surfades5]and .~ - { peleted: 24, 25]
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MgO nanocrystal$36]. The potential model used for simulating the eateicarbonate -

_ | Deleted: [27]
interactions in calcite is that of Pavese g8l and has been used in the past to simulate
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calcite surface$8] and also calcite nanoparticlgg9], All simulations in this section * - { peleted: [29]
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species only and have a mass of 0.2 au in Ga@ad 0.5 in MgO, this represents the
electronic charge cloud connected by a harmonimggo a core containing most of the
anion’s mass.

We have begun studying the structure and aggregaising molecular dynamics

simulations by modelling an eight nanoparticle egst Each of the nanopatrticles in the
simulation is the same distance apart. The sinmatias performed in vacuum with no
periodic boundary conditions. The molecular dynasimmulation was performed in a

canonical ensemble at 300 K and ambient pressung @astime step of 0.1fs. Each

simulation was run for 1ns with a 2ps equilibratpsriod.

Aggregation of Magnesium Oxide nanoparticles

Each MgO nanoparticle had a 0.6 nm in diameterthadsimulation started with them
being 2.3 nm apart. The starting configurationhisven in figure 17. We have 8 cubes of
MgO as the most stable surface grows along the {l@ne [6]. We can plot the

potential energy of our simulation as it evolvesrovime (figure 18). The starting
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configuration has a potential energy of -482.1kJ/pfdVig ionsand then drops rapidly
in-between 30-55ps to -484.4kJ/mol. This decreagmiential energy corresponds to the
initial aggregation of MgO nanopatrticles. Figure 48ows a snapshot of the MD
simulation at 30ps. The particles retain their Hikk structure and well ordered surfaces.
At 30ps single MgO nanoparticles are starting tgregate together in pairs. The
aggregation process seems very ordered and is dtadiby orientation along the {100}
plane. This snapshot is also interesting becausalsib shows that the merging
nanoparticles will join at the corners first. Thairpof nanoparticles that are circled in
figure 19 are a pair that drifts further and furthgvay from the rest of the nanoparticles
and don’t aggregate with the other six nanopadickince they are so far away in some
of the snapshots it is not practical to show thersame of the pictures. At 60ps figure 20
shows a stabilisation of potential energy at arowed®¥.4kJ/mol. Figure 20 shows a
shapshot of the MD simulation at 60ps and showsatlgregation of a single MgO
nanoparticle to a pair. The snapshot again illtsstréhe general result that aggregation
has initially occurred along the corners of theoprticles. The nanoparticles find their
preferred face centre cubic site at 220ps (figutg ®Rhen the potential decreases to
around -484.6kJ/mol. The increased ordering of egmfion along the {100} plan
continues when the potential energy decreases 85.84J/mol when a pair of
nanoparticles aggregate to the triplet at 275gsi(@ 22). The final configuration occurs
at 460ps (figure 23). Here the sixth nanopartidag the cluster of five. The two
nanoparticles circled in Figure 19 were in fact tmoaway to become attracted to the rest
of them. This aggregation process has also shoanwhen crystal growth occurs in

MgO there are the chances of kinks and steps leinged.
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We can compare any structural changes that may beserred during aggregation by
comparing the radial distribution functions (RDF)aggregated nanoparticles with bulk
MgO. Figure 24 shows the RDF of the (a) aggregdMe® nanoparticle and (b) bulk

MgO. The RDF’s of the aggregated MgO nanoparticid bulk MgO are very similar

with the first three peaks showing Mg-O bond distanat 0.21, 0.35 and 0.45nm in both
graphs. These interatomic distances agree withyditiraction experimentg§40, 41] .-~
The RDF of the aggregated nanoparticle shows thaingl aggregation the MgO

nanoparticles continue to maintain their crystalliform. Furthermore, the bonding
between the MgO is so highly directed, resulting icontinuous structure. Thus although
the overall shape is non-symmetric there are naoolsvgrain boundaries being formed.

Next we show the aggregation process of eightteaf@noparticles.

Aggregation of calcite nanoparticles

Eight calcite nanoparticles that are 1.6nm in di@meare placed 1.7nm apart. The
starting configuration is shown in figure 25. Téimulation was run for 1ns. Figure 28
shows the potential energy of the system as aifimof MD time. The simulation starts
with a potential energy of —715.3kJ/mu calcium ions As the simulation evolves the
first drop in potential energy occurs at aroundss0ghis corresponds to figure 27 which
shows that before aggregation occurs the individaaloparticles will relax on their own
to a potential energy of —715.6kJ/mol, which cqroexls to a more disordered structure.
Once the calcite particles are relaxed aggregadmours in pairs. At around 67ps the
eight nanoparticles have formed four nanoparticesl the energy lowers to —

716.9kJ/mol. Figure 28 shows a snapshot of aggmegat 87ps. The potential energy of

http://mc.manuscriptcentral.com/tandf/jenmol
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this system continues to lower, —718.2kJ/mol, &sftur calcite nanoparticles start to
form two larger nanocrystals. The two larger calecianoparticles now become attracted
to each other and again as they merge the poterimigy drops to —719.9kJ/mol at
around 140ps (figure 29. The final configuratiorrurs at 180ps and the potential energy
stabilises at —721.0kJ/mol. Figure 30 shows theetgded nanoparticle, which has lost
its symmetry. The final nanoparticle has a longhatmeter of 4.17 nm and a width of
1.816 nm. Figure 31a shows the RDF of the finaregagted calcite nanoparticle. When
compared with the RDF of bulk calcite (Figure 3itdhas much less order and is more

amorphous then the crystalline bulk. The peak©i@RDF bulk calcite shows the same

_{ Deleted: 32, 33

coordination number for a calcium ion in the aggted nanoparticle is calculated to be
around 6.5, which is slightly higher then the cdaeation number for bulk calcite which

is 6. This suggests that the amorphous nanopaiticteore closely related to calcite,
rather than aragonite which has a calcium ion doattbn number of 8.

The difference between an aggregated calcite arajgregated MgO is that MgO keeps
its bulk-like structure and still has crystallineacacteristics. The RDF shows sharp peaks
whereas the RDF of the aggregated calcite is mm@ @hous with only two peaks. The
atoms of the calcite nanoparticle seems to be migerdered and has no structural
preference for linking different particles wherdlas aggregated MgO has a very uniform
structure.

There has been a great deal of debate in thetlitergsuggesting that biomineralisation

_{ Deleted: [34-37]

calcium carbonate nanoparticles are more stablenvameorphous and also when they

http://mc.manuscriptcentral.com/tandf/jenmol



©CoO~NOUTA,WNPE

aggregate together their morphology changes dadisticTherefore this aggregation
process could promote the exotic morphologies gebiomineralistion. In future studies

we set out to quantify this aggregation process.

Conclusions

DL_POLY has great scope for our molecular dynarsigsaulation experiments. We have

been able to calculate both the free energy of panticle aggregation and the activation
free energy of individual atom migration. DL_POL¥ddalso been shown to be versatile
surfaces.

Application of DL_POLY has allowed us to investigatxygen atom migration at the

stable {111} surface of ceria. The oxygen migratitm shown to be much more

energetically favoured at the {111} surface thaa thulk when via subsurface oxygen
vacancies, and the activation free energy of migmatvas found to be the same in all
directions. When considering the effect of neighiray charge compensating €dons

the oxygen was found to be less mobile and no loisgéopic.
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We have determined the adsorption energy and sftése 76 PCDD congeners on a

pyrophilite surface, using DL_POLY. The moleculese aveakly bonded and the
p { Deleted: not ]

factor controlling the adsorption energy is the bemof chlorine atoms.

. { Deleted: real ]
The simplicity of the PCDDs adsorption on this agg means that the process can be

modelled very simply and parameterised for usarigd scale soil remediation models.
We have investigated the differences between eadgitl MgO nanoparticle aggregation.

The difference between an aggregated calcite aratygregated MgO is that MgO keeps

Deleted: still has crystalline
characteristic
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o . . peaks whereas the RDF of the
calcite is more amorphogsd does not have any noticeable preferred direadity . The {D S — » ]
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structure of the calcite nanoparticle seems to lbeenmobile whereas the aggregated

MgO has a very uniform structure.
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simulations, intricate computational calculationadagives us scope for further
investigatory work. Importantly, these applicatiamfsDL_POLY are providing a useful

complement to experiments.
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Constrained Force on Migrating Oxygen
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Figure 9b: After Oxygen atom, originally under the surface betveen C&" ions, has migrated to the
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20 by the blue arrow.
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16 Figure 13a Before migration and with Surface Vacangin place.
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18 surface leaving vacancy just
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29 Figure 16: Adsorption position of a PCDD congenerThe surface is parallel to the page. The shaded
30 atoms represent the lower layers. Surface: Si Largéght grey , O small dark grey. Molecule: H
white, Cl light grey, C grey, O dark grey
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Figure 17: Initial configuration of eight MgO nanoparticles before aggregation
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Potential energy against time of an MD simulation of 8 MgO
nanoparticles
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Figure 18: Potential energyper magnesium ionagainst time of an MD simulation of 8 MgO
24 nanoparticles

49 Figure 19: A snapshot of the MD simulation at 30p$or the MgO system

http://mc.manuscriptcentral.com/tandf/jenmol



©CoO~NOUTA,WNPE

Figure20: A snapshot of the MD simulation at 60psdr the MgO system

Figure 21: A snapshot of the MD simulation at 220p$or the MgO system
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26 Figure 22: A snapshot of the MD simulation at 275pfor the MgO system

51 Figure 23: Final configuration of the aggregated M@ nanoparticles
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Figure 25: Initial configuration of calcite nanoparticles for MD simulation
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Figure 26: Potential energyper calcium ion against time of an MD simulation of 8 calcite
nanoparticles
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Figure 27: A snapshot of the MD simulation at 50p$or the calcite 1.6nm system

http://mc.manuscriptcentral.com/tandf/jenmol

Page 98 of 158



Page 99 of 158

©CoO~NOUTA,WNPE

Figure 28: A snapshot of the MD simulation at 87p$or the calcite 1.6nm system
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Figure 29: snapshot of the MD simulation at 140psof the calcite 1.6nm system

Figure 30: Final configuration of the aggregated claite nanoparticles
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Figure 31: RDF of the (a) aggregated calcite nanopticles and (b) bulk calcite
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Specie Charge
H .20
Cl -.03
0] -.50
C (H bonded) -.20
C (Cl bonded) .03
C (O bonded) .25

Table 1: Charge model (in e)
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43 Abstract. Three recent applications of the DL_POLY molecwgnamics code are described, which

demonstrate the flexibility and viability of the d® for extending our understanding of the strugture
stability and reactivity of ceramics and mineratsttee atomic level. The first is an investigatiartoi
differences in oxygen atom mobility in bulk andla most stable {111} surface of ceria. The ressitisw
enhanced surface transport but that it is via stihsa oxygen. Secondly, we investigate how polyaiilo
dibenzo-pdioxins PCDDS)molecules might adsorb on clay surfaces. The tiaguhdsorption energies
56 show a clear relationship with chlorine contenttaf molecule. Finally, we apply DL_POLY to comparin

58 the aggregation of magnesium oxide and calciumarate nanoparticles. We find that very small caiciu
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carbonate nanoparticles are amorphous and theiegagigpon shows no preferred orientation in contrast

magnesium oxide, which remain highly crystallinel @ombine in a highly structural specific way.

Introduction

The aim of this paper is to describe our currentkwasing DL_POLY to model the
structures and energetics of inorganic solids, wginticular emphasis on surfaces and
nanostructuresiVe illustratethe scope of DL_POLY to modelling surfaces andriates

by considering three recent examples. The firstrgta describes our application of
DL_POLY to explore the stability and transport afface defects, oxygen vacancies on
the most stable surface of ceria. Understandingdbmrs controlling the formation of
surface defects is of importance for understandumface properties. As it is the surface
defect that is often the site of chemical activBwurface defects can also include adsorbed
molecules and in our second example we are fotigwhe DFT work by the Cambridge
group [1] by applying DL_POLY to help our undersiarg of adsorption processes.
Nanoparticles are of great scientific interestheeytare effectively a bridge between bulk
materials and atomic or molecular structures. Tierésting and sometimes unexpected
properties of nanoparticles are partly due to tt@ge number of surface sites aspects.
The percentage of atoms at the surface of a mhatm@mes significant as the size of
that material approaches the nanoscale. Thus irficalr example we describe recent

work on studying the structure and aggregationapioparticles of two minerals.

Molecular Dynamics at the Stable Low Index {111} Sdace of Ceria
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Materials based on ceria (Cg@re used in the production gpdrification of hydrogen,
the purification of exhaust gasesthree-way automotive catalytic converters, atiteo
catalyticapplications [2-5]. These applications make usdhef unusual properties of
ceria, namely, the ability to shift between its tasadation states, Ce(lll) and Ce(lV), and
the high mobility of bulk oxygen species — propestthat allow ceria to behave as an
oxygen buffer. It is important therefore that wedarstand more fully how oxygen atoms
move in the ceria surface,. In this study, we fecusn studying transport at or near the
{111} surface of ceria, chosen because it is thetnstable surface [8] and hence most
prevalent.

The METADISE code (minimum energy techniques appleedislocation, interface, and
surface energies) [6] was used to construct thiaceislabs for DL_POLY.

A slab of the {111} surface was constructed to #kihess of 20.6 A, which is
sufficiently thick to allow realistic simulation dfulk ceria at the centre of the slab. The
slab contains 996 atoms. 332 Ce, 664 O. We choseiseo 3D periodicity for
computational ease and hence introduced a 50 Auvagap. The Coulombic sums were
calculated using Ewald summation precision of°>L@vhich provides a straightforward
way of specifying the number of reciprocal lattigectors and indicates the precision to
which the reciprocal component of the Ewald sumoisverged.

The potential model used in this work was derivgdBllducci et al (1997) [7] and is a
modification of a potential derived by Sayle T.X(L994) [8]. We included the shell
model of Dick and Overhauser [9] to simulate iopatarizability of the oxygen ions. In

this model, the oxygen ion is represented as a plue a shell coupled by a harmonic
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spring. The total charge is separated between libf and the core. In the molecular
dynamics simulations the shells were given a ma8sboau.

In order to investigate oxygen atom mobility at Htable {111} ceria surface a potential
of mean force (PMF) method modification to DL_PO[M0] has been used to simulate
the pathway and variation in free energy of a €madygen atom migrating in bulk ceria
and also at surface.

The constrained atom is moved towards a vacaney anstant velocity. The velocity

chosen was 100m/s, which is fast enough to obtagd gtatistics in sufficient cpu time

but slow enough to allow the neighbouring ions étax while the atom is migrating.

Slower velocities did not make a significant diffiece to the energy profile.

AA(z) = A(z) - A(z,) = f f,dz
Z 1)

f,: average force in direction of vacancy.

The constrained atom is given a target vector, lwiscthe co-ordinates of the lattice
vacancy position. However, the constrained atorfreés to move perpendicular to the
target vector. The average force of the constraiatxhn along the target vector is
recorded at the end of each time-step. Integratiotine force with respect to distance
yields the free energy, shown in equation (A®(z) is the free energy change of
migration,A(2) is the free energy at positianandA(z) is the free energy at the initial

position.
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Thus the free energy of atom migration can be ¢tatled at various temperatures.
Additionally, MD simulation can be run just aboveera Kelvin to enable the
identification of the pathway and energy changdewimg temperature. This allows for
simple (or an initial) analysis of the migratioropess, without involving complications
of nearby atoms excessively hindering the constchatom during its trajectory. In doing
this, entropy effects are ignored, and therefoeeethergy of migration rather than the free
energy of migration, is in fact calculated.

Migration of a single oxygen atom was investigattdthe centre of the slab, which
represents bulk ceria; just beneath the surfact an oxygen migrating between bulk
and a vacancy position just under the surface;atrlde surface, where oxygen migration
is simulated between the layer of oxygen atomshestkath the surface and the surface

layer, and also the migration from a surface positdo a near surface vacancy.

Oxygen Migration

The first PMF simulations were carried out on tlifeudion of oxygen in the bulk of the
slab. We initially assumed that a vacancy was formmathout a localised charge
compensation, which we envisage as modelling taesport of the unbound oxygen
vacancy. The slab was initially run at 300 K usihg NVT ensemble, and the migration
path plotted. The results show that the pathwawywéen oxygen sites is linear (see Figure
1) and that the energy of migration is 0.66 eV wiith transition state half way between
the oxygen sites, see Figure 2. The activationggnagrees very well with the work of
Balducci et al.(1997) [11] who calculated 0.65 e¥%ing a series of static energy

calculations.
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We can check that the location of the transitiatests exactly halfway between the sites
by plotting the average force of the constrainedrain the direction of travel in Figure 3.
The force passes through zero at 1.05A along adistmnce of 2.07 A.

We next modelled the trajectory for an oxygen atoigrating from the oxygen layer just
below the surface to a vacant site on the surface.

Figure 4 shows the pathway. The first point to e®ts the trajectory is now curved.

The energy plot in Figures 5 shows also a markgohaeetry. The transition state in this
case is very close to the surface ~0.5 A. Furthegrieigure 5 shows that the activation
energy for the oxygen migration from the surfacéh®level just beneath is considerably
smaller ie. 0.06 eV. Interestingly, a greater atton energy, 0.3 eV, is required to
activate the return of a subsurface oxygen directlthe {111} surface from this layer
beneath, which is still less than 0.66 eV, the lualue. It also clearly demonstrates that

the vacancy is more stable just below the surface.

The next stage was to examine the transport franstinface layers to the bulk. Figure 6
suggests the barrier is 0.67 eV, with the sub-ser&ite 0.2 eV less stable.

Analysis of the trajectory shows that the migratjgeth is not linear as in the bulk
simulation, and that the position of the transitstate is predicted to be slightly closer to
the bulk layer than the sub-surface layer.

We also considered the migration of an oxygen atonoss the top of the surface and
surprisingly found that the activation energy wa$% 2V. Thus Figure 7a and 7b
illustrates how a migrating oxygen atom would mde&n a layer just under the surface,

and then would return to the surface layer leaxangacancy in the sub-surface layer,
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which is the most stable site for an isolated vagamather than transport across the
surface, not unlike the recently proposed mecharigsnsurface transport by Allan and
Harding [12]

We have seen more complex behaviour in some osithelations, but still involving
oxygen movement between the top two layers. Figuslows the initial configuration of
a concerted mechanism involving an oxygen atomhe durface layer constrained to
move down into a vacancy position just under théase. The initial constraint is shown
by the largest green arrow in order. The constchimgyration results in the formation of
a vacancy in a less stable position on the sutf@cause vacancies are more stable at a
position just under the surface. The result is,thatthe constrained oxygen leaves its
lattice site to form a vacancy we find that the tn@xygen atom fills the empty site and
because the energy barriers are so low the nexbigiggen atoms move in unison. The
net result is that a sub-surface vacancy is forim@dcan be potentially some distance
from the original vacancy.

The concerted motion does however highlight on®lpra, namely that the movement of
the ions in the concerted mechanism causes a amesestto the movement of the
constrained atom, thus the resulting free-energynga is the sum of the activation free
energies of migration and the free energy for awiag the drag-force. Thus care must
be taken in interpreting the activation free energy

Another important issue is the effect of charge pensation particularly when the
charge compensating defects are bound to the oxyaancies. We consider them in the

following section.
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We treated the charge compensating defects asidedaklectrons on neighbouring
cerium ions. Thus we first considered (Figure 8&)dxygen atom migrating directly into
a vacant site, which is adjacent to two’Ciens. The trajectory of migration takes the
oxygen between the two adjacentCiens. The effect of the charge compensating Ce
ions on the migration is significant. The new aation energy is 1.35 eV (Figure 10),
compared to 0.06 eV for similar migration withotietinvolvement of compensating
ions.

Another interesting result of this calculation &t the final configuration, with the
vacancy just below the surface is calculated t®HdeeV less stable. But note that the
final oxygen vacancy position is not in the higblyund state (i.e.) just under the surface
and adjacent to the charge compensatindj ides.

The second example (Figure 11a) considered is wareraxygen atom just beneath the
surface is forced to migrate to a surface site ihadjacent to both, the vacancy and a
compensating Cé ion, (i.e.) the oxygen vacancy moves from the leyer to the layer
underneath. In this case, the activation energyigfation (Figure 12) is similar to that

for the un-charged compensated migration, (ie) @\@f. 0.06 eV.

The activation energy for the reverse process agmately 1.0 eV, thus in common

with the un-charged compensated migration, then@ces more stable below the surface
but is very much more stabilised i.e., by aboute)/9

Hence the energetics for the migration of an oxygéom into a bound charge

compensated vacancy cluster, when that oxygen afmproaches the vacancy from the
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side of the compensation, differ significantly fraime case of migration between the
compensating ions.

The final example considered (Figure 13a) involtres migration of an oxygen atom,
which is originally under the surface between twdjaeent C& ions, to a vacancy
position set just to the side of this charge corspéng pair of ions. The direction of
migration is away from the charge compensationmp the vacancy which is considered
here only to be partially bound because the vacamayt symmetrically configured.
Thus the final configuration leaves the vacancthanhighly bound state.

The plot in Figure 14 shows that the activationrgies are still small, at 0.25 eV for the
forward and 0.4 eV for the reverse.

However, activation migration energy is 4 times ajee than the energy for the
uncharged compensated case. It is 2.5 times grd@earthe migration into a bound
charge compensated vacancy with a trajectory flwrside, but is much smaller than the
1.35 eV required for activation of migration up dmetween charge compensating ions
into the fully bound vacancy.

The results show that energetically the vacancyemeto be bound to the charge
compensating defects in the subsurface oxygen Bitghermore, the location of these
charge compensating defects modify the activatioergies and hence the mobility of
oxygen near the surface. In the case of the moveaieng the site of the Ceions, the
effect is significant and will have a large anispic effect on the atom transport.

The results therefore suggest that the migratioa défect cluster differs from isolated

defects. Therefore, it is important to investigdwe stability of different clusters.
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These simulation results suggest an important feegnice in the direction of migration
around or between partially or fully bound chargenpensated defects, in that it appears
that oxygen atoms prefer to migrate up from thes ©la bound compensated surface
vacancy.

Lastly, it is important to note that a number ofiaitio studies ,for example Watson et
al.[13-16], have been performed on ceria. Comparisgiween the ab initio and potential
based approaches used here, see for example [@v&, dhown that the potentials are

reliable.

Organic molecules adsorbed on clay surface: DL_POLY
as a high-throughput engine

Organic pollutants and related molecules can poseriaus environmental threat to the
global ecosystem. Amongst the most notorious ategkaated compounds substances
used as pesticides or as by-products from otherahuattivities. There are concerns
because of their general toxicity and the facytb@n enter the food chain, as well as
affecting the quality of water, soil and atmosphdre the absence of well thought

remediation plans, risk management strategies ¢am igformation needed to allow
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stakeholders to decide options concerning dispagalthese potentially harmful
chemicals.

There have been numerous investigations involvregrhodelling of clay surfaces and
adsorption of organic species [18-2Hpwever, our interest lies in the understanding of
how these molecules might bind to mineral surfasekin establishing a high-throughput
methodology that can efficiently investigate the nmapossible combinations of
molecules with substrates.

As a starting point, we choose the polychloro-d#mepdioxins (PCDDs) family. The 76
members of this family (namely, congeners) haveffardnt number of chlorine atoms
replacing hydrogen atoms at different positions.

We then choose a clay substrate, of relevence itse..sbhe di-octahedral 2:1 sheet
silicate pyrophillite, A}SigO.o(OH),. is a simple example of the family of clay mineral
that form a significant fraction of many soil andck types. Its [001] face was first
considered.

Preliminary DFT calculations showed that the organolecules do not chemisorb on the
pyrophillite surface. Of course, DFT is not adapiethe accurate study of physisorption
phenomena due to its poor treatment of disperdibarefore our potential based method
was deemed ideal for such a study.

We now describe the choices of models, tools asdurees, and then follow with a brief

discussion of the automatisation procedures andrants on the scientific results.

Model
A classical model requires an electrostatic desonp of atoms as well as a

parameterisation of the intra-molecular and therimbolecular interactions.
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Well established models for Zeolite and clay miteeraake modeling the substrate a
comparatively straightforward task. We chose theupaterisation of Lewis and Catlow
[22] in which the electrostatics is described by ihell model of Dick and Overhauser
[9]. The total charge is separated between thel stmel the core. In the molecular

dynamics simulations the shells were given a ma8sboau.

For the molecules, we chose the CVFF model [23]tih@r bonding interactions. The
attribution of the electrostatic components was encomplex. We use@b initio
calculations (Gaussian code [24]) with the Dunrthgfinaga valence double-zeta basis
set on selected PCDDs'. From these we extractedhbege distribution to extrapolate

point charges for all the PCDD. This simplified cgamodel is described in table 1.

Specie Charge (e)
H .20
Cl -.03
(0] -.50
C (H bonded) -.20
C (Cl bonded) .03
C (O bonded) .25

Table 1: Charge model (in e)
We generated the interaction parameters betweenstistrate and the adsorbed
molecules by using the standard combination rudésch is a valid approach to obtain
dispersion-repulsion interaction coefficients ie tibsence of strong bonding.
Our confidence in this model is confirmed by theadbent agreement of test calculations

on the adsorption of simpler molecules (linear agdic aliphatic hydrocarbons) with
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experimental measurements [18, 25]: in the casgydbhexane, -57 kJ.nmblcompared

to —54 kJ.mot at 423 K.

DL_POLY as an optimiser

DL _POLY is the UK's national flagship package forolatular dynamics (MD)
simulations [26]. While it is especially good foimsilating very large systems, its
modular structure makes it very adaptable. It sugpsome form of energy optimisation
(albeit not as efficiently as specialist codes saslfGULP [27] or METADISE [6]). It is
also cml enabled which allows for certain dire¢erroperability with some DFT codes.
The choice of a MD code for a problem essentiadlyeal on optimisation might appear to
be odd at first. However, our main objective isaokle adsorption in realistic conditions,
i.e. at various temperatures and with the involveinté water. Molecular Dynamics is
the tool of choice for these more advanced proble®s, to maintain upward
compatibility, we decided to use the same coddhercurrent study as we would for the
more advanced one, even though there is added egityplising a MD code to perform
optimisation

Additionally, the choice was justified because fitvee field involved was designed with
the aspects of the larger study in mind and isefoee relatively complex and not

adaptable to GULP or METADISE codes without heaagoding .

UCL Condor Pool
This project is combinatorial in nature. That i®t ronly are there seventy-six non
equivalent PCDD molecules, but the determinatiometible adsorption sites requires

multiple starting configurations. Furthermore, gearch space is large and the potential
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energy surface can be complex and thus containsg/ noamal minima. However, the
systems are not overly large and each energy adionlis not too computationally
demanding. A brute force approach to optimisatetherefore deemed appropriate and
indeed, affordable

Instead of using a supercomputer, we took advaradgee UCL Condor pool. This type
of resource is ideal for this study, as it contangery large amount of processors (at the
time of writing 960 CPUs, operating under Windows.O

Another feature of the Condor setup is the DAGMANrkilow manager which allows

complex workflows. In our case, it essentially m#ue analysis task automatic.

Methodology

First of all, three sets of independent calculai@re required: molecule only (M),
substrate only (S), molecule adsorbed on subs{MtS). The adsorption energy is
defined as a difference between the energy of thgstems (ks-ev-Es)

The two custom filesmode_list andatom_list are at the centre of the data structure and
operate on the two modified DL_POLY input file8ELD and CONFIG. node_list
contains seventy six lines, one for each PCCRytisg with a user provided molecule
code, and then twenty two intermediate atom coateshe order in which the atoms
appear in the CONFIG file (these codes can be HOCC, CH, CCl or CO).atom_list
creates a link between these intermediary codegtendames used in ti@ONFIG (H,
Cl, O, C), as well as with the charges appearing inRl&_D file (as the carbon atoms
can be allocated different charges). It also costanformation concerning the bonding

parameters, which need to be allocated irHiE D file.
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A list of dedicated scripts reads thede_list and operates on the 76 corresponding
directories.

The simpler scripts are just expansions of unix mamds lfst_cp, list_mv, list_grep).
list_setdir generates the data structure (directories NODEoleenlecode, where n is an
arbitrary molecule index, corresponding to the oldenode _list). list_config replaces
<list> flags in a modified CONFIG by the correctoiet hame and put the correct
CONFIG in its directory.list_field replaces <list> and <harm> flags in the field bgit
value from theatom_list (atom name and charge, two specie bonds paraméidrsire
submit the jobs to the condor scheduler (wia.dlp files). list_rota, is an expanded
version of list_config which additionally applies a rotation and/or tdatisn to the
flagged atoms of CONFIG (in our case of coursedtmighe PCDD molecule).

These scripts are sufficient to optimise the stmed of the isolated molecules.

As already mentioned, the case of the adsorbedcmlete is slightly more complex as
several starting configuration are needed. Eacthese is carried sequentially, for each
molecule. The scriptonfig_rota, a same directory, command line versiorisif rota is
used in conjunction with DAGMAN.list_fire is also updated tdist fire_dag.
Practically, three sites of high symmetry were exgdl (above Si, above O, above
“hexagon” centre, see figure 16) with 8 rotationahfiguration (by increment of pi/2),

with 24 calculations per molecule.

Results and discussion
In Figure 15 we plot the adsorption energy of teBdPLDDs. The molecule index is only
meaningful in so far as it increases with the numdfechlorine atoms. The horizontal

lines are a guide for the eye and correspond tcecnt#s with the same number of
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chlorine. It can be seen that the adsorption enisrgyrongly correlated to the number of
chlorine. Each additional chlorine attached to ¢hebon rings leads on average to an
adsorption energy increase of 0.03 eV..

Furthermore, and as might have been expected #éanolecules lie flat on the surface,
see Figure 16.

We also observe that corrugation energy increasts ttve number of chlorine. The
potential energy surface is very flat for the PCRRh a low Cl count (indeed the
translational corrugation energy is 100.01eV for G;O.Hg). At higher Cl count, the
corrugation increases, up to 0.07eV fori,@Cls. Therefore, the concept of the
adsorption site is rather meaningless for molecwids numbers of CI lower than 4. For
molecules with greater than 3 Cl atoms, the PCDmRoat systematically favours a
position such as illustrated in Figure 16, with temtre of mass of the molecule situated
above a surface oxygen, and where the benzenegiingside the quasi-hexagon of the
surface top layer.

As well as the modelling of molecules that arecamtact with surfaces, we are also

concerned with the interaction of nanoparticles.

Molecular dynamics simulations of the structural clanges that occur

during aggregation of mineral oxide and carbonate anoparticles

DL_POLY has been used by other groups to studtiueture and stability on minerals

on the nano-scale. Spano et al found computat®ndénce of ZnS forming bubble type
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clusters [28] (ZnS)clusters, with n ranging from 10 to 47, were egargnimised using

a simulated annealing technique. Spano et al fohatdspheroidal (bubble) clusters with
only three coordinated atoms are more stable tharbtilk structure. If the number of
ZnS units is increased to 60 then the appearanoeioh structures occur [29]. This is a
(ZnS)2 inside a bubble of (Zng Banfield and co workers have also considered ZnS
nanoparticles, typically n=360-400, making the deééen of the ZnS crystal around 3nm,
which is comparable to experimental synthesisedigies [30]. The Banfield group
started using molecular dynamics to study the plstéshility of ZnS nanopatrticles in
vacuum and in the presence of water. They fountthewurtzite (ZnS) nanoparticles
smaller than 7nm are more stable than sphaleritmpaticles in vacuum at 300K.
However adsorption of water onto the ZnS nanogdarsarface stabilizes the sphalerite
structure. Zhang et al [31] predicted anhydrous Zv@oparticles to have a highly
disordered structure. Again these nanoparticles datlameter of around 3nm. The
adsorption of water, however, onto the nanoparsciéace results in the formation of a
relatively crystalline core. Zhang and Banfield wked that this phase transformation of
sphalerite to wurtzite could be caused by nanagaraggregation and coarsening [32].
These 3nm ZnS nanoparticles were randomly oriethtadéh respect to each other and
allowed to aggregate to form a larger nanopartietdlowing aggregation the coarsened
particle adopts a near-amorphous structure thasfivams rapidly to wurtzite. This work
by Banfield and co-workers has provided a link lestow atomistic simulation and the
forces that cause their aggregation, i.e. colloaemistry. We have used DL_POLY to
extend the range of materials to simulate the aggien process of two different

materials, MgO and calcite (Caganoparticles. First we will describe the potalsti
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used to describe the interatomic interactions aed tlescribe how we set up our systems
for aggregation.

The potential model used for simulating the magmasbxygen interaction is that of
Lewis and Catlow [33] and has been used beforentalate MgO surfaces [34, 35] and
MgO nanocrystals [36]. The potential model useddionulating the calcium-carbonate
interactions in calcite is that of Pavese et a] W has been used in the past to simulate
calcite surfaces [38] and also calcite nanopa#i¢B9]. All simulations in this section
employ the shell model of Dick and Overhauser Y9here the shells are in the oxygen
species only and have a mass of 0.2 au in Ga@@d 0.5 in MgO, this represents the
electronic charge cloud connected by a harmonimgpo a core containing most of the
anion’s mass.

We have begun studying the structure and aggregaiging molecular dynamics
simulations by modelling an eight nanoparticle egst Each of the nanoparticles in the
simulation is the same distance apart. The sinmratias performed in vacuum with no
periodic boundary conditions. The molecular dynasimulation was performed in a
canonical ensemble at 300 K and ambient pressung @stime step of 0.1fs. Each

simulation was run for 1ns with a 2ps equilibratpm@riod.

Aggregation of Magnesium Oxide nanoparticles

Each MgO nanoparticle had a 0.6 nm in diameterthadsimulation started with them
being 2.3 nm apart. The starting configurationhigven in figure 17. We have 8 cubes of
MgO as the most stable surface grows along the {i@ne [6]. We can plot the

potential energy of our simulation as it evolvesiowime (figure 18). The starting

http://mc.manuscriptcentral.com/tandf/jenmol



Page 125 of 158

©CoO~NOUTA,WNPE

configuration has a potential energy of -482.1kJ/ofdvig ions and then drops rapidly
in-between 30-55ps to -484.4kJ/mol. This decreagmiential energy corresponds to the
initial aggregation of MgO nanoparticles. Figure $8ows a snapshot of the MD
simulation at 30ps. The patrticles retain their Hikke structure and well ordered surfaces.
At 30ps single MgO nanoparticles are starting tgregate together in pairs. The
aggregation process seems very ordered and is dmdiby orientation along the {100}
plane. This snapshot is also interesting becausalsib shows that the merging
nanoparticles will join at the corners first. Thairpof nanoparticles that are circled in
figure 19 are a pair that drifts further and furthgvay from the rest of the nanoparticles
and don’t aggregate with the other six nanopasicknce they are so far away in some
of the snapshots it is not practical to show theresame of the pictures. At 60ps figure 20
shows a stabilisation of potential energy at aroed@d.4kJ/mol. Figure 20 shows a
snapshot of the MD simulation at 60ps and showsathgregation of a single MgO
nanoparticle to a pair. The snapshot again illtssrahe general result that aggregation
has initially occurred along the corners of theagmrticles. The nanoparticles find their
preferred face centre cubic site at 220ps (figutg Bhen the potential decreases to
around -484.6kJ/mol. The increased ordering of egmfion along the {100} plan
continues when the potential energy decreases &5.84J/mol when a pair of
nanoparticles aggregate to the triplet at 275psi(@ 22). The final configuration occurs
at 460ps (figure 23). Here the sixth nanopartidmg the cluster of five. The two
nanoparticles circled in Figure 19 were in fact tmoaway to become attracted to the rest
of them. This aggregation process has also shoanwhen crystal growth occurs in

MgO there are the chances of kinks and steps lhernted.
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We can compare any structural changes that may dem@red during aggregation by
comparing the radial distribution functions (RDF)aggregated nanoparticles with bulk
MgO. Figure 24 shows the RDF of the (a) aggregMe® nanoparticle and (b) bulk
MgO. The RDF’s of the aggregated MgO nanoparticld Bulk MgO are very similar
with the first three peaks showing Mg-O bond distanat 0.21, 0.35 and 0.45nm in both
graphs. These interatomic distances agree withy diffraction experiments [40, 41].
The RDF of the aggregated nanoparticle shows thaingl aggregation the MgO
nanoparticles continue to maintain their crystalliform. Furthermore, the bonding
between the MgO is so highly directed, resulting icontinuous structure. Thus although
the overall shape is non-symmetric there are naooisvgrain boundaries being formed.

Next we show the aggregation process of eightteah@nopatrticles.

Aggregation of calcite nanoparticles

Eight calcite nanoparticles that are 1.6nm in di@mere placed 1.7nm apart. The
starting configuration is shown in figure 25. Té$ieulation was run for 1ns. Figure 28
shows the potential energy of the system as aifumof MD time. The simulation starts
with a potential energy of —715.3kJ/mol of calciions. As the simulation evolves the
first drop in potential energy occurs at around$0fhis corresponds to figure 27 which
shows that before aggregation occurs the individaabparticles will relax on their own
to a potential energy of —715.6kJ/mol, which cquoexls to a more disordered structure.
Once the calcite particles are relaxed aggregaimours in pairs. At around 67ps the
eight nanoparticles have formed four nanopartickesl the energy lowers to —

716.9kJ/mol. Figure 28 shows a snapshot of aggmgat 87ps. The potential energy of
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this system continues to lower, —718.2kJ/mol, &sftur calcite nanoparticles start to
form two larger nanocrystals. The two larger calecianoparticles now become attracted
to each other and again as they merge the potasrimigy drops to —719.9kJ/mol at
around 140ps (figure 29. The final configuratiorus at 180ps and the potential energy
stabilises at —721.0kJ/mol. Figure 30 shows theeggded nanoparticle, which has lost
its symmetry. The final nanoparticle has a longkameter of 4.17 nm and a width of
1.816 nm. Figure 31a shows the RDF of the finalregated calcite nanoparticle. When
compared with the RDF of bulk calcite (Figure 3itthas much less order and is more
amorphous then the crystalline bulk. The peakf©ienRDF bulk calcite shows the same
Ca-0 bond distances, 0.23, 0.33, 0.41nm, as foupdrenentally [42, 43]. The average
coordination number for a calcium ion in the aggted nanopatrticle is calculated to be
around 6.5, which is slightly higher then the caoation number for bulk calcite which
is 6. This suggests that the amorphous nanopaitciaore closely related to calcite,
rather than aragonite which has a calcium ion doattbn number of 8.

The difference between an aggregated calcite arajgregated MgO is that MgO keeps
its bulk-like structure and still has crystallineacacteristics. The RDF shows sharp peaks
whereas the RDF of the aggregated calcite is mo@hous with only two peaks. The
atoms of the calcite nanoparticle seems to be m@erdered and has no structural
preference for linking different particles wherdlas aggregated MgO has a very uniform
structure.

There has been a great deal of debate in thetliterguggesting that biomineralisation
occurs from amorphous calcium carbonate [44-47]. Ndee shown that very small

calcium carbonate nanoparticles are more stablenvaineorphous and also when they
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aggregate together their morphology changes dadisticTherefore this aggregation
process could promote the exotic morphologies sebiomineralistion. In future studies

we set out to quantify this aggregation process.

Conclusions

DL_POLY has great scope for our molecular dynarsigtulation experiments. We have

been able to calculate both the free energy of panticle aggregation and the activation
free energy of individual atom migration. DL_POL¥shalso been shown to be versatile
when used as an energy optimiser and for investgaadsorption of molecules on

surfaces.

Application of DL_POLY has allowed us to investigatxygen atom migration at the

stable {111} surface of ceria. The oxygen migratiem shown to be much more

energetically favoured at the {111} surface thaa thulk when via subsurface oxygen
vacancies, and the activation free energy of migmaivas found to be the same in all
directions. When considering the effect of neighbaycharge compensating €éons

the oxygen was found to be less mobile and no loisgéopic.
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We have determined the adsorption energy and sftése 76 PCDD congeners on a
pyrophilite surface, using DL_POLY. The moleculese aveakly bonded and the
corrugation is low. The variation in energy withdsarption sites is small. The main
factor controlling the adsorption energy is the bemof chlorine atoms.

The simplicity of the PCDDs adsorption on this aod means that the process can be
modelled very simply and parameterised for usaigd scale soil remediation models.
We have investigated the differences between eatrit MgO nanoparticle aggregation.
The difference between an aggregated calcite arajgregated MgO is that MgO keeps
its bulk-like structure and aggregates in speatfientations. In contrast, aggregated
calcite is more amorphous and does not have angeale preferred directionality . The
structure of the calcite nanoparticle seems to lbeenmobile whereas the aggregated

MgO has a very uniform structure.

In summary, DL _POLY allows us to carry-out soplugted molecular dynamics
simulations, intricate computational calculationedagives us scope for further
investigatory work. Importantly, these applicatiasfsDL_POLY are providing a useful

complement to experiments.
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Figure 16: Adsorption position of a PCDD congefiére surface is parallel to the page.

The shaded atoms represent the lower layers. Suisadarge light grey, O small dark

grey. Molecule: H white, Cl light grey, C grey, @r# grey.

Figure 17: Initial configuration of eight MgO naraficles before aggregation.

Figure 18: Potential energy per magnesium ion agaime of an MD simulation of 8
MgO nanoparticles

Figure 19: A snapshot of the MD simulation at 3fipshe MgO system

Figure 20: A snapshot of the MD simulation at 6@jpshe MgO system

Figure 21: A snapshot of the MD simulation at 22fijwshe MgO system

Figure 22: A snapshot of MD simulation at 275pstfe MgO system

Figure 23: Final configuration of the aggregatedvitanoparticles

Figure 24: RDF of the (a) aggregated MgO nanogagtiand (b) bulk MgO

Figure 25: Initial configuration of calcite nanopeles for MD simulation

Figure 26: Potential energy per calcium ion agains¢ of an MD simulation of 8 calcite
nanoparticles

Figure 27: A snapshot of the MD simulation at 5@pghe calcite 1.6nm system

Figure 28: A snapshot of the MD simulation at 8itpghe calcite 1.6nm system

Figure 29: A snapshot of the MD simulation at 14fipshe calcite 1.6nm system

Figure 30: Final configuration of the aggregatelditananoparticles

Figure 31: RDF of the (a) aggregated calcite narimbes and (b) bulk calcite
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Figure 1. Oxygen Atom Migrating in The Middle of {111} Surface Slab
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Figure 2: Energy Profile of Bulk Oxygen Migration
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Constrained Force on Migrating Oxygen

Figure 3:
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Figure 4: Oxygen Atom Migrating in the {111} Surfece

http://mc.manuscriptcentral.com/tandf/jenmol

25



©CoO~NOUTA,WNPE

Energy
of
Migration
(eV)

0.1

0.05

O T T T T

-0.05

-0.1

-0.15

-0.2

-0.25

0 0.5 1 1.5 2
Distance Moved (A)

Figure 5: Energy Profile of Oxygen Migration in the{111} Surface.
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Figure 7 (a) Schematic of oxygen hopping across tlsarface. AG ~ 2.5 eV
Figure 7 (b) Schematic of oxygen moving through theurface. AG ~ 0.3 eV

@ T=300K

Figure 8: Pathway of Concerted Mechanism
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17 Figure 9a: Before migration and with Surface Vacancy in placeYellow arrow points to Oxygen that
18 is to be constrained to migrate.

19 Figure 9b: After Oxygen atom, originally under the surface betveen Cé&" ions, has migrated to the
20 surface leaving vacancy just

21 under the surface and between Cé&ions. Green= C&",White=Ce"*, Red=0" The resultant sub-
22 surface vacancy is highlighted

23 by the blue arrow.
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48 Figure 10: Energy Profile of Oxygen atom migrationbetween C& ions onto the Surface

http://mc.manuscriptcentral.com/tandf/jenmol



©CoO~NOUTA,WNPE

Page 144 of 158

Figure 11a: Before migration and with Surface Vacaay in place (blue arrow) Yellow Arrow points
to Oxygen atom to migrate from just beneath the suace.
Figure 11b: After. Oxygen atom, originally under the surface and below the vacancy, has migrated to
the surface leaving vacancy just under the surfacand below the left C&" ion. Green= C¢",
White=Ce", Red=0"
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Figure 12: Energy Profile of Oxygen atom migration From underthe Left Hand Ce** ion into the
Surface Vacancy between Compensating &dons
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Figure 13a Before migration and with Surface Vacangin place.
Figure 13b: After. Oxygen atom, originally under the surface between C& ions, has migrated to the
surface leaving vacancy just
under the surface and between CGéions. Green= C&", White=Ce"*, Red=C*
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Figure 14: Energy Profile of Oxygen atom migration Away from G=** ions onto the Surface
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Figure 15: Adsorption energy of the 76 PCDD
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33 Figure 16: Adsorption position of a PCDD congenerThe surface is parallel to the page. The shaded
34 atoms represent the lower layers. Surface: Si Largight grey , O small dark grey. Molecule: H
35 white, Cl light grey, C grey, O dark grey
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Figure 17: Initial configuration of eight MgO nanoparticles before aggregation
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Figure 18: Potential energy per magnesium ion agagt time of an MD simulation of 8 MgO
nanoparticles

Figure 19: A snapshot of the MD simulation at 30p$or the MgO system
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Figure20: A snapshot of the MD simulation at 60psdr the MgO system

Figure 21: A snapshot of the MD simulation at 220p$for the MgO system

http://mc.manuscriptcentral.com/tandf/jenmol

Page 150 of 158



Page 151 of 158

©CoO~NOUTA,WNPE

30 Figure 22: A snapshot of the MD simulation at 275por the MgO system

58 Figure 23: Final configuration of the aggregated M@ nanoparticles
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Figure 8a: Mg-O RDF of the Aggregated MgO Nanoparticle
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Figure 24: RDF of MgO (a) aggregated nanopatrticlersd (b) Bulk
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Figure 25: Initial configuration of calcite nanopatrticles for MD simulation
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Figure 26: Potential energy per calcium ion againgtime of an MD simulation of 8 calcite
nanoparticles
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Figure 27: A snapshot of the MD simulation at 50p$or the calcite 1.6nm system
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31 Figure 28: A snapshot of the MD simulation at 87p$or the calcite 1.6nm system
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Figure 29: snapshot of the MD simulation at 140p=f the calcite 1.6nm system

Figure 30: Final configuration of the aggregated cleite nanoparticles
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Figure 15a: Ca-O RDF of the Aggregated Calcite Nanopatrticle
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29 Figure 15b: Ca-O RDF in Bulk Calcite
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30 Figure 31: RDF of the (a) aggregated calcite nanopicles and (b) bulk calcite
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Specie Charge
H .20
Cl -.03
(0] -.50
C (H bonded) -.20
C (Cl bonded) .03
C (O bonded) .25

Table 1: Charge model (in )
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