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Abstract 

Molecular Dynamics Simulations of Aqueous and Confined Systems Pertinent to the 

Supercritical Water Nuclear Reactor  

Dimitrios T. Kallikragas 

 Supercritical water (SCW) is the intended heat transfer fluid and potential neutron 

moderator in the proposed GEN-IV Supercritical Water Cooled Reactor (SCWR).  The 

oxidative environment poses challenges in choosing appropriate design materials, and the 

behaviour of SCW within crevices of the passivation layer is needed for developing a 

corrosion control strategy to minimize corrosion.  Molecular Dynamics simulations have 

been employed to obtain diffusion coefficients, coordination number and surface density 

characteristics, of water and chloride in nanometer-spaced iron hydroxide surfaces. 

Diffusion models for hydrazine are evaluated along with hydration data.  Results 

demonstrate that water is more likely to accumulate on the surface at low density 

conditions.  The effect of confinement on the water structure diminishes as the gap size 

increases.  The diffusion coefficient of chloride decreases with larger surface spacing.   

Clustering of water at the surface implies that the SCWR will be most susceptible to pitting 

corrosion and stress corrosion cracking.  
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Chapter 1 

 Introduction 

 

Water covers two thirds of the surface of our planet and is of fundamental necessity 

for life on Earth.  Water is of vital importance to our biosphere and is the medium in which 

both biological as well as many chemical processes take place.  It has been called the 

universal solvent and has a huge role in modern life, being used in applications in all types 

of industry. 

 Although water has been studied for many years, scientists continue to unlock the 

secrets of its properties and find new applications for its use.  This is evident in the 

relatively recent discovery of new ice polymorphs and in the growth and exploitation of 

applications of water in its supercritical state. 

 Supercritical water (SCW) has been of interest to science for the past several 

decades. New and novel ways are continually being developed to harness the properties of 

SCW and it holds great promise in hazardous waste recycling via Supercritical Water 

Oxidation (SCWO) techniques, in geological engineering processes and as a heat transfer 

medium in power generating stations.  SCW is the proposed heat transfer medium and 

neutron moderator in the proposed GEN-IV Supercritical Water Cooled Reactor (SCWR) 

currently under development.  
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1.1 Rationale 

 The ever increasing global demand for energy is partnered with a necessity to 

develop clean and efficient power generation technologies.  Nuclear power holds the 

potential to provide the essential, emissions free energy needed by the world’s quickly 

growing population and the trend toward industrialization of modern nations.  With the 

increasing worldwide reliance on nuclear power comes a desire to engineer the next 

generation of nuclear power systems.  Of the proposed GEN-IV nuclear reactors, the 

Supercritical-Water Cooled Reactor (SCWR) will use supercritical water as the heat 

transfer fluid, with some designs utilizing it as neutron moderator as well.. The new concept 

will boast an increased efficiency of 44% compared with that of the 30% of current 

CANDU technology.  The homogenous supercritical phase will allow for more simple 

plant design and operation.[1-4] 

 Before such technologies as the SCWR can be fully utilized, a comprehensive 

understanding of the chemistry of SCW must be understood.  The high operating 

temperatures and pressures of the SCWR create an extremely corrosive medium within the 

water bearing components of the reactor.  Iron hydroxide is typical of the oxide layer 

formed by stainless steel at SCW conditions. The behaviour of water at this corrosion layer 

interface, typically iron hydroxide, must be understood in order to predict general corrosion 

processes such as embrittlement, pitting corrosion and stress corrosion cracking.[5-7]   

 Oxidizing species such as oxygen gas and hydroxyl radicals produced by radiolytic 

processes in the reactor core, pose an extreme threat to the long term viability of the SCWR 

infrastructure.[8]  Diffusion coefficients of these species as well as corrosive ions such as 
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chloride are required for the estimation of diffusion limited reaction rates.[9]  Furthermore, 

an understanding of the solvation and transport properties of anti-corrosion, oxygen 

scavenging compounds such as hydrazine is warranted to provide a corrosion control 

strategy for the design. 

 The goals herein are to provide adsorption characteristics of SCW at the iron 

hydroxide interface. The behaviour of SCW and chloride within minute crevices of this 

corrosion layer as well as the solvation and mass transport coefficients of hydrazine are 

also examined.  This study concludes with a parameterized equation for the diffusion 

coefficients of the radiolytic species produced within the core. 

 

1.2 Objectives 

The objectives of this thesis are as follows: 

1.  To investigate the adsorption properties of supercritical water confined between 

electrostatically neutral, hydrophilic surfaces of iron (II) hydroxide and to provide atomic 

density profiles for the interfacial region. 

2.  To provide hydration numbers and diffusion coefficients for water and chloride within 

nanometer-size crevices in the corrosion layer, as modelled by the surfaces of iron (II) 

hydroxide. 

3.  To investigate hydration structures and diffusion coefficients for infinitely dilute 

hydrazine in liquid and supercritical water. 
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4.  To provide an equation that accurately yields the diffusion coefficients of oxygen, 

hydrogen and hydroxyl radicals in supercritical water. 

 

1.3 Thesis Outline 

 An introduction in to the properties of SCW is given in Chapter 2.  The 

computational methods used herein are provided in Chapter 3.  Chapter 4 contains the 

results of simulations of high temperature and supercritical water in between iron 

hydroxide surfaces spaced 400 nm apart.  Chapter 5 describes an aqueous chloride ion 

confined between iron hydroxide surfaces spaced at 10, 20 and 80 Å.  Chapter 6 describes 

the solvation and diffusion for infinitely dilute hydrazine.  Lastly Chapter 7 describes a 

parameterized equation for determining the diffusion coefficients of oxygen, hydrogen, 

hydroxyl radicals and water at supercritical conditions.  Conclusions are presented in 

Chapter 8. 
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Chapter 2 

Literature Review on Simulations of Supercritical Water 

 

2.1 The Supercritical Phase 

 A fluid is said to be in the supercritical phase when it is at elevated temperatures 

and pressures beyond its critical point.  For water it is generally agreed that the critical 

temperature is 647.006 K, and the critical pressure is 22.096 MPa.  At the critical point, 

water is less dense than at ambient conditions with a critical density of 0.322 g cm-3[1]. 

 

Figure 2.1:  A Pressure-Temperature phase diagram of water showing the solid-liquid, solid-gas, and the 

liquid-gas phase boundaries.  The water ice polymorphs I, III, V, VI, and VII are also shown.  The critical 

point can be seen at around 647 K and 22 MPa.  The dashed line corresponds to the range of validity of 

IAPWS-95 with regard to pressure.[2] 
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Figure 2.2:  Temperature–density phase diagram of water with isobars.  Solid circles mark breaks in the 

melting line which arises from to phase transitions between the ice polymorphs. TP indicates the S–L–G 

triple point at 273.15 K. CP indicates the L–G critical point.[1] 

 

 When in the supercritical phase, small changes in pressure or temperature can result 

in large changes in the density of the fluid.  There is no surface tension or vapour pressure 

and the fluid is in a homogeneous state where no phase change or separation occurs.  The 

fluid has the solvating properties of a liquid and the effusive properties of a gas.  In a low 

density system the fluid can be thought of having a gas-like consistency and at high density, 

has more liquid like behaviour.  The diffusion coefficient of the fluid increases dramatically 

as density decreases at conditions above its critical point. 

 

2.2 Supercritical Water 

 Water at ambient conditions is a polar liquid with a dielectric constant of 80.  This 

makes water an ideal solvent of polar compounds, and ionic species readily dissociate in 
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solution.  At the critical temperature, the dielectric constant drops to around 10, and drops 

even further at higher than critical temperatures and pressures.  This behaviour results in 

SCW having properties of non-polar type solvents that now readily solvate non-polar 

species such as organic molecules, and ionic species remain associated in the fluid[3].  This 

is the property exploited by SCWO in the destruction of organic wastes, where hazardous 

carbon rich compounds are oxidized and decomposed into primarily CO2, H2 and other 

simple molecules, while any electrolytes precipitate out of the solution[4-11]. 

 

 

Figure 2.3:  Dependence of the dielectric constant of water on temperature at different pressures above Pc. 

[3] 

 This drop in the dielectric constant implies that metal oxides such as the corrosion 

products formed in the SCWR are also more stable hence less miscible with SCW.  A 

relatively stable passivation layer can form with the concentrations of dissolved metal 
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oxides dropping by up to several orders of magnitude as the system enters the supercritical 

regime.  The corrosion layer may remain associated on the surface, protecting the metal 

structure and preventing the exposure of fresh metal surface to the SCW, thereby 

preventing further corrosion. 

 

 

Figure 2.4:  Calculated metal oxide solubility in neutral water obtained through thermodynamic 

modelling.[3] 

 

2.3 Hydrogen Bonding in Supercritical Water 

 For some time it was thought that the thermal energies of water molecules in the 

supercritical phase were too great to allow any extensive degree of hydrogen bonding.  

More recently evidence of limited hydrogen bonding has been observed, although much of 
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the tetrahedral water structure seen at ambient and sub-ambient conditions is not present in 

bulk SCW.  In fact, experimental evidence from IR spectroscopy, neutron scattering, as 

well as the results from molecular dynamics (MD) simulations suggests that hydrogen 

bonding has been observed in SCW up to at least 800 K.[12-15]  Radial distribution 

functions of water show a peak at around 3 Å indicating hydrogen bonds with their 

immediate neighbour.  A peak can also be seen at 4.5 Å which corresponds to the 

tetrahedral arrangement of a hydrogen bond with the next nearest neighbouring water.  

Although this peak diminishes as temperature is increased in to the supercritical regime, 

the peak is still present at these temperatures, indicating at least to some degree, the 

presence of preferential tetrahedral coordination[13].  Furthermore the first maximum in 

the oxygen-hydrogen pair correlation function shrinks and broadens while moving out to 

greater distance as temperature is increased. This indicates a weakening and stretching of 

the hydrogen bond but the correlation remains present, and the probability of a hydrogen 

bonded nearest neighbour remains greater than that of the more distant waters in the rest 

of the fluid[14, 15]. 

Although the extended hydrogen bonded network disappears in the supercritical 

state, isolated hydrogen bonds exist as the water molecules form dimers and small weakly 

bound clusters, which do not nucleate as in subcritical vapor, but rather exist for a short 

time comparable to the lifetime of the hydrogen bonds or 10-11 to 10-12 seconds[13, 16].  
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Figure 2.5: Schematic illustration of the quantities used in the analysis of the hydrogen-bonding structure of 

water. A-type neighbors donate lone pair whereas B-type neighbors donate H atom to the hydrogen bond 

formed with the central molecule. γ is the H–O....O angle of the hydrogen bond around the O atom of the 

molecule donating its hydrogen to the bond. Θ is the angle formed by the O atom of two neighbor molecules 

around the O atom of the central molecule[14]. 

 

2.4 Effect on Water Structure of Mineral Interfaces at Nanometer Spacing  

 MD simulation techniques are ideal for studying the interaction of water at water-

mineral interfaces and in narrow nanometer spaced gaps [17-19].  MD methods provide a 

novel way of investigating surface interactions on the atomistic level and provide 

information on the physical structure, characteristics and energetics of fluid-interface 

systems.  The adsorption properties and interactions of water with these surfaces are 

relevant to a wide range of applications from corrosion research, biological applications to 

geological phenomena.  Understanding of water properties in these systems are important 
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for understanding the mobility of contaminants in surface and groundwater environments, 

soil behaviour, water quality, and the sequestration and removal of CO2[20-22].  

 

 

2.5 Density and Structure of Water in Confined Systems 

MD simulations have been used to obtain density profiles of ambient water in a 3 

to 30 Å gap between brucite (001) (or Mg(OH)2) surfaces[23, 24].  It was observed that the 

hydrophilic substrate influences the near-surface water structure with hydrogen bonds 

being donated to the surface oxygen and being accepted by the surface hydrogen.  The 

majority of the water molecules are found to adsorb within 2.45 Å from the surface, leaving 

a lower density bulk region in between the mineral planes.  Within 15 Å from the surface 

the water structure deviates from that of bulk water and it approaches the conventional 

tetrahedral ordering as distance from the surface increases.  The structural details of the 

interfacial water arise from the hard-wall effect as a combination of geometric and 

confinement optimizations, as well as through interactions from directional hydrogen 

bonding, and thermal motion. A low degree of ordering is seen at around 4 Å from the 

surface at ambient conditions as the water molecules arrange themselves to preserve and 

minimize the energy of their hydrogen bonding network, although the water structure in 

the confined space does not have the tetrahedral ordering found in bulk, unconfined 

water.[23] 

  

2.6 Effect of Hydrophobic vs. Hydrophilic Interfaces 

The structure and energetics of interfacial water is also dependant on the 

hydrophobic or hydrophilic character of the surface.  Two examples are obtained from MD 
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simulations of ambient water at hydrophobic talc (001) (Mg3Si4O10(OH)2)  and hydrophilic 

muscovite mica (001) (KAl2(Si3Al)O10(OH)2) interfaces, separated by a 30 Å water 

region[25]. This study also included a simulation of the water-vapor interface.  The 

hydrophobic talc surface showed a maximum density of water that was twice that of bulk 

at a distance of around 1.3 Å with a decaying periodicity of 3.1 Å out to approximately 14 

Å.  The effect of the talc interface on the water density deviates from the smooth, 

featureless profile of the water-vapor interface.  At the hydrophilic muscovite surface, there 

were five distinct peaks in the density profile.  These fluctuations in the density are induced 

by the electrostatic interactions with the surface which promote a higher degree of ordering 

in the water region as the water molecules align to minimize the energy of their dipole 

interactions. 
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Figure 2.6:  Atomic density profiles of water at (a) water-vapor, (b) talc (001), (c) mica (001) surfaces.  Solid 

lines are OH2O and HH2O densities, Z=0 is defined as the position at the Gibbs dividing surface, indicated 

as dashed vertical line.  The positive direction and surface normal are defined from surface interface to liquid 

phase for all figures.  Short thick vertical bars indicate the average position of surface bridging oxygen.[25] 

 

Confinement and surface effects also influence the orientation of the water 

molecules near the surface as well as the number of hydrogen bonds in the highest density 

regions.  On the hydrophobic talc surface, both the water dipole and the H-H vector have 

an orientation parallel to the surface.  Conversely, at the hydrophilic mica interface, the 

waters nearest the surface have a dipole orientation of 150 degrees, pointing towards the 

surface.  This is results from the hydrogen of the water donating hydrogen bonds to the 

surface oxygen.  For the talc surface, it can be seen that the total number of hydrogen bonds 
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decreases to about 2 at the interface.  In the mica system, this number increases to 4 as 

there are more interactions with the functional groups on the hydrophilic surface.  These 

numbers are in contrast to the average of 3.2 hydrogen bonds observed in bulk liquid 

water[25]. 

 

 

Figure 2.7:  Average number of hydrogen bonds and their donor/acceptor components. (a) Water at the 

liquid-vapour interface; (b) water at talc (001) surface; (c) water at mica (001) surface.  Solid lines are total 

number of H-bonds and average number of donated H-bonds.  Dashed lines are accepted H-bonds .  Inserts 

highlight the regions where accepted and donated H-bonds are in imbalance.  Vertical lines are the Gibbs 

dividing surface.[25] 
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2.7  Effect of Substrate Structure on Water Surface Layer Ordering 

 Thus far, density profiles provide characteristics on water structure in the direction 

normal to the surface but do not address water structure in the plane parrallel to the 

subtstrate.  Atomic density contour maps provide information on how the water arranges 

itself at specific sites on the interface. Water preferentially adsorbs on a hydrophilic 

surface, particulaly on the cases of hydroxides, through donation of a hydrogen bond to the 

surface oxygen atoms.  Generally speaking the first layer of water adsorped on the surface 

between 1 to 2 Å shows a degree of ordering dependant on surface structure, surface charge 

and the hydrophobic or hydrophilic nature of the surface[20].  In the example of brucite, 

the water molecules are located in the vacant tetrahedral sites between surface oxygens, 

forming a hexagonal arrangement parrallel to the surface.  In the gibbsite (Al(OH)3) 

structure there are both vacant octahedral sites located near the surface oxygens, with the 

water dipoles oriented towards the surface donating H-bonds, and sites directly above the 

vacancies having the water dipoles pointing away from the surface, thus accepting H-bonds 

from the surface OH-groups.  In the case of  hydrotalcite (Mg2Al(OH)6Cl·2H2O) both the 

oxygen and hydrogen of the waters are oriented directly above the surface OH-group with 

the water dipoles pointing away from the surface due to the attraction of the positive 

surface, and negative oxygen of the water.  In muscovite and talc, the adsorption sites are 

located directly in the centre of the six member siloxane rings, but the different surface 

charges produce different density contours.  The OH-groups in the muscovite surface 

accept H-bonds from the waters and thus the water dipoles point towards the surface.  In 

talc however, the surface donates H-bonds to the waters and hence the water dipoles point 
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away from the surface.  Since the talc is hydrophobic, with a low number of hydrogen 

bonds at the surface sites, most of the adsorbed water lies parrallel to the surface[20].  

 

 

Figure 2.8:  Atomic density contour maps for the first layer of adsorbed water molecules on the surfaces 

studied.  The black dots are surface oxygen atoms.  The figures on the left are for OH2O, and those on the right 

are for HH2O.  (A) Brucite, (B) gibbsite, (C) hydrotalcite, (D) muscovite, and (E) talc.[20] 

 

2.8 Hydrolysis of Water Over Metal and Mineral Surfaces 

 One of the potential applications of high temperature and SCW is the production of 

hydrogen gas, which holds great promise as an abundant source of green energy.  As a fuel, 
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hydrogen gas burns with oxygen to produce water as the only emission while releasing 286 

kJ mol-1 of hydrogen combusted.  However although hydrogen is present in great amounts 

in the worlds water, direct thermal hydrolysis requires large amounts of energy for little 

net gain of gas produced, dissociating only 4.3% of water at temperatures as high as 2500 

K[26].   

 Currently there is much research underway to exploit the properties of metal, 

mineral and other materials to thermochemically split water at much lower temperatures, 

thereby requiring much less energy to split water at greater efficiencies.  Many water 

splitting methods are being investigated such as the copper-chlorine, sulphur-iodine, 

hydrogen sulphide cycles, as well as iron based oxide reactions, using excess heat from 

power plants for nuclear driven water splitting, solar driven hydrolysis and also hydrogen 

production from SCWO to name just a few[26-32].  

 Thermochemical water splitting involves using a surface catalyst to lower the 

temperature required to separate the water molecule in to hydrogen and oxygen.  The 

mechanism involves electron transfer from the water to the surface, via either through the 

hydrogen bond or coordinate bond, formed with the catalytic material[26].  It has been 

observed in the example of sodium chloride nanoclusters in SCW that the electrostatic 

fields present in the material can exceed 1010 V m-1, which is more than sufficient to 

hydrolyse any embedded water molecules.[33]  This result suggests that water can 

penetrate in to a mineral surface and be split by an electron transfer reaction.  At ambient 

conditions this reaction is thermodynamically unfavourable but at temperatures above 450 

C the overall enthalpy becomes negative and hence the reaction will proceed spontaneously 

via the equation: 
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mNaCl(s) + nH2O(sc) → HCl(sc) + NaOH · (m - 1)NaCl(s) + (n - 1)H2O(sc)  (1) 

 

 In the above equation (s) denotes the solid and (sc) denotes the supercritical phases 

respectively.  The mechanism in this case is a charge transfer mechanism similar to the 

electron transfer discussed above, only in this case involving the transfer of a proton along 

the hydrogen bond between the donor water and acceptor chlorine. This proton transfer 

effectively breaks the        H--OH bond of the water and the proton is mediated via the 

electrostatic field along the OH bond of the water to form an NaOH and weakly interacting 

HCl [33].   

 

 

Figure 2.9:  Amorphous NaCl cluster with water molecule of interest. Moving from left to right,  

Na+ --- OH2(sc) --- Cl- transforms to Na+ --- OH- --- HCl(g) where blue is water, red is OH-, and emerald green 

is HCl, with white representing hydrogens.[33] 
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Chapter 3 

 Computational Details 

 

3.1 Molecular Dynamics Simulations 

Until the development of modern computational techniques, the interactions of 

many body systems remained an elusive and demanding challenge for scientists, as time 

demanding numerical methods were needed for obtaining the equations of motion. The 

interactions of particles is a trivial problem when considering the interactions of two bodies 

but is far more challenging when three or more objects are involved. More recently, as the 

body of scientific knowledge has grown, this question has been extended to include 

electromagnetic interactions of molecules and even the interactions of the electrons in an 

atom. This classic three body problem lies at the heart of molecular dynamics (MD) 

simulations and until the advent of the computer, has proven to be a challenging if not 

impossible task, as analytical solutions to many body systems are not always attainable.  

MD simulations have been performed as early as the 1950’s with the development 

of early computers, and more recently, with the arrival of powerful modern machines, 

become an effective method of the atomistic determination of the physical and energetic 

properties of materials. These methods use a dynamical approach to the many body 

problem by knowing and evaluating the interaction energies between particles in the 

system and how they evolve over time. These interactions are dependent on the positions 

of the components in the simulation, primarily the distances between molecules or atoms. 

Through dynamical analysis whether classical or quantum mechanical, the equations of 
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motion or wavefunctions can be obtained. Classically this is typically done via Newton’s 

equations of motion or Lagrangian based methods, and for quantum mechanical systems, 

through the solving of the Schrodinger Equation. Although there are fundamental 

differences between each technique, they both involve energy optimization in that the 

evolution of the system proceeds in a manner by which it reaches a minimum energy state. 

Given a starting configuration, and relationships that govern the energetic interactions of 

the simulated particles, typically a Hamiltonian, the subsequent positions and hence 

energies can be found. From either the equations of motion or wavefunction, and particle 

energies, many physical and thermodynamic properties may be derived. 

 Here, classical MD techniques are applied to determine properties of high 

temperature and supercritical water both at the iron hydroxide interface as well as in 

between a confined space between iron hydroxide surfaces.  MD techniques are well suited 

for the study of liquids, particularly in the supercritical state, as they provide a means of 

overcoming the experimental difficulties of the high temperature and pressurized systems 

involved in such studies.  Computer simulations provide atomistic details of the behaviour 

of species such as structure and diffusion coefficients that traditionally require expensive 

and laborious experimental techniques such as neutron diffraction and NMR 

measurements. 

 In fact, the reliability of modern MD techniques is so accurate that in the case of 

deviation from experimental results, one is as likely to question the accuracy of the 

experimental technique, as much as one would question the findings of an MD simulation.  

Often times computer simulations are preformed prior to, or in conjunction with 
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experiment, to provide an estimation of what one can expect experimentally as well as in 

validation of  laboratory  results. 

 The work presented herein was performed on the Shared Hierarchy Academic 

resource Computing Network (SHARCNET), a consortium of shared computing resources 

between Ontario Universities.  The simulation program used was M.DynaMix, a robust, 

multi-purpose MD simulation package developed by Lyubartsev, and Laaksonen.[1] This 

software allows the modelling of arbitrary molecular mixtures of both rigid and flexible 

models and allows the use of most conventional molecular-force fields and inter and intra-

molecular interactions. 

 

3.2 Newton’s Laws and the Equations of Motion 

 In classical MD simulations, the equations of motion obtained for the particles are 

found according to Newton’s second law:  

   𝐅i = mi𝐚i = mi
d𝐯i

dt
=  mi 

d2𝐫i

dt2     (3.1) 

Fi is the force acting on particle i of mass m, resulting in an acceleration, a.   v is the 

velocity and r is the position of particle. 

 It can be difficult to calculate the forces acting on the particles and one can 

circumvent this by rewriting equation 3.1 where the force is equal to the gradient of the 

potential energy, U: 

 𝐅i =  −∇𝐫i U =  mi 
d2𝐫𝐢

dt2
    (3.2) 
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  In Equation 3.2, the potential energy of the particle can be expressed as a sum of 

electrostatic, Coulombic, and non-electrostatic Lennard-Jones pair potentials, between 

particles i and j.  The electrostatic potential is given by Coulombs Law: 

 

Uc(rij) =  
qiqj

4πεorij
         (3.3) 

 

In Equation 3.3, qi and qj are the charges on each particle, Ɛo is the permittivity of 

free space and rij is the distance separating the particles.   

The non-electrostatic attractive and repulsive forces experienced by the particles 

can be well modelled with the Lennard-Jones Potential: 

 

   ULJ(rij) = 4εij [(
σij

rij
)

12

−  (
σij

rij
)

6

]   (3.4) 

 

The Lennard-Jones potential treats the particles as spheres where σij is the distance at 

which the inter-particle potential between particles i and j vanishes, and can be thought of 

as the particle size.  Ɛij is the depth of the potential well between particles.  This potential 

accurately describes the short range order of these inter-nuclear forces by falling off at r-6 

at distances much greater than σ. 
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 The sum of both the Coulombic and Lennard-Jones interactions can be summed 

over all particles according to: 

UTotal =  ∑ ∑ (4εij [(
σij

rij
)

12

−  (
σij

rij
)

6

] +
qiqj

4πεorij
) j>𝑖i   (3.5) 

 

The interactions between unlike atoms can be approximated by the Lorentz-

Berthelot mixing rules which approximate σ and Ɛo according to:  σij = (σi + σj)/2 and Ɛij = 

(ƐiƐj)
1/2. 

 

3.3 Integration of the Equations of Motion 

 The trajectories or positions of the particles in a simulation can be determined at 

any subsequent time, given their initial positions and the summation of the overall pair 

potentials.  Newton’s second law produces time dependant differential equations that must 

be solved in order to obtain the positions of the particles.  The most common way to solve 

these equations is using some finite difference method, where given the initial values of 

some property, the subsequent values can be determined by a series of numerical 

predictions and corrections.  These methods exploit the fact that given any previous 

position, velocity or other dynamic property, the subsequent property after some time step 

t + δt, can be obtained by Taylor expansion around t.  Two of the most common algorithms 

used to numerically integrate the equations of motion are the Gear Predictor-Corrector 

algorithm and the Verlet Algorithm.[2, 3]   
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3.3.1 Verlet Algorithm 

 The Verlet algorithm is a direct solution to the second order differential equation 

given by Equation 3.1.  This algorithm predicts the position r(t + δt) based on the previous 

position,    r(t - δt) and the acceleration, a(t).  The position is advanced according to: 

 

 𝐫(t + δt) = 2𝐫(t) − 𝐫(t − δt) + δt2𝐚(t)   (3.6) 

 

The trajectories predicted by this scheme do not depend on velocity and in fact the 

velocities drop out when adding the two Taylor expansions about t for r(t + δt) and r(t - 

δt).  If the computation of kinetic energy is required, the velocities can be acquired by: 

 

 𝐯(t) =
𝐫(t + δt)−𝐫(t− δt) 

2δt
   (3.7) 

 

3.3.2 Gear Algorithm 

Another common method of solving the equations of motion is the GEAR 

Corrector-Predictor Algorithm.  This technique takes the positions, velocities, 

accelerations or other quantities of interest at time t, and predicts them at time t + δt, where 

δt is much smaller than the time it takes a molecule to travel a distance equal to its length. 

For liquids this is usually 1 fs.  This is done by Taylor expanding the quantity around t, to 

give the predicted values:   
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rp(t+ δt)=r(t) + δtv(t) + ½ δt2a(t) + 1/6 δt3 b(t) + … 

vp(t+ δt) = v(t) + δa(t) + ½ δt2b(t) + … 

ap(t+ δt) = a(t) + δtb(t) + … 

bp(t+ δt) = b(t) + …      (3.8) 

 

The algorithm then corrects the quantities by the factor Δa(t+ δt) = ac(t+ δt) - ap(t+ δt) to 

give the corrected values: 

 

rc(t+ δt)=rp(t+ δt) + c0Δa(t+ δt)  

vc(t+ δt) = vp(t+ δt) + c1Δa(t+ δt) 

ac(t+ δt) = ap(t+ δt) + c2Δa(t+ δt) 

bc(t+ δt) = bp(t+ δt) + c3Δa(t+ δt)    (3.9) 

 

The coefficients depend on the order of the differential equation that is being solved, 

which is second order in the case of F = ma.  The quantities converge to the actually 

values after only one or two steps, making them very computationally efficient.[2] 
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3.4 Canonical Ensemble, Thermostats and Initial Velocities 

 The simulations performed herein were conducted in the canonical ensemble with 

constant temperature, volume and number of particles (TVN).  Other ensembles that can 

be used include the microcanonical, with constant number of particles, volume and energy 

(NVE) and the grand canonical ensemble with contestant chemical potential, volume and 

temperature (𝜇VT).    A number of thermostats and barostats have been developed for 

maintaining constant pressure and temperature.[2, 4] 

 In the canonical ensemble, the initial velocities of the particles as well as the 

velocities throughout the simulation must be maintained in order to hold the simulation cell 

at constant temperature.  This is accomplished by scaling the velocities at each time step 

in order to keep the total kinetic energy constant.  Some common methods used to 

randomize the initial velocities distribution are by the Maxwell-Boltzmann and Gaussian 

distributions.  In this study, the temperature was maintained using the Nose-Hoover 

thermostat, developed in 1984.[5]  This thermostat works by introducing an additional 

degree of freedom, or scaling factor, s, which allows the total energy to fluctuate.  Formally 

written as an ensemble average, the Nose-Hoover thermostat has the form: 

 

〈
∑ mis2vii

s
〉 =  (f + 1)kTeq 〈

1

s
〉    (3.8) 

 

Where m and v are the mass and velocities of particle i, f is the number of degrees of 

freedom of the system, k is the Boltzmann constant and Teq is the desired temperature.[5]    
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3.5 Long Range Forces and Ewald Summation 

 In addition to the short range Lennard-Jones potential and the long range 

Coulombic forces, the Van der Waals interactions between instantaneous dipole moments, 

must also be considered.  Long range forces are defined as those that fall off no faster than 

r-n, where n is the dimensionality of the system.[2]  The Coulombic interactions are 

effective at much greater distances, falling off as r-1, and one must employ a method by 

which these forces can be efficiently computed between all of the particles in the system.  

To accomplish this, two common methods are the Reaction Field and Ewald Summation.[2, 

6]   

 

3.5.1 Reaction Field 

 The reaction field method takes in to consideration the short range contributions of 

all charges within a sphere of cut off radius R, and considers all charges outside of the 

sphere, a dielectric continuum that produces a reaction field within the sphere defined by 

R. This method handles the interactions of near neighbour particles within distance R 

explicitly, and treats all particles beyond this as an homogeneous medium of an averaged 

dielectric constant.[2]  The reaction field method can result in poor energy conservation 

when particles cross the cut off boundary during MD simulations and can cause incorrect 

features in the radial distribution functions.  These problems can be overcome by tapering 

the interactions at the cavity surface.  Another issue that may arise is in determining an 

accurate dielectric average for the reaction field beyond the cut off sphere.[2] 
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3.5.2 Ewald Summation 

 Ewald summation is a computationally efficient method of summing the interaction 

of an ion with its periodic images.  The interactions are calculated between all ion pairs 

within a cut off box and then the box is replicated periodically throughout the simulation 

cell to obtain a roughly spherical collection of boxes, and the interactions between each 

periodic image are summed.  The technique is also dependant on the medium surrounding 

the sphere and its dielectric constant must be specified.  Each point charge is surrounded 

by a charge distribution of equal magnitude and opposite sign which has a Gaussian 

dispersal spreading out radially from the charge.  The contributing interactions converge 

when summed, and the cancelling contributions are summed as Fourier transforms in 

reciprocal space and converted back in to real space.[2]   

 

3.6 Periodic Boundary Conditions 

 One problem encountered in MD simulations particularly for liquids, is the 

behaviour of the material, at the surface boundary.  Particles of a real liquid can leave the 

fluid at the surface and in solid state simulations a surface potential is needed to prevent 

particles from crossing the boundary and leaving the material.  One method to overcome 

this challenge is to use periodic boundary conditions, first Formulated by Born and von 

Karman in 1912.[2]  Periodic boundary conditions overcome these challenges by 

considering a smaller number of particles in a finite simulation cell that is replicated 

throughout space, thus effectively creating a bulk system that negates the need for any 

surface potential.  The periodic boundary cell is typically cubic, although other cells are 
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sometimes used, typically a truncated octahedron or rhombic dodecahedron.  The 

periodicity of the cell considers a fixed number of particles, and handles motion by 

assuming that when one particle leaves the cell at a boundary, another one enters from the 

opposite side.  The repetition of the cells and symmetry of the motion allows any atom or 

molecule to be continually surrounded by the same number of species throughout the 

medium.  A schematic of a periodic 2 dimensional cubic cell arrangement is shown in 

Figure 3.1: 

 

 

Figure 3.1:  2-dimensional representation of a periodic boundary cell.  When a species leaves the cell at one 

of the boundary edges another moves in to replace it from the opposite direction.  This periodic motion is 

indicated by the arrows.  The circle represents the cut off distance at which long range forces are truncated.  

This cut off radius is typically set at half the length of the cell side. 

 

 One of the limitations of this method is that the periodic nature of the cell prevents 

any fluctuations of the medium that have wavelength greater than the length of the cell 

side.  It is thus not suitable for simulating a liquid near the critical point, nor for modelling 

some first order phase transitions or long wavelength phonons, where the fluid exhibits 

macroscopic fluctuations.[2]   
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3.7 Molecular Potentials 

 Since the forces acting on each species are calculated from the gradient of the 

potential energy, as in Equation 3.2, it is necessary to have an accurate representation of 

the force fields of each atom in the molecule.  These interaction potentials include the 

intramolecular coordinate geometries of each atom constituting the simulated species and 

represent the potentials as point charges centered on the atoms. Typically the 

intramolecular positions are given in a Cartesian coordinate system, with the mass, 

electronic charge, and Lennard-Jones parameters σ and Ɛ specified for each atom. 

 The potential for water used in this study was the Simple Point Charge-Extended 

(SPC/E) model for water, taken from Berendsen et al.[7]  The SPC/E model is a rigid, non-

polarizable, three site water model with an HOH bond angle of 109.47 degrees.  The SPC/E 

model has been found to accurately reproduce physical and thermodynamic properties of 

water and aqueous systems over a wide range of temperatures, including in the supercritical 

regime.[8-12] 

 The chloride potential was taken from Smith and Dang, who used it in conjunction 

with the SPC/E water model to obtain binding and solvation enthalpies, as well as hydration 

and structural properties.[13] 

 The potential used for the atoms of Fe(OH)2 surface modelled herein was taken 

from Cygan et al., and were obtained from their recently developed CLAYFF force 

field.[14]  The CLAYFF force field was created for the simulation of hydrated and 

multicomponent mineral systems and their interfaces with aqueous solutions, and was 

obtained from parameterized spectroscopic and structural data from a variety of simple 
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hydrated compounds.  Atoms are considered as point charges and the metal-oxygen 

interactions are treated as a combination of Lennard-Jones and electrostatic interactions.  

Cygan’s force field allows the modelling of a mineral surface to consist of non-bonded 

ionic species and overcomes the traditional problem of constrained atoms, allowing the 

substrate atoms to move in response to forces.  This is well suited to accurately represent 

low symmetry, amorphous phases and non-rigid, hydrated materials.[14] 

All of the potentials and force field parameters used in this work are shown in Table 3.1. 

 

Table 3.1:  Molecular potentials and parameters used, for SPC/E water, Cl- and Fe(OH)2 from 

the CLAYFF force field. 

 

           

                    

 Molecule Atom X Y Z M Q σ Ɛ  

   (Å) (Å) (Å) (g/mol) ( e ) (Å) (kJ/Mol)  

                    

           

 Water  H1 0 -0.81649 0.51275 1.008 0.4238 0 0  

 (SPC/E) O 0 0 -0.064609 15.9994 -0.8476 3.166 0.6507  

  H2 0 0.81649 0.51275 1.008 0.4238 0 0  

           

 Cl- Cl 0 0 0 35.453 -1 4.4 0.419  

           

 Fe(OH)2 O 0 0 0 15.9994 -1.2125 3.166 0.6502  

  H 1 0 0 1.008 0.425 0 0  

  Fe 0 0 0 55.845 1.575 4.9602 0.0000378  

           

 N2H4 N1 -0.7195 0 0 14.0031 -0.6705 3.368 0.71128  

  N2 0.7195 0 0 14.0031 -0.6705 3.368 0.71128  

  H1 -1.02631 0.965422 0 1.0078 0.3468 1.559 0.06569  

  H2 1.02631 -0.924253 -0.278917 1.0078 0.3468 1.559 0.06569  

  H3 -1.10574 0-457458 0.822097 1.0078 0.3237 1.559 0.06569  

  H4 1.10574 0.200441 0.919203 1.0078 0.3237 1.559 0.06569  
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  3.8 Pair Distribution Function 

 Pair Distribution Functions, also called Radial Distribution Functions (RDFs), give 

the probability of finding a pair of atoms, at a distance r, from each other, relative to the 

probability of a random configuration.[2]  The pair correlation function is evaluated from 

concentric spheres from a central atom, out to a distance r.  It is also sometimes useful, 

particularly in the case of larger molecules, to express the pair distribution function in terms 

of molecular site-site interactions.  RDFs can provide a great deal of structural information 

including nearest neighbour distance, coordination number and number of hydrogen bonds, 

and the orientation of neighbouring molecules.    In terms of ensemble averages, the RDF 

has the form: 

 

g(r) =  
V

N2
〈∑ ∑ δ(𝐫 − 𝐫ij)j≠ii 〉    (3.9) 

 

Where V is radial volume from atom the central atom, N is the number of particles, and δ 

is the Dirac Delta Function.  The RDF is useful in that any ensemble average of any pair 

can be expressed in terms of g(r), including the energy, pressure and chemical potential of 

the system.[2]  The RDF can be also be expressed in terms of spherical harmonics to give 

information on the spatial orientation of neighbouring molecules.[2]   

 A RDF of a typical Lennard-Jones fluid is provided in Figure 3.2. 
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  Figure 3.2:  RDF of a typical Lennard-Jones fluid at T*=0.71 and n*=0.844. 

 

3.8.1 Coordination Number 

 The total number of coordinated species around a molecule can be determined by 

integrating the pair distribution function according to: 

 

n = 4π ∫ r2r

0
g(r)ρ dr     (2.10) 

 

The integral is taken from 0 to the desired distance r, radially form the centre of the 

molecule or atom, and g(r) is the pair distribution function. 
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3.8.2 Spatial Distribution Function 

 As mentioned above, the pair distribution function can be integrated to give the 

spatial distributions of molecules around the investigated species.  Called a Spatial 

Distribution Function (SDF), this gives the relative probability of finding a neighbouring 

molecule at a distance r, within an angle θ and φ.[15]  The formal definition of the SDF is 

given in Equation 3.11. 

 

G(r, θ, φ) =
1

ρ∆Vn,m,l
〈∑ ∑ δ(θl − θij)δ(φm − φij)δ(𝐫n

3 − 𝐫ij
3)i≠ji 〉 (3.11)  

Here  

∆Vn,m,l =
1

3
(cosθl−1 − cosθl)(φm−1 − φm)(𝐫n

3 − 𝐫n−1
3 )  (3.12) 

 

In Equation 2.12, n,m,l denote the partitioning of the radial and angular coordinates. 

 

3.9 Time Correlation Functions and Transport Properties 

 The positions of the species in MD simulations are correlated in time with those of 

the previous configuration.  The degree of association between two properties, A and B 

over some time interval is given by the correlation coefficient cAB: 
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cAB =  
〈δAδB〉

σ(A)σ(B)
    (3.13) 

 

Where σ(A) and σ(B) are the root mean square deviations of each quantity A and B.  One 

of the more common and useful correlation functions is the Velocity Autocorrelation 

Function (VACF), although these functions exist for other quantities also, such as angular 

velocity and dipole moment.[2] 

 The diffusion coefficient can be calculated from the VACF according to the 

equation: 

 

     D =
1

3
∫ dt〈𝐯i(t) ∙ 𝐯i(0)〉

∞

0
   (2.11) 

 

Where vi(t) is the centre of mass velocity of a single molecule, i. 
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Chapter 4 

Supercritical Water at the Fe(OH)2 Interface1 

 

4.1 Abstract 

The adsorption properties of supercritical water confined between electrostatically 

neutral but hydrophilic surfaces of iron (II) hydroxide were determined through molecular 

dynamics simulations. Simulations were conducted at temperatures of 567, 715, 814 and 

913 K, and at water densities typically found in the heat transport system of the supercritical 

water cooled nuclear reactor (SCWR). Surface water layer densities were obtained and 

compared to those of the bulk water. Adsorption coverage was calculated as a function of 

the number of waters per OH group on the surface. Images of the water molecules 

configurations are provided along with the density profile of the adsorption layer. The 

localized adsorption and surface clustering of supercritical water, as seen in this study, 

would likely produce more localized corrosion phenomena in the water bearing 

components of the SCWR. 

 

 

 

                                                           
1 Igor M. Svishchev, Dimitrios T. Kallikragas, Andriy Yu. Plugatyr., Molecular dynamics simulations of 

supercritical water at the iron hydroxide surface.  J. Supercrit. Fluids 78, 7-11 (2013) 
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4.2 Introduction  

Over the recent years much interest has been invested in the properties of high 

temperature and supercritical water. The thermodynamics, hydration and transport 

properties of aqueous systems at these conditions are of importance for a variety of 

applications, ranging from power generation to hazardous waste recycling and materials 

processing. [1-5]  Recently, molecular dynamics (MD) simulations have seen increased 

use in the study of the structure and dynamics of water at both mineral and metallic 

interfaces. [6-8]  Molecular dynamics techniques have also been used in a variety of 

geophysical applications including carbon dioxide capture and sequestration, and in the 

investigation of intercalation in structural cavities and inter-layer spaces. [9, 10]  

Supercritical water holds promise as the thermodynamically favorable medium of both 

neutron moderator and heat transfer fluid in the prospective GEN-IV supercritical water 

cooled nuclear reactor (SCWR). The lack of cavitation and high thermodynamic efficiency 

of the homogeneous supercritical phase provide the advantages of increased thermal 

efficiency and simpler design. The extreme corrosive properties of water in the 

supercritical state, is of particular concern in the physical design and choice of material for 

the heat exchange infrastructure. Much experimental work has been done in measuring the 

corrosion rates of different alloys and ceramic materials in an oxidative supercritical water 

environment. Thus far there is no one novel material capable of withstanding the corrosive 

properties of such an environment[11-17]. Stainless steel is one potential candidate for the 

supercritical water bearing components of the GEN-IV SCWR and it is prudent to 

understand the behavior of the Fe(OH)2 hydroxide layer formed under these conditions. In 

order to minimize the corrosion in the heat transport systems of the currently deployed 
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pressurized water reactors (PWRs), oxygen scavenging species such as hydrogen gas and 

hydrazine are added to the coolant, as well as lithium hydroxide for alkalinity control. The 

formation and accumulation of the hydroxide (and oxide) layer serves as a corrosion 

inhibiting surface that will protect the stainless steel from further oxidation, inhibiting more 

catastrophic corrosion such as stress corrosion cracking. To understand how such a layer 

forms, the adsorption characteristics of water must first be determined. Whether the water 

exhibits full or partial wetting will indicate if the corrosion is a general, surface wide 

phenomenon, or if the oxide will form in a more localized scenario, typical of pitting 

corrosion.  

In this chapter, molecular dynamics simulations have been used as a means of 

overcoming the experimental challenges of the harsh supercritical water environment.  

Adsorption characteristics of supercritical water on the Fe(OH)2 surface are presented for 

567, 715, 814 and 913 K at different water densities. Surface water layer densities were 

obtained and compared to those of the bulk water. An estimation of the adsorption kinetics 

for a low density system at 913 K is also included. 

 

4.3 Simulation Details 

 Classical molecular dynamics techniques were used to obtain the equations of 

motion via Lagrangian based methods.[18] The simple point charge extended (SPC/E) 

model of water was used as it provides accurate thermodynamic properties over a wide 

range of temperatures and pressures, particularly at high temperatures. The equation of 

state (EOS) obtained from the SPC/E model is in good agreement with experimental results 
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and so affords an accurate method, through the principle of corresponding states, of 

investigating water systems at elevated temperatures and pressures.[19, 20] The recently 

developed CLAYFF force field was used to obtain interaction parameters of the Fe(OH)2 

surfaces. CLAYFF has been used successfully to model the interaction energies of 

amorphous solids, oxides, layered hydroxides and interfacial systems [21, 22] Two 

electrostatically neutral Fe(OH)2 surfaces were created by cleaving the equilibrated brucite 

crystal structure, at 298 K and 1 bar pressure, along the interlayer (001) plane and the OH 

groups were left intact. The simulation cell thus contained two crystalline slabs comprised 

of two Fe(OH)2 sheets each, consisting of a total of 162 Fe atoms and 324 OH groups per 

slab, with 81 OH groups, or equivalently, 81 unit cells of the brucite structure on each side 

of the gap exposed to the water. The slabs had the dimensions of 29.3876 × 25.4504 × 

9.208 Å, with a 400 Å gap in between, with the overall simulation cell dimensions being, 

respectively, 29.3876 ×25.4504 ×418.416 Å. Table 4.1 shows the temperatures, total water 

densities and numbers of molecules in the simulations, along with the corresponding real 

water temperatures, as calculated using the EOS for the SPC/E water. [19] 
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Table 4.1:  Simulated Systems including corresponding SPC/E temperatures, initial water density and 

numbers of water molecules, Fe atoms and OH groups. 

  

            

      

 Corresponding Total    

SPCE Real Water Water    

Temperature Temperature Density N H2O N Fe N OH 

      

(K) (K) (g cm-3)    

            

      

567 573 0.612 6120 324 648 

715 723 0.093 935 324 648 

814 823 0.067 673 324 648 

913 923 0.055 555 324 648 

913 923 0.044 440 324 648 

            

      

 

These state points mimic coolant conditions in the heat transport system of the 

SCWR. The water molecules were initially placed in a random configuration between the 

surfaces, and the system was allowed to equilibrate for the first 50 ps. The equations of 

motion were integrated using the Verlet algorithm with a 1 fs time step. An NVT ensemble 

was used and the temperature was maintained using the Nose-Hoover thermostat.[23] 

Periodic boundary conditions were employed and the atomic pair interactions were 

calculated using the Lorentz–Berthelot mixing rules, with a spherical cut off radius set at 

half the smallest side cell length. Long-range Coulombic interactions were handled via the 

Ewald Summation method.[18] Intermediate averaging was performed every 1 ps and the 

simulations were allowed to proceed for a total time of 1 ns. The spacing of the surfaces 

remained constant throughout the simulations at about 400 Å, and no collapse of the 

crystalline blocks was detected. The simulations were performed on the Shared Hierarchy 
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Academic Resource Computing Network (SHARCNET), a consortium of Ontario 

universities and colleges operating a network of high performance computer clusters. 

 

4.4 Density Profiles 

The density profiles shown in Figures 4.1 to 4.5, represent the probability of finding 

a specific atom at a given distance in the direction normal to the surface, being computed 

as an average over the last 400 ps of the simulation trajectory. Two density profiles are 

presented for each system.  The first is the region spanning the entire gap from -225 to 225 

Å and the second is an enlarged image of the left side of the gap from -215 to -183 Å.  In 

all of the figures, the oxygen and hydrogen of the waters are shown in red and blue 

respectively with the surface iron, oxygen, and hydrogen, shown in green, orange and cyan 

respectively. It can be seen from these density profiles that for the supercritical systems, 

the probability of water being present nearby the surface is substantially larger than in the 

bulk. Also evident from these figures, is that the majority of the water molecules at the 

surface are within the region up to outwards of about 185 Å from the origin, or 15 Å from 

the surface. The small shoulder in the water oxygen density profile at all temperatures 

studied, at around ±200 Å suggests that a small number of adsorbed water molecules or 

roughly 10 percent, as determined from the integration of the density profile, penetrate 

further into the surface up to a distance of about 2 to 3 Å, overlapping with the surface 

hydroxyl groups and even the iron atoms of the surface.   
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Figure 4.1 a): Atomic density profile of entire 40 nm gap for 567 K, 0.612 g cm-3 system between Fe(OH)2 

surfaces. 

 

 

Figure 4.1 b) Atomic density profile of the left side of 40 nm gap for 567 K, 0.612 g cm-3 system between 

Fe(OH)2 surfaces. 

 

In Figure 4.1 a) and b) for the 567 K 0.612 g cm-3 system, it can be seen that there 

is only a slight maximum in the density profile reaching an atomic density probability near 

the surface of 0.9 for hydrogen and 0.5 for oxygen.  In comparison to the probability 

densities in the water region within the gap, of 0.8 for hydrogen and 0.4 for oxygen, it 
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suggests that at this subcritical state point that there is only a marginally greater probability 

of finding a water molecule near the surface.  As can be seen from comparison with the 

higher temperature states, the higher density 567 K density profiles suggests a more 

uniform distribution of waters throughout the spacing. 

 

Figure 4.2 a): Atomic density profile of entire 40 nm gap for 715 K, 0.093 g cm-3 system between Fe(OH)2 

surfaces. 

 

 

Figure 4.2 b) Atomic density profile of the left side of 40 nm gap for 715 K, 0.093 g cm-3 system between 

Fe(OH)2 surfaces. 
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From Figure 4.2 a) and b) it is clear that when crossing over to the supercritical 

regime, that there is now a significantly greater probability of finding waters near the 

surface compared to the bulk.   The density profile roughly doubles in magnitude near the 

surface, going from around 0.08 to 0.16 for oxygen and from 0.14 to 0.32 for hydrogen. 

The 715 K, 0.093 g cm-3 system showed the largest increase in the atomic density 

probability of all state points examined.  This may be because this was the highest density 

supercritical system studied and the increase in number of molecules corresponds to more 

being found near the surface than in the lower density systems to follow. 

 

 

Figure 4.3 a): Atomic density profile of entire 40 nm gap for 814 K, 0.067 g cm-3 system between Fe(OH)2 

surfaces. 
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Figure 4.3 b): Atomic density profile of the left side of 40 nm gap for 814 K, 0.067 g cm-3 system between 

Fe(OH)2 surfaces. 

 

Figure 4.3 a) and b) show the density profile for the 814 K, 0.067 g cm-3 systems.  

Although the plots show a distinct shoulder at the surface, the relative increase is seen to 

diminish than that seen in the higher density 715 K plot.  In this figure the atomic density 

probability for oxygen increases from 0.05 to 0.08 and for hydrogen increases 0.9 to 

roughly 0.16.  The maximum magnitude of the probabilities reach values approximately 

half of those for the 715 K simulation. 

Two densities of 0.044 and 0.055 g cm-3 were simulated for the high temperature 

913K configuration. Figure 4.4 a) and b) below shows the density profiles for the 0.044 g 

cm-3, and Figure 4.5 a) and b) shows the profile for the 0.055 g cm-3 simulation. In the 

lower density system, water can be seen to penetrate up to 9 Å in to the surface.   This may 

be due to the high temperature, low density water exhibiting more effusive, gas like 

behavior. Both profiles for the high temperature systems show a markedly reduced relative 
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probability density near the surface than the profiles from the lower temperature systems 

of higher density. For both the 0.044 g cm-3  

 

 

Figure 4.4 a): Atomic density profile of entire 40 nm gap for 913 K, 0.044 g cm-3 system between Fe(OH)2 

surfaces. 

 

 

Figure 4.4 b): Atomic density profile of the left side of 40 nm gap for 913 K, 0.044 g cm-3 system between 

Fe(OH)2 surfaces. 
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and 0.055 g cm-3 systems the density profile are once again seen to nearly double at the 

surface but only reach maximums of 0.05 for oxygen and 0.10 for hydrogen.  This is 

about one third the values of 0.14 and 0.32 as seen in the 715 K system for oxygen and 

hydrogen respectively.   

 

 

Figure 4.5 a) Atomic density profile of entire 40 nm gap for 913 K, 0.055 g cm-3 system between Fe(OH)2 

surfaces. 

 

Figure 4.5 b) Atomic density profile of entire left side of 40 nm gap for 913 K, 0.055 g cm-3 system 

between Fe(OH)2 surfaces. 
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4.5 Orientation of the Water Dipole Angle 

The water dipoles in the nearest interfacial region are oriented outwards from the 

surface. Analysis of the peak positions at the maximums of the oxygen and hydrogen 

density profiles of the adsorbed water, as well as at the maximums of the radial distribution 

functions between surface atoms and oxygen and hydrogen atoms of water molecules gives 

a most probable orientation of the dipoles of these interfacial waters. From the atomic 

density probabilities, the distances from the surface hydrogen Hs, to the water oxygen Ow, 

as well as the distance from the surface oxygen Os, to Ow were determined.   For the 715 

K system these were 2.54 and 2.9 Å respectively and for the 913 K higher density systems 

were 2.62 and 2.98 Å. These values were used to construct an obtuse angle triangle and 

using the cosine law with the length of the O-H bond in the water to be 1 Å, the dipoles 

were found to align approximately 50 degrees relative to the normal of the plane of the 

surface at the temperature of 715 K, decreasing to 35 degrees at 913 K, and 0.055 g cm-3.  

 

4.6 Relative Water Densities and Fractional Water Coverage 

Integration of the density profiles yielded the actual surface and bulk water 

densities as well as the actual number of water molecules found at the surface, and the 

results are shown in Table 4.2. To obtain the surface water density, the water oxygen 

density profile was integrated from the innermost edge of the surface at ±200 ˚A to the first 

minimum obtained from the 715 K isotherm which was found to be ±183.6˚ A. This latter 

value was also taken as the integration limit in the higher temperature simulations, due to 

the difficulty in resolving this minimum above 715 K. The bulk water density can be 
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obtained by integrating the rest of the water oxygen distribution, from the minimum to the 

center of the cell.  

 

Table 4.2:  Simulation results showing the bulk and surface water densities, number of adsorbed waters 

and Θ, the number of adsorbed waters per exposed OH group. 

 

 

Temperature 

 

Bulk Water 

Density 

Surface Water 

Density 

Number of H2O 

on Surface Θ 

(K) (g cm-3) (g cm-3)   

          

 

567 0.052 1.129 463 5.72 

715 0.075 0.262 107 1.32 

814 0.055 0.153 63 0.78 

913 0.045 0.094 38 0.47 

913 0.036 0.079 33 0.40 

          

 

 

The number of adsorbed waters per exposed OH group, or the surface coverage, 

was seen to decrease with temperature and was at a maximum of 5.71 for the 567 K, 0.612 

g cm-3 system, as the much greater subcritical density forces more molecules near the 

surface and the lower thermal energies allow for adsorption on to the Fe(OH)2 interface.  

For the lower density supercritical systems a sharp drop in fractional coverage is seen of 

1.31 at 715 K, 0.093 g cm-3, and reached its lowest value of 0.40 for the 913 K system with 

the total water density of 0.044 g cm−3.  
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The relative density increase of the surface water layer with respect to the bulk was 

2.2 for the 567 K simulation and increased to 3.5 in the supercritical system 715 K.  The 

relative density decreased as temperature increased and density decreased to a minimum 

of 2.1 at 913 K for the system with the total water density of 0.055 g cm−3. The results of 

the relative densities are plotted in Figure 4.6. 

 

Figure 4.6:  Relative densities of surface water layer with respect to the bulk. 

 

 

4.7 Kinetics of the Growth of the Surface Layer 

 An analysis of the growth of the surface water layer over time for the 913 K system 

with total water density of 0.044 g cm−3 is provided below. The surface layer density was 

calculated in block averages of 300 configuration step counts over intervals of 100 ps, 
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starting with the initial total water density of 0.044 g cm−3 after 50 ps of equilibration time. 

The results are shown in Figure 4.7. The analysis of the growth kinetics shows a 

logarithmic relationship between the density of the surface layer and time. Results indicate 

that the surface layer establishes itself quickly, with about 90 percent of the surface layer 

accumulating within the first 250 ps of simulation, with the density being relatively 

constant after the first half nanosecond.  

 

 

Figure 4.7:  Growth of surface layer density over time for 913 K, and 0.044 g cm-3 
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4.8 Molecular Configurations 

Figure 4.8 shows typical configurations of water molecules near the surface at 

supercritical water conditions of 715 K and water density of 0.093 g cm−3 and Figure 4.9 

shows that of the subcritical 567 K, 0.612 g cm-3 system. 

 

   

 a)      b) 

Figure 4.8:  Configuration of water mlecules near the Fe(OH)2 surface at 715 K and 0.093 g cm-3.  The 

oxygens of water are shown in red and the hydrogens in violet.  Surface irons are shown in dark blue and 

surface oxygens in yellow.  The surface hydrogens have been ommitted for carity.  Top view a) showing 

localized water clustering and side vew b) showing a layer of water near the surface.  

 

In Figure 4.8 a) the top view of the atomic configuration shows a less uniform 

distribution of waters in contrast to the 567 K configuration in Figure 4.9 a). The 715 K 

configuration shows more localized coordination of water with the adsorption occurring in 

small localized clusters. Figures 4.8 b) and 4.9 b) show the side view of the 715 K and 567 

K systems, respectively. One can notice that in the supercritical system of 715 K and water 
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density of 0.093 g cm−3, the surface layer is separated from the bulk with more waters being 

found near the surface and a low density region of small clusters being present outwards in 

the gap. To confirm these observations, many configurations were inspected along the 

simulated trajectory. Instantaneous water structures look similar to those shown in Figure 

4.8, indicating a non-uniform coverage of the surface. Careful inspection of the generated 

configurations and atomic density profiles reveals that no permanent multilayers are seen 

at the supercritical conditions studied as is often observed in subcritical surface 

systems.[23]  

                                                                                          

a)                                                                                    b) 

Figure 4.9:  Configuration of water mlecules near the Fe(OH)2 surface for 567 K and 0.612 g cm-3.  The 

oxygens of water are shown in red and the hydrogens in violet.  Surface irons are shown in dark blue and 

surface oxygens in yellow.  The surface hydrogens have been ommitted for carity.  Top view a) showing 

more a more uniform water coverage, and side vew b) showing a more uniform distribution of water 

normal to the surface outwards in to the 40 nm gap. 
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Figure 4.9 b) shows a much more uniform distribution of water in a direction 

normal to the surface in to the gap.  This is consistent with the density profile from Figure 

4.1, showing a much smaller peak near the surface, and the relative densities from Figure 

4.6, suggesting that the water at subcritical conditions tends to remain more or less evenly 

distributed throughout the gap, and does not accumulate to any great degree at the water-

Fe(OH)2 interfacial regions. 

As evident in Figure 4.8, the supercritical water at the surface forms clusters with 

higher liquid like densities and regions of low density, gas like water. These results are 

consistent with the conclusions of Guzonas et al.[24], and can be explained by the tendency 

of water molecules to form small clusters, particularly near the ionic crystal surface, as the 

surface charges induce large density fluctuations that decay away from the surface. At 

supercritical conditions, when the dielectric constant of water and the density become small 

enough that they cannot sustain ion transport in the fluid, the gas phase chemical oxidation 

mechanism is thought to dominate in these low density water regions.[24] This would 

suggest that after the oxide/hydroxide layer is formed on the surface of the metal, the 

localized adsorption of the supercritical water would more likely lead to more localized 

pitting corrosion. On the other hand, it may accumulate in crevices of the surface leading 

to more serious, stress corrosion cracking in the water bearing components of the 

supercritical water cooled reactor. 
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4.8.1 Hydrolysis Inside the Fe(OH)2 Surface 

 The molecular configuration of the 913 K 0.044 g cm-3 where a water molecule 

penetrated the Fe(OH)2 surface is shown in Figure 4.10.  The penetration of water in to the 

surface is likely due to a combination of the relaxation of the surface due to thermal energy 

in the high temperature environment, as well as the gas-like effusivity of the low density 

supercritical water.    

 

 

Figure 4.10:  Orthographic view of the side of the 913 K, 0.044 g cm-3 system showing a water molecule 

that has penetrated the Fe(OH)2 surface. 

 

 

This phenomenon has implications when considering the hydrogen production 

levels in supercritical water power plants and other technologies.  Further hydrogen 

production can occur by hydrolysis of the water catalyzed by the metal hydroxide at this 

site.  It was shown by Nahtigal and Svishchev that water splitting can occur in NaCl 

nanoclusters via proton transfer from water to chloride ions, followed by hydrolysis 
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product partitioning. It was shown that the localised electrostatic fields in a NaCl 

nanocluster can reach upwards of 1010 V m-1, which is more than sufficient to hydrolyze 

the water molecule. [25] In this scheme, the proton dissociates from the water molecule 

along the electric field of the water-iron interaction.  The hydroxide group is bound by the 

potential well of the iron, with the electrons coming from the Fe2+, creating the surface 

hydroxide and the newly freed proton combines with other protons and evolves from the 

system as hydrogen gas. 

 

4.9 Conclusions 

 The atomic density profile of the iron hydroxide–supercritical water system shows 

that the majority of the adsorbed water molecules are positioned within a few Angstroms, 

to about 15 Å, from the edge of the iron hydroxide surface. Their dipoles are generally 

oriented away from the surface. The density of water at the surface increases 2.2 to 3.5 

times relative to bulk values depending on temperature and bulk water density. The surface 

water layer establishes itself quickly and reaches some 90 percent of its final density within 

the first 250 ps of simulation. From the images of water configurations, localized clustering 

is seen on the ionic surface at supercritical conditions, forming a higher than bulk density 

adsorption layer with a distinctly non uniform coverage. The presence of the surface 

regions with low and non-uniform water coverage suggests that the gas phase chemical 

oxidation mechanism may dominate in low density supercritical water. The tendency of 

supercritical water to favor ion association implies that the hydroxide/oxide layer would 

be relatively stable, and any further metal oxidation would occur by reaction with oxygen, 
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in localized areas resulting in pitting corrosion. Supercritical water provides new and 

unique challenges [25] in the design of the SCWR and other technologies. More 

simulations with different substrate structures, over wider density ranges and with different 

gap spacing may provide a more comprehensive picture of its behavior in confined spaces 

and how it interacts with different materials. 
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Chapter 5 

Effect of Confinement on the Hydration and Diffusion of Chloride at High 

Temperatures2 

 

5.1 Abstract 

 Molecular Dynamics simulations were conducted of a chloride ion in high 

temperature and supercritical water confined between parallel iron hydroxide surfaces.  

Thermodynamic state points were chosen to model the operating conditions of the 

proposed Supercritical Water Cooled Reactor.  Simulated SPC/E temperatures were 567, 

715, 814 and 913 K with densities ranging from 0.612 to 0.044 g cm-3, and surfaces spaced 

at 10, 20 and 80 Å.  Radial distribution functions, coordination numbers, diffusion 

coefficients, and density profiles across the gap are provided.  Hydration numbers 

increased as the spacing of the surfaces increased and diffusion coefficients were seen to 

be lower than their values for chloride in bulk water.  The chloride was observed to have a 

diffusion coefficient an order of magnitude less than that of water and showed less 

dependence on the spacing of the surfaces.  The effect of confinement on the water structure 

was seen to disappear at 80 Å. 

 

 

 

                                                           
2 Chapter 5 will be submitted for publication in the Journal of Supercritical Fluids. 
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5.2 Introduction 

 Over the past two decades, scientific and engineering interest in supercritical water 

has been growing quickly as new technologies are developed to harness the unique 

properties of water at extreme temperatures and pressures.  Supercritical water holds great 

promise in an ever broadening scope of applications ranging from materials processing, in 

geological applications such as carbon dioxide sequestration and in the destruction of 

hazardous wastes.[1-9]  Supercritical water is the most likely candidate for both neutron 

moderator and heat exchange medium in the proposed GEN-IV Supercritical Water Cooled 

Reactor (SCWR).[10-14] Before such technologies can be utilized, an understanding of the 

complex properties of water, and aqueous solutions involving the nucleation and transport 

properties of corrosive species, such as oxygen, hydroxyl radicals and chloride ions at high 

temperatures, is required in order to develop adequate corrosion control chemistry for the 

SCWR.[15-20]  However there is a lack of experimental data in the literature, particularly 

in the supercritical regime, imposed by the inherent difficulties of obtaining data at these 

extreme temperatures and pressures.   

Much experimental work has been done in measuring the corrosion rates of 

different alloys and ceramic materials in an oxidative supercritical water environment. 

Thus far there is no one novel material is capable of withstanding the corrosive properties 

of such an environment. [21-27]  Stainless steel is one potential candidate for the 

supercritical water bearing components of the GEN-IV SCWR and it is prudent to 

understand the behavior of the Fe(OH)2 layer formed under these conditions. In order to 

minimize the corrosion in the heat transport systems of the currently deployed pressurized 

water reactors (PWRs), oxygen scavenging species such as hydrogen gas and hydrazine 
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are added to the coolant, as well as lithium hydroxide for alkalinity control.[28, 29] The 

formation and accumulation of the hydroxide and oxide layer serves as a corrosion 

inhibiting surface that will protect the stainless steel from further oxidation, inhibiting more 

catastrophic material failure such as stress corrosion cracking. 

The mass transport characteristics of these ions have an important role in diffusion 

limited reaction rates.  The diffusion coefficients of chloride along with their hydrated 

coordination numbers is of relevance as chloride is typically highly corrosive to stainless 

steel.  The behaviour and effect of chloride on the iron hydroxide surface is also of great 

importance and it must be understood if chloride ions will disrupt, or cause a breakdown 

of the corrosion layer at supercritical water conditions.   

Viewed from the atomistic perspective of self-diffusion, molecular dynamics (MD) 

simulations have now become a viable and time effective method for providing detailed 

information of the reaction dynamics of water and solvated species at high temperature and 

supercritical conditions.  The Simple Point Charge-Extended (SPC/E) water model consists 

of rigid bonds and represents the atoms as point charges.  It has been found to accurately 

reproduce physical and thermodynamic properties, including self-diffusion coefficients, 

over a wide range of temperatures and pressures.[30, 31]  The SPC/E model provides 

though the principle of corresponding states, accurate thermodynamic behavior of water, 

particularly at high temperatures and in the supercritical region. [28, 32]  The more recently 

developed Clay Force Field (CLAYFF) force field was used to model the potentials for the 

Fe(OH)2 surface.  CLAYFF has been used successfully to model the interaction energies 

of amorphous solids, oxides, layered hydroxides and interfacial systems.[3, 33] 
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In a previous study we have examined the characteristics of supercritical water 

inside Fe(OH)2 surfaces spaced 40 nm from one another.[34] This represented a large 

crevice in the hydroxide corrosion surfaces produced by the oxidation of stainless steel by 

supercritical water.  Surface layer densities were compared to the region in the gap as well 

as water adsorbed per surface OH group.  Density profiles were provided along with the 

spatial configurations of the water molecules. 

In this study MD simulations have been used to acquire diffusion coefficients, 

hydration numbers and density profiles of an infinitely dilute chloride ion in nanometer 

spaced Fe(OH)2 surfaces at both high temperature, sub-critical water as well as at 

supercritical conditions.    These smaller spacings, of 10, 20 and 80 Å were simulated to 

mimic more minute crevices in the corrosion layer.   

 

5.3 Simulation Details 

Two electrostatically neutral Fe(OH)2 surfaces were created by cleaving the 

equilibrated brucite crystal structure, at 298 K and 1 bar pressure, along the interlayer (001) 

plane and the OH groups were left intact. The simulation cell thus contained two crystalline 

slabs comprised of two Fe(OH)2 sheets each, consisting of a total of 72 Fe atoms and 144 

OH groups per slab, with 36 OH groups, or equivalently, 36 unit cells of the brucite 

structure on each side of the gap exposed to the water. The slabs had the dimensions of 

19.5917 x 16.9669 x 9.2082 Å, with an additional 10, 20 and 80 Å added in the z-direction 

to account for the gaps for each state point.  Table 5.1 shows the temperatures and densities 

simulated along with the spacing of the Fe(OH)2 surfaces and total numbers of waters, Fe 
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and OH on the surfaces.  These state points mimic coolant conditions in the heat transport 

system of the SCWR.   

 

Table 5.1:  Temperatures, densities, surface spacing and numbers of waters, Fe, and OH 

for all state points simulated. 

        

              

 Temperature Density Spacing n H20 n Fe n OH  

 (K) (g cm-3) (Å)     

              

        

 567 0.612 10 67 144 288  

   20 136 144 288  

   80 549 144 288  

        

 715 0.093 10 9 144 288  

   20 19 144 288  

   80 81 144 288  

        

 814 0.067 10 6 144 288  

   20 13 144 288  

   80 58 144 288  

        

 913 0.055 10 4 144 288  

   20 10 144 288  

   80 47 144 288  

        

 913 0.044 10 3 144 288  

   20 8 144 288  

   80 37 144 288  
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The water molecules were initially placed in a random configuration between the 

surfaces, and the system was allowed to equilibrate for the first 50 ps. The equations of 

motion were integrated using the Verlet Leap-Frog algorithm with a 1 fs time step.[35] An 

NVT ensemble was used and the temperature was maintained using the Nose-Hoover 

thermostat.[36] Periodic boundary conditions were employed and the atomic pair 

interactions were calculated using the Lorentz–Berthelot mixing rules, with a spherical cut 

off radius set at half the smallest side cell length. Long-range Coulombic interactions were 

handled via the Ewald Summation method.[35] Intermediate averaging was performed 

every 1 ps and the simulations were allowed to proceed for a total time of 5 ns.  For the 

infinitely dilute, bulk water simulations, 1 chloride and 500 waters were simulated, also 

with a 5 ns trajectory. 

The SPC/E potential used was taken from Berendsen et al. [37], the OH potential 

was taken from Wiener et al. [38], and the CLAYFF force field for Fe was taken from 

Cygen et al. [33]   

The simulations were performed on the Shared Hierarchy Academic Resource 

Computing Network (SHARCNET), a consortium of Ontario universities and colleges 

operating a network of high performance computer clusters. 

 

5.4 Radial Distribution Functions 

 The radial distribution functions for chloride-water and water-water pairs are 

presented in Figure 5.1 a) to d), for both the 567 and 913 K bulk water simulations as well 

as the 567 K, 10 Å and 913 K, 80 Å surface spacing configurations. 
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a)                                                                           b) 

   

c)                                                                                d) 

Figure 5.1:  Radial distribution functions for the simulations at 567 K at 0.612 g cm-3, and 913 K at 0.044 g 

cm-3.  The bulk water simulations are shown as well those with the Fe(OH)2 surface spacing of 10 Å for the 

567 K, 0.612 g cm-3 system, and the 80 Å separation for the 913 K, 0.044 g cm-3  system.  Figure a) shows 

the Cl- - Ow RDFs, b) shows the Cl-- Hw RDFs, c) shows the Ow-Ow RDFs and d) shows those for the Ow-Hw 

distributions. 

 

The radial distribution functions for chloride-water and water-water pairs are presented in 

Figure 1 a) to d), for both the 567 and 913 K bulk water simulations as well as the 567 K, 

10 Å and 913 K, 80 Å surface spacing configurations. 

 In Figure 5.1 a), the radial distribution functions (RDF) for the bulk water Cl--Ow 

for 567 and 913 K show the first coordinated shell of water molecules to lie within a 

distance of 3 to 3.75 and 3 to 4.3 Å respectively.  The first peak corresponding to the highest 
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probability to find the oxygen of the neighbouring water is observed at around 3.25 Å 

which remained relatively constant for all systems.  It can be seen from the Cl--Ow RDF for 

the 567 K systems that the peak height increases when the water is confined between the 

Fe(OH)2 surfaces spaced at 10 Å apart.  Both RDF’s for the bulk and 80 Å surface spacing 

are identical, suggesting there is little effect when the gap size reaches this distance. There 

is no appreciable ordering of waters beyond this distance as the curves are flat beyond this 

range.  For the Cl--Hw pair distributions shown in Figure 5.1 b), a distinct maximum 

corresponding to hydrogen bonded waters, is observed at around 2.3 Å that was observed 

in all of the systems, both bulk and confined.  A second, less pronounced peak in 

probability is observed outwards to around 3.75 Å, which suggests a second coordination 

shell of hydrogen bonded waters.  Beyond this second shell, the RDF falls off steadily with 

no indication of any ordering at distances greater than 4.75 Å.  There is essentially no 

change seen in the Cl--Hw RDF’s when moving from the bulk systems to those confined 

between the Fe(OH)2. 

 From the Ow-Ow RDF’s in Figure 5.1c), the coordination shell around water lies at 

a distance 2.5 to 3.5 Å. The peak is located at 2.75 Å with no significant ordering beyond 

this fist coordination shell. As seen in the figure, the magnitude of the first peak increases 

when the system is confined, showing a large change when going from the 567 K bulk to 

the systems with 10 Å of surface separation. There is only a slight increase in the 913 K 

systems, indicating that again, at a spacing of 80 Å, the water-water hydration is 

approximately identical to that of bulk water.   

The plot of the Ow-Hw RDF in Figure 5.1 d) shows a sharp, pronounced peak 

indicating distinct hydrogen bonding for the 567 K confined system.  This feature is 
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significantly less pronounced in the bulk 567 K system, suggesting that the confinement to 

a 10 Å region has an effect on the structuring of the water molecules within the gap.  This 

feature falls off at high temperature as expected, as the thermal energy of the molecules is 

too great for extensive hydrogen bonding.  A second hydration shell is suggested due to 

the second peak at around 3.5 Å, most evident in the 567 K system confined to 10 Å.  The 

second peak becomes less distinct in the 913 K systems and is more evident although less 

intense for the unconfined 567 K simulation.  Here again, the structure of the water 

hydration at 913 K with an 80 Å spacing is similar to the bulk behaviour. 

 These results suggest that confinement has little effect on the number of hydrogen 

bonds between chloride and water relative to the bulk systems, evident from the Cl--Hw 

RDFs.  For the subcritical system with a small gap size of 10 Å, an increase can be seen in 

the Cl--Ow, Ow-Ow,  and Ow-Hw RDF’s over those of the bulk simulations.  There is little 

change in the RDFs for the 913 K system between the bulk and 80 Å results, indicating 

that at this spacing, the confinement has little effect on the water structure. 

  

5.5 Hydration 

The numbers of hydrated water molecules around the chloride ion and the water for all 

Fe(OH)2 configurations studied are presented in Table 5.2.  For the subcritical system, the 

radial distribution functions for the chloride-water oxygen pairs shown in Figure 5.1 a) 

were integrated up to 4.3 Å.  Above these temperatures at SCW conditions, the minima 

were not clearly resolved but the hydration shell expanded out to about 5 Å, and hence this 

integration limit was used for the integration of all high temperature systems.  The chloride-
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hydrogen bond lengths shown in Figure 5.1 b) were observed to be almost constant at 

around 2.25 Å around the chloride.  The oxygen-hydrogen RDF in Figure 5.1 d) was 

integrated to the first minimum at 2.42 for 567 K and this distance decreased to 2.26 Å for 

the high temperature systems at SCW conditions.  These distances to the first minimum 

represent the extent of the hydration shell to the first nearest neighbours. 

 The numbers of coordinated waters changes from around 7.7 at the subcritical 

condition of 567 K and 0.612 g cm-3, 80 Å spacing , and drops to as low as 1.5 for the 10 

Å spaced system of 913 K and lowest simulated density of 0.044 g cm-3.  These results for 

the lowest temperature  
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Table 5.2: Hydration numbers for chloride and water in all simulated Fe(OH)2 systems.  

nH2O were obtained by integrating the Cl-O and O-O radial distribution functions and the 

number of hydrogen bonds were obtained by integrating the Cl-H and O-H radial 

distribution functions. 

 

 

 

     

    

 

              

 Temperature Density Spacing n H20  n H-Bonds n H20  n H-Bonds  

 (K) (g cm-3) (Å) Cl--Ow Cl--Hw Ow-Ow Ow-Hw  

                

         

 567 0.612 10 7.3 ± 1.5 5.3 ± 1.1 5.8 ± 1.2 3.1 ± 0.6  

   20 7.7 ± 1.5 5.6 ± 1.1 5.7 ± 1.1 3.2 ± 0.6  

   80 7.7 ± 1.5 5.8 ± 1.2 5.5 ±1.1 3.2 ± 0.6  

         

 715 0.093 10 4.2 ± 0.8 2.8 ± 0.6 1.8 ± 0.4 2.2 ± 0.4  

   20 5.0 ± 1.0 3.2 ± 0.6 2.0 ± 0.4 2.3 ± 0.5  

   80 6.0 ± 1.2 3.9 ± 0.8 2.4 ± 0.5 2.3 ± 0.5  

         

 814 0.067 10 2.9 ± 0.6 2.0 ± 0.4 1.2 ± 0.2 2.1 ± 0.4  

   20 3.7 ± 0.7 2.4 ± 0.5 1.4 ± 0.3 2.1 ± 0.4  

   80 4.9 ± 1.0 2.9 ± 0.6 1.5 ± 0.3 2.2 ± 0.4  

         

 913 0.055 10 2.0 ± 0.4 1.4 ± 0.3 0.8 ± 0.2 2.1 ± 0.4  

   20 2.7 ± 0.5 1.8 ± 0.4 1.0 ± 0.2 2.1 ± 0.4  

   80 3.8 ± 0.8 2.2 ± 0.4 1.2 ± 0.2 2.1 ± 0.4  

         

 913 0.044 10 1.5 ± 0.3 1.0 ± 0.2 0.6 ± 0.1 2.0 ± 0.4  

   20 2.3 ± 0.5 1.5 ± 0.3 0.8 ± 0.2 2.1 ± 0.4  

   80 3.3 ± 0.7 2.0 ± 0.4 0.9 ± 0.2 2.1 ± 0.4  

                

         

 

567 K system are in fairly good agreement with the results of Kubo et al., who simulated 

chloride in bulk water using various water models.[39]  Kubo’s results for a 673 K, 0.612 

g cm-3 system were 8.3 for SPC/E water and 8.1 using the TIP4P model.   
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 Coordination number was seen to decrease with increasing temperature and 

decreasing density and was seen to increase slightly for each system as the size of the gap 

was increased.  Although the change in coordinated waters as gap size increased is small 

for the 567 K system, increasing from 7.3 to 7.7, the change becomes more pronounced in 

the supercritical state.  This is most evident in the 913 K, 0.044 g cm-3 system, where the 

total number of waters more than doubles from 1.5 for 10 Å, to 3.3 for the 80 Å spacing. 

 Similarly, the number of hydrogen bonded waters around the chloride decreases 

with temperature as expected since the thermal energies of the molecules are too great to 

support extensive networking of the molecules.  Chloride was seen to accept slightly over 

5 hydrogen bonds in the 567 K system confined to 10 Å of surface separation, with this 

number decreasing as temperature increased, and increasing with density.  At the high 

temperature low density state of 913 K, 0.044 g cm-3, the chloride only accepts 1 and 2 

hydrogen bonds in the 10 and 80 Å spacing respectively.  However the numbers of 

hydrogen bonds around the water molecules stayed almost constant in the supercritical 

confined systems, with a value of 2.2 for 715 K and 2.1 for both densities at 913 K.  

For comparison to the values of chloride ions in bulk water, the coordination 

numbers from an additional set of simulations of an infinitely dilute chloride - water are 

provided in Table 5.4.   
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Table 5.3: Coordination numbers for both water and Cl- in an infinitely dilute solution. 

 

 
    

   

              

 Temperature Density n H20  n H-Bonds n H2O n H-Bonds  

 (K) (g cm-3) Cl--Ow Cl--Hw Ow-Ow Ow-Hw  

              

        

 567 0.612 7.5 ± 1.5 5.8 ± 1.2 5.4 ± 1.1 3.2 ± 0.6  

 715 0.093 6.9 ± 1.4 4.3 ± 0.9 2.4 ± 0.5 2.3 ± 0.5   

 814 0.067 5.6 ± 1.1 3.5 ± 0.7 1.5 ± 0.3 2.2 ± 0.4  

 913 0.055 4.9 ± 1.0 3.0 ± 0.6 1.2 ± 0.2 2.1 ± 0.4  

 913 0.044 4.7 ± 0.9 2.7 ± 0.5 1.0 ± 0.2 2.1 ± 0.4  

              

        

 

 

The values are similar for the 567 K system with those of bulk water but at higher 

temperature conditions the coordination numbers and H-bond numbers of water in the 

Fe(OH)2 gap are significantly lower than those in a non-confined system.   

 In summary, the separation distance of the Fe(OH)2 surfaces had little effect 

on the coordination of water around the chloride at 567 K and 0.612 g cm-3.  Coordination 

of water around chloride remained consistent in all systems studied and had results similar 

to bulk water having between 7 and 8 coordinated waters.  This can be attributed to the 

much greater density of these systems creating a much more uniform solvent medium 

where the close proximity of many waters allows more extensive solvation of the chloride.  

Similar results were observed with water-water coordination, with all 567 K systems 

having between 5 and 6 solvated waters, similar to the bulk water simulations. 
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The separation distances of the surfaces had a more dramatic effect on solvation in 

the high temperature simulations, with the number of waters around the chloride 

approximately doubling as the surface separation increased from 10 to 80 Å.  The 

maximum coordination of water around the chloride at 80 Å of separation were close to 

but slightly less than the bulk values.    The water-water coordination was seen to increase 

by only 50 percent as the separation ranged from 10 to 80 Å, with the maximum 

coordination at 80 Å being identical to that seen in the bulk systems.  These results suggest 

that at lower gas-like densities, confinement reduces the number of waters coordinated 

around the chloride due to the small number of waters being forced in to a pseudo-

structured arrangement evident in the density profiles shown in Figures 5.2 a) and c) below.  

 

5.6 Density Profiles 

 Figure 5.2 a) and b) show the density profiles for the 567 K, with 10 and 80 Å of 

surface separation respectively. Figure 5.2 c) and d) show the density profiles for the 913 

K, 0.044 g cm-3 system at 10 and 20 Å separated systems respectively.  Figure 5.2 e) shows 

the 913 K, 0.055 g cm-3 system with the 80 Å spacing.  These plots represent the probability 

of finding a hydrogen or oxygen of water at a particular position across the gap fromed by 

the Fe(OH)2 surfaces.                                                                                      

 Clearly visible in Figure 5.2 a) and c), is distinct ordering of the water molecules 

between the surfaces, as evident form the peaks in the density profiles.  The most prominent 

peaks are present at the edge of the gaps near the surfaces with a less pronounced peak in 

the middle of the 10 Å gap.  In the subcritical system, the atomic density probability for 
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oxygen, shown in red, of around 0.40 at a distance of roughly 1 Å from the surface.  Just 

beyond this peak, there is a  

                     
a)                                                                                        b) 

                

c)                                                                                      d) 

e)   

 

minimum of 0.15, at 2.5 Å outward from each surface.  Between the two minima, a small 

maximum can be seen with a magnitude of roughly 0.18, which is just greater than that of 

the minimum of 0.15.  The atomic density probability of hydrogen, shown in blue, shows 

Figure 5.2: a) Density profile for the 567 K, 10 Å 

system, and b) for the 567 K, 80 A system, c) shows 

the 913 K, 0.044 g cm-3 10 Å system, d) shows the 913 

K, 0.044g cm-3 20 Å system, and e) shows the 913 K, 

0.055 gcm-3 80 Å system.   Surface irons are shown in 

green, surface oxygen in orange, surface hydrogens in 

cyan.  The Cl- ion is shown in black and the water 

oxygen in red and water hydrogens in blue. 
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a small peak of 0.25 just overlapping the surface, indicating that one of the hydrogens of 

the water is oriented downwards toward the surface and is likely hydrogen bound to the 

oxygen of the surface hydroxide group.  This result for the 10 Å  spacing is opposite to the 

results of our previous study which showed that for a much larger 400 Å separation, the 

water dipole was found to point away from the surface.[34]  The second peak for the other 

hydrogen occurs at 1.5 Å from the surface, and has a much greater magnitude of 

approximately 0.55.  Again, a minimum is seen outwards from the surface after this second 

peak and a small maximum is present in the centre of the gap region.  A similar ordering 

of the water molecules is also present in the 10 Å, high temperature 913 K system seen in 

Figure 5.2 c).   

 These peaks in the density profiles are most pronounced in the subcritical 

simulations and are diminished somewhat in the 913 K simulation.  Figure 5.2 b) and e) 

show the larger 80 Å gap and it is clear from the figure that the water in the middle region 

shows a uniform, bulk like configuration, with a higher probability of finding a water near 

the Fe(OH)2 surfaces.  As can be seen in Figures 5.2 a) to e), a small surface separation of 

10 Å imposes a confining effect on the water molecules, that results in ordering of the 

waters in the gap region.  This structuring disappears when the separation reaches 80 Å, 

and can be seen to be absent with as little as of 20 Å, of separation as seen in Figure 5.2 d).  

In all 10, 20 and 80 Å of surface separation studied water is most likely to be found near 

the surfaces as evident in the probability densities of the peaks near the surfaces being over 

twice those of the water in the centre of the gap region.  

 The probability of finding the chloride is shown in black.  In the subcritical, 567 K 

systems, the chloride had a uniform probability of being located anywhere within the centre 
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of the gap, and this was seen in both the 10 and 80 Å configurations.  For the 567 K with 

80 Å of separation, the magnitude of the chloride peak is too low to see in Figure 5.2 b) 

indicating that the chloride is delocalized at these conditions.  In the high temperature 

systems, the chloride was found to have a most probable position near the surfaces, almost 

overlapping with the water density maximums. Figure 5.2 c) shows a maximum for the 

chloride of 0.14 for the 913 K, 10 Å spacing for the 0.044 g cm-3 water density.  In the 20 

Å spacing, shown in Figure 5.2 d), the maxima are again observed near the surface but the 

probability diminishes to 0.12.  For the 913 K, 0.055 g cm-3, with 80 Å of separation shown 

in Figure 5.2 e), the chloride peaks are also found near the surface with their intensity 

further diminished to 0.10.  In all of Figures 5.2 c) to e) the chloride is most likely oriented 

from 1 to 2 Å from the surface, for 10 Å and 80 Å respectively. 

 From the density profiles, it is clear that structural ordering of the water occurs in 

the 10 Å gaps with the water dipole being oriented towards the surface and a small number 

of waters being positioned in the centre of the gap.  This ordering disappears with as little 

as 20 Å of separation and all systems have a greater probability of water being present near 

the surface implying that water density is greatest on the surfaces, resulting in the 

accumulation of a one molecule thick adsorption layer on the iron hydroxide-water 

interface.  At supercritical water conditions, the chloride is seen to favour staying near the 

surface which may be explained by the ion being hydrated in this region due to the 

increased water density near the surface.   
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5.7 Diffusion Coefficients 

 The diffusion coefficients for chloride and water in the Fe(OH)2 systems were 

calculated from the velocity autocorrelation functions and are presented in Figure 5.3.  

These diffusion coefficients have an estimated uncertainty of 15% for chloride and 5% for 

water.   The diffusion coefficients for chloride in bulk water are also included for 

comparison.  The chloride in bulk  

 

Figure 5.3:  Diffusion coefficients for chloride in the 10, 20 and 80 Å Fe(OH)2 surface spacing. 
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water shows the largest diffusion coefficient of 6.34 x 10-8 m2 s-1for the 0.044 g cm-3 system 

at 913 K.  For the supercritical temperatures and densities, diffusion of chloride is highest 

in the 10 Å spacing and lowest in the 80 Å spacing.  This can in part be attribute to the 

chloride ion having a larger hydration shell at large spacing, thereby decreasing the 

diffusion coefficient as the chloride drags more water with it as spacing increases.  Other 

factors influencing this behaviour of chloride diffusion can be explained by the density 

profiles shown in Figures 5.2.  For chloride in the high temperature simulations, the 

chloride is shown to have a most probable position next to the surface on the inside of the 

gap.  In the small, 10 Å gap, the chloride is attracted more or less equally by the positive 

charges on the hydrogens of the surface hydroxide groups, and hence the chloride is most 

likely to remain in the centre region of the gap.  As the spacing is increased, the chloride 

is attracted to the surface hydroxide groups of one side of the gap or the other, and is most 

likely to be found at a surface site.  This results in the ion having the most mobility in the 

smaller gap region as it is free to move back and forth, remaining in motion as it remains 

more or less in the centre of the gap.  In the larger gap regions of 20 and 80 Å systems, 

once the chloride has migrated far enough away from one surface, the attraction of the 

furthest surfaces diminishes and the chloride moves toward the nearer surface, eventually 

arriving at a surface site, indicated by the sharp increase in the atomic density probability 

just inside the Fe(OH)2 slab.  Additionally, the tendency of the chloride ion to carry a 

solvation shell contributes to this decrease in diffusion as more waters are available near 

the surface, effectively trapping the ion and limiting its motion.  In the case of the 

subcritical 567 K configuration, the opposite trend is observed with the diffusion 

coefficient of chloride increasing as the spacing increased.  This is likely due to the 
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tendency of the subcritical water to have only a marginal increase in surface water layer 

density, as well as the delocalization of the chlorides position, evident in the uniform 

atomic density probabilities of the 567 K systems.  The contribution of these factors results 

in chloride diffusion decreasing as gap size increases for the supercritical systems, and 

decreasing with gap size in the subcritical simulation.   

 As expected, in all systems studied, the diffusion coefficients increased as density 

decreased.  In the subcritical state, the diffusion can be attributed to both dielectric as well 

as viscous friction.  However in the high temperature states, the dielectric constant of water 

decreases dramatically and hence the main hindrance on diffusion is the contribution of 

viscous friction, which decreases with decreasing density, hence the dramatic increase in 

the diffusion coefficient.[39] 



84 
 

 

Figure 5.4:  Diffusion coefficients for water in the 10, 20 and 80 Å Fe(OH)2 surface spacing. 

 

The diffusion coefficients for water in the Fe(OH)2 systems are shown in Figure 5.4.  Water 

shows a clearer trend towards higher diffusion as density decreases due a significantly less 

number of coordinated waters as temperature increased.  For the 913 K, 0.055 cm-3 

Fe(OH)2 systems, the coordinated waters around the chloride ranged from 1.5 at 10 Å to 

3.3 at 80 Å of separation, meanwhile the coordination number around water ranged from 

0.6 to 0.9 at the same conditions.  Because the coordination around the chloride changes 

more as spacing is increased, this may result in contributions from both solvation shell size 

and friction forces of the solvent that produces less varied values for the diffusion 
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coefficients of chloride shown in Figure 5.3, for each 10, 20 or 80 Å of surface separation.    

Since the coordination around water remains much less varied in the high temperature 

systems, the effect of spacing is more pronounced as the mean free path of the hydrated 

water is affected less by the size of the hydration shell and more by the influences of the 

confining surfaces, resulting in an increase in diffusion as the spacing increases.   

 

5.8 Molecular Configurations 

 Figure 5.5 shows snapshots of the molecular positions at the end of the 5000 ps of 

simulation.  Figure 5.5 a) shows the simulation at 567 K with 10 Å of surface separation, 

b) shows that of 814 K at 20 Å of separation, and c) shows that of the 913 K simulation of 

0.055 g cm-3 and 80 Å of separation. 

                          In all cases studied, the chloride ion diffused to a final position near the 

hydroxide surface.  It can be seen in the figures that a small number of hydrated waters 

around the chloride are carried by the ion to the surface.  This migration of water along 

with the chloride has implications on corrosion as the chloride can arrive to a surface site 

and hold its hydration shell in place near the surface.  Chloride and water can accumulate 

in the crevices of the Fe(OH)2 surface layer, contributing to the corrosive environment of 

narrow crevices in the material. 
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a)                                                      b)                                              c) 

Figure 5.5: Final molecular positions showing the final locations of the chloride ion near the Fe(OH)2 

surface.  Surface irons are shown in red, and surface oxygen in white.  Surface hydrogens have been 

omitted for clarity.  Water oxygens are shown in blue and water hydrogens in grey.  a) 567 K and 10 Å 

spacing. b) 814K and 20 Å spacing, and c) 913K at 0.055 g cm-3 and 80 Å spacing.  c) has been cropped to 

show the section of the simulation cell that contains the chloride. 

 

5.9 Conclusions 

 Classical MD simulations of a chloride ion in high temperature and supercritical 

water were conducted in an infinitely dilute system as well as between Fe(OH)2 surfaces 

spaced 10, 20 and 80 Å apart.  From the RDF’s it was observed that the small spacing of 

10 Å had a confining effect on the structure of the water that was seen to disappear at the 

larger 80 Å spacing.  Hydration was seen to increase with spacing size but diminished as 

density decreased and temperature increased.  The number of hydrogen bonded waters 

around the chloride remained relatively constant for all 3 surface separations at each state 
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point.  The size of the gap had little effect on the diffusion of the chloride ion but affected 

that of the water.  For water, the largest diffusion coefficient was seen in the 80 Å systems 

and for chloride in the 10 Å systems.  In both cases the diffusion coefficients in the confined 

systems were less than those in the bulk simulations.   Density profiles show that there is 

some ordering of the water in the 10 Å spacing and that this ordering is lost with the water 

approaching a bulk configuration in the larger 80 Å systems.  Molecular configurations 

show that the chloride ion diffused to near the surface and carries with it a small number 

of hydrated waters. 
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Chapter 6 

Hydration and Diffusion of Hydrazine in Liquid and Supercritical Water3 

 

6.1 Abstract 

The diffusion properties and hydration structure of hydrazine in an aqueous solution 

are investigated through molecular dynamics simulations and split-flow pulse injection 

experiments. The simulations are performed from ambient conditions along the liquid side 

of the liquid-vapor coexistence curve, up to the critical point, and in the supercritical region 

at temperatures of 673, 773, 873, and 973 K and at densities ranging from 0.1 to 0.8 g cm−3. 

The spatial distributions functions for hydrated water are presented. At ambient conditions, 

hydrazine is hydrated by 24 water molecules with about 1.6 H-bonds being donated to each 

nitrogen atom. The hydration number decreases with temperature along the coexistence 

curve and is seen to increase with system density in the supercritical region. At low density 

supercritical conditions, hydrazine has no appreciable hydration structure and is 

surrounded by only 2 water molecules at 873 K and 0.1 g cm−3. The diffusion coefficients 

for hydrazine at subcritical state conditions are found to be in agreement with Stokes-

Einstein and Wilke-Chang predictions. The diffusion coefficients in the supercritical 

region are found to correlate more closely with the overall fit to the Dymond equation. 

 

                                                           
3 Dimitrios T. Kallikragas, Kashif I. Choudhry, Andriy Y. Plugatyr, and Igor M. Svishchev., Diffusivity 

and hydration of hydrazine in liquid and supercritical water through molecular dynamics simulations and 

split-flow pulse injection experiments.  J. Chem. Phys. 139, 134507 (2013) 
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6.2 Introduction 

Over the recent years much interest has been invested in the properties of high 

temperature and supercritical water. The thermodynamics, hydration, and transport 

properties of aqueous systems at these conditions are of importance for a variety of 

applications ranging from power generation to hazardous waste recycling and materials 

processing.[1-6] Supercritical water holds promise as the thermodynamically favorable 

medium as both neutron moderator and heat transfer fluid in the GEN-IV supercritical 

water cooled nuclear reactor (SCWR). The lack of cavitation in the homogeneous 

supercritical phase provides the advantages of increased thermal efficiency and simpler 

design. This paper focuses on the diffusivity and hydration structure of hydrazine, at 

ambient and supercritical water conditions. Hydrazine (N2H4) is a strong reducing agent, 

currently used both in thermal and nuclear power plants because of its ability to eliminate 

dissolved oxygen and protect structural materials against corrosion. Hydrazine is a likely 

candidate as an anticorrosion additive for the prospective SCWR, as its oxygen scavenging 

properties maintain a redox potential at a level that forms stable passivating oxide films. 

As it is very toxic and unstable, very little is currently known about its diffusivity and 

solvation behavior at conditions near and above the critical point of water.  

The diffusivity of solutes at high temperatures is increased by the loss of any 

extended H-bonding structure in water solvent. The loss of the hydration structure impacts 

the reaction kinetics as the number of collisions decreases in low density supercritical 

water. From a chemical perspective, the diffusion coefficients of the reactive species are 

needed for an estimation of the diffusion controlled limit of the reaction rates, for instance 

in predicting the rate of scavenging dissolved oxygen. The experimental difficulties of 
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obtaining kinetic data at high temperatures and pressures have traditionally imposed 

limitations on what can be ascertained regarding diffusivity of species in these extreme 

conditions. Viewed from this perspective, molecular dynamics simulations have now 

become a viable and time effective method for providing detailed information of the 

reaction dynamics of water and solvated species at high temperature and supercritical 

conditions.  

In addition to diffusion properties, this study examines the hydration structure of 

hydrazine along both the coexistence curve, and in the supercritical region of an infinitely 

dilute aqueous solution. Hydrazine’s small dipole moment leaves less propensity for 

extensive H-bonding and it is seen in this study that there is a lack of distinct H-bonding 

around the hydrazine molecule, as compared with other NH2 containing species. Although 

there is significant hydration at ambient temperatures this is seen to deteriorate with 

increasing temperatures, particularly at low solvent densities. This behavior indicates that 

hydrazine has neither wholly hydrophilic nor hydrophobic properties and its behavior in 

this respect is dependent on the conditions in which it is situated. Several works have been 

published on the properties of aqueous amine solutions with the results indicating that at 

ambient temperatures the amino group has a greater propensity to accept H-bonds rather 

than act as an H-bond donor.[7-14] 

The main goal of this chapter is to ascertain through classical molecular dynamics 

simulations (MD), the diffusive properties and hydration structure of hydrazine in the 

experimentally limited regions of vapor-liquid coexistence at near critical conditions, as 

well as in the extreme supercritical environment. We have also supported our simulations 

with an experimental study of the diffusion coefficients by applying the ex situ flow 
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injection methodology using the recently developed split-flow Taylor dispersion 

technique.[15] The literature values for the diffusion coefficients of hydrazine are scarce 

and there is a wide variation in values of over an order of magnitude.[16, 17] Although this 

dispersion technique experiment was not conducted by the author, the results are presented 

in this chapter to provide a comparison as well as validation of our simulated results, as 

well as validation of previous measurements of the self-diffusion of hydrazine.  

 

6.3 Simulation Details 

 

The simple point charge extended (SPC/E) model of water[18] was used as it 

presents an accurate pair potential for aqueous solutions ranging from the ambient liquid 

to the supercritical phase. The molecular model represents the water as having rigid bonds 

of fixed length with the atomic charge sites being considered as point charges. The SPC/E 

model is in close agreement with the experimental properties of real water and is well suited 

for simulations at high temperatures. The model is also in agreement with experimental 

vapor-liquid coexistence properties.[19-26] Although there has been some discrepancy in 

earlier studies as to the values of critical point parameters provided by the SPC/E 

formulation, recent detailed analysis places the critical point for the SPC/E water at 640 K 

and 0.28 g cm−3.[26] The value of the static dielectric constant of the SPC/E water at its 

critical point was calculated to be 5.35,[26] which compares remarkably well with the 

corresponding experimental value of 5.36. 

The point charge intermolecular interaction potential for hydrazine was taken from 

Gutowski, Gurkan, and Maginn.[27] Here the CHELPG (CHarges from ELectrostatic 

Potentials using a Grid based method) procedure has been used to determine the force field 
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parameters. This method of assigning intermolecular point charges and the corresponding 

force field produces excellent results when used to calculate thermodynamic and dynamic 

properties, including liquid densities, heats of vaporization, vapor–liquid coexistence 

curves, vapor pressures, heat capacities, self-diffusion coefficients, and rotational 

relaxation times.[27] We have employed Berthelot mixing rules to construct water-

hydrazine Lenard-Jones force fields. 

For the MD simulation, a NVT ensemble was used with constant numbers of 503 

waters and 1 hydrazine molecule. Volume was held constant by using periodic boundary 

conditions of fixed cell length and temperature was held constant via a Gaussian thermostat 

method. Simulations were run along the liquid side of the coexistence line at 298, 323, 373, 

423, 473, 523, 573, and 623 K at coexistence densities ranging from 1.0 for ambient to 

0.47 g cm−3 for the near critical state of SPC/E water at 623 K. In the supercritical region, 

simulations were performed at 673, 773, 873, and 973 K at densities fixed at 0.1, 0.2, 0.3, 

0.4, 0.5, 0.6, and 0.8 g cm−3, for each temperature. Simulations were done to include the 

extreme supercritical temperatures and density of 0.8 g cm−3 for the sake of thoroughness 

albeit these conditions may not be physically plausible.  

The equations of motion were integrated using the fourth-order Gear algorithm, and 

the rotational equations of motion were represented by quaternions. Periodic boundary 

conditions were used and the long range Coulomb forces were evaluated by Ewald 

summation. The cut off distance for the shorter range Lennard-Jones potentials was set at 

half the periodic cell length. Configurations were calculated with 1 fs time steps, with data 

being outputted every 1000 steps. For the coexistence data, the simulation length was set 

at 2 ns, and for the supercritical, simulations were run for 5 ns owing to the poor 
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convergence of the autocorrelation functions. Data were recorded after the first 50 000 

steps, which were allowed to proceed in order for the system to reach equilibrium. The 

diffusion coefficients were obtained from the translational autocorrelation functions. Based 

on the analysis of the convergence of the translational autocorrelation functions, the 

uncertainty of the simulated diffusion coefficients for hydrazine can be estimated to be 

around 15%. The simulations were performed on the SHARCNET computing network.[28] 

Radial distribution functions (RDFs) were used to determine coordination numbers 

of waters and hydrogen bonds around different atomic sites of the hydrazine, and spatial 

distribution (SDFs) functions were employed to obtain and visualize the overall three-

dimensional hydration structure relative to the centre of the hydrazine molecule. The SDF, 

G(r,Ω), gives the normalized probability of finding a water molecule at both a distance r 

from the centre of the hydrazine and also provides the angular direction Ω(θ,Φ), where θ 

and Φ represent Euler angles, at which a molecule is situated.[29] 

 

6.4 Radial and Spatial Distribution Functions 

The spatial structure of water around the hydrazine molecule at ambient coexistence 

conditions is shown in Figure 6.1. The size of the shown pair-density regions is seen to 

decrease as the temperature of the system is increased (at a given value of the pair-density), 

indicating that the likelihood of finding solvated water at these locations diminishes as the 

thermal motion disrupts the local structure. As one might expect, the 3D maps indicate that 

the most probable orientations for the water are around the nitrogen atom of the hydrazine 

due to a nitrogen-hydrogen attraction, and around the hydrogen atoms of the hydrazine, 
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due to a hydrogen-oxygen attraction. The hydration of hydrazine at temperature of 873 K 

and density of 0.5 g cm−3 is shown in Figure 6.2.   

 

 

                                                         

 

 

 

 

 

 

Figure 6.1:  SDF of water around the 

center of the hydrazine molecule at 298 

K and 1.0 g cm−3. The relative 

probabilities of the plotted regions 

showing the locations of the oxygen 

(red) and hydrogen (blue) atoms of the 

water are GO(r,Ω) = 2.0 and GH(r,Ω) = 

2.5, respectively. (a) Front view along 

the N–N bond and (b) side view. 

Figure 6.2: SDF of water around the 

centre of the hydrazine molecule at 873 

K and 0.5 g cm−3. The relative 

probabilities of the plotted regions 

showing the locations of the oxygen 

(red) and hydrogen (blue) atoms of the 

water are GO(r,Ω) = 2.0 and GH(r,Ω) = 

2.25, respectively. (a) Front view along 

the N–N bond and (b) side view. 
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We have performed an integration of the nitrogen (hydrazine) – oxygen (water) and 

nitrogen (hydrazine) – hydrogen (water) pair-density distributions, to estimate the number 

of hydrated water molecules around each –NH2 group and the number of accepting 

hydrogen bonds, respectively. We also computed the centre of molecule (centre of N–N 

bond)–oxygen (water) distributions. The later distribution is used to estimate the total 

number of hydrated water around hydrazine, as viewed from a centre of molecule. The 

representative RDFs are shown in Figure 6.3.  

The RDFs from the centre of the hydrazine molecule had a first nonzero value for 

oxygen pair-density located at 0.245 nm, virtually coinciding with the first minimum of 

the centre of molecule–hydrogen (water) pair-density. The first maximum of the centre of 

molecule–hydrogen (water) pair-density reflects hydrogen bonded water to nitrogen atoms 

of hydrazine. This value of 0.245 nm was found to be constant for all conditions simulated. 

We assume that the boundary of solvation lies on average at a minimum distance of 0.245 

nm from the centre of the molecule. This hydrodynamic radius of 0.245 nm was employed 

in the Stokes-Einstein calculations of the diffusion coefficient. 

 

 

 

 

 

 



99 
 

                          

      a)                                                                                      b) 

                          

     c)                                                                        d) 

  e) 

 

 

6.5 Coordination Numbers 

The RDFs were integrated to the first minimum value to calculate the coordination 

and H-bond numbers which can be found in Tables 6.1 and 6.2. At ambient conditions, 

there are on average 23.9 water molecules surrounding the hydrazine. There is a distinct 

minimum in the hydrazine to the hydrogen (water) RDF observed at 298 K at 0.25 nm, 

which suggests a distinct hydrogen bonded water as seen in Figure 6.3(a). Although the 

hydrogens of the waters arrange themselves around the hydrogen-bond accepting nitrogens 

of the hydrazine, there are only 1.6 H-bonds formed around each amino group at these 

 

Figure 6.3: RDFs from the centre of the 

hydrazine molecule to the oxygen (red) and to 

the hydrogen (blue) atoms of water, and RDF 

from the nitrogen of the hydrazine molecule to 

the oxygen (orange dashed) atoms of water at 

(a) 298 K and 1.0 g cm−3, (b) 623 K and 0.47 g 

cm−3, (c) 873 K and 0.1 g cm−3, (d) 873 K and 

0.5 g cm−3, and (e) 873 K and 0.8 g cm−3. 
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conditions. This minimum smoothes out as temperature is increased and at the high 

temperature supercritical conditions the minimum becomes barely discernible indicating 

that above the critical point, the thermal energy of the waters is too great for them to be 

held in place by a rigid H-bonded, N–H attraction. As temperature is increased, the first 

minimum of the hydrazine to oxygen RDF becomes less resolvable as well, indicating that 

at high temperatures there is less solvation of water around the hydrazine and at distances 

greater than the first peak at around 0.3 nm, the waters are distributed in a less structured 

arrangement with a uniform probability close to 1.0. This is seen in the same hydrazine to 

oxygen and hydrogen RDFs, for the low solution density of 0.1 g cm−3 at 873 K. The total 

coordination numbers at low densities and supercritical state conditions were calculated 

using 0.51 nm as an integration boundary. These first minima can be resolved in the plots 

of the same RDFs for 873 K at 0.8 g cm−3, indicating that at higher densities, the sharply 

defined shell structure is somewhat restored. 
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Table 6.1: Average coordination numbers of waters around the hydrazine 

molecule along the coexistence curve. X denotes the centre of the hydrazine 

molecule.  nX-H2O is the total average coordination number of waters 

around the centre of the hydrazine.  nNH2-H2O is the average coordination 

number of waters around each NH2 group.  nN-H is the average number of 

donated H-bonds to the NH2 group. 

 

      

          

 Temp (K) nX-H2O nNH2-H2O nN-H  

      

      

 298.15 23.9 11.2 1.6  

 323.15 23.4 11.3 1.5  

 373.15 21.5 10.9 1.3  

 423.15 19.8 10.2 1.2  

 473.15 16.8 9.3 1.1  

 523.15 15.1 8.3 0.9  

 573.15 11.0 7.0 0.8  

 623.15 8.4 6.8 0.6  

          

      

 

 

 

The SDF analysis reveals that there are many non-localized waters being arranged 

around the hydrazine at ambient conditions that do not form directional H-bonds (Figure 

6.1). The total coordination numbers of waters about the centre of the hydrazine molecule 

drop to 16.8 at 473 K and down further to 8.4 at 623 K. The number of donating H-bonds 

around the nitrogens drops to 1.1 at 473 K and 0.6 at 623 K. 
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Table 6.2: Total average coordination numbers of waters around the centre of hydrazine molecule, nX-

H2O at supercritical conditions. X denotes the centre of the hydrazine molecule. Densities are in g cm−3. 

 

          

          

 

Temp 

(K) 

Density 

0.1 

Density 

0.2 

Density 

0.3 

Density 

0.4 

Density 

0.5 

Density 

0.6 

Density 

0.8  

          

          

 673.15 2.33 4.08 5.66 7.11 8.60 10.32 13.96  

 773.15 2.11 3.79 5.41 6.90 8.07 10.27 13.98  

 873.15 1.96 3.68 5.24 6.94 8.64 10.28 13.97  

 973.15 1.87 3.55 5.19 6.85 8.51 10.33 14.00  

                  

          

 

 

 

The amount of hydration is seen to decrease steadily with temperature and in the 

supercritical region increases with density.  The 3D hydration structure of hydrazine at 873 

K is shown in Figure 6.2. Figure 6.2 shows the decrease in hydration as the temperature of 

the system is increased above the critical point. At 873 K, only 1.9 waters are found overall 

around the hydrazine at the lowest density of 0.1 g cm−3. Hydration increases with density, 

and at 0.5 g cm−3 the hydration number increases to 8.6, and reaches 14 at 0.8 g cm−3. The 

extent of hydrogen bonding is small, and it can be asserted that most of the water arranged 

around the hydrazine is free to move around the molecule in the regions shown by the SDF. 

Depending on the conditions, only 0.6 to 1.6 waters, around the amino groups are actually 

directionally oriented (H-bonded) and hence most of the waters are held due to the weak 

dipole-dipole interaction. 
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6.6 Diffusion Coefficients 

There is currently a limited amount of experimental data for the diffusivity of 

hydrazine and none at high temperatures and pressures. For ambient conditions there is a 

wide variation in values of over an order of magnitude.[16, 17] Our experimental binary 

diffusion coefficients of hydrazine in an aqueous solution at ambient conditions were 

determined to be 0.78 × 10−9 m2 s−1 at pH 4.01 and 1.29 × 10−9 m2 s−1 at pH 10.01. It is 

important to emphasize that at pH 10.01 hydrazine remains in solution as a non-protonated 

neutral species. Experimental diffusion coefficient of hydrazine at this pH appears to be in 

close agreement with the simulated value of 1.21 × 10−9 m2 s−1 obtained for a neutral 

hydrazine molecule in SPC/E water at 298 K. 

In the subcritical coexistence phase, the diffusion coefficients are seen to increase 

exponentially with temperature and range from 1.21 × 10−9 m2 s−1 at 298 K to 4.94 × 10−8 

m2 s−1 at the near critical temperature of 623 K. The simulated diffusion coefficients are 

given in Tables 6.3 and 6.4. 
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Table 6.3:  Coexistence simulation temperatures, densities, 

and the resulting diffusion coefficients for hydrazine in water. 

     

        

 Temp Density DSIM  

 (K) (g cm-3) (10-9 m2 s-1)  

        

     

 298.15 1.0000 1.213  

 323.15 0.9896 3.054  

 373.15 0.9471 3.301  

 423.15 0.8951 6.668  

 473.15 0.8332 8.020  

 523.15 0.7568 16.087  

 573.15 0.6524 25.290  

 623.15 0.4699 49.433  

        

     

 

Table 6.4: Supercritical simulation temperatures, densities, and the resulting diffusion coefficients. Densities 

are in g cm−3. Diffusion coefficients are in 10−8 m2 s−1. 

 

 

         

                 

Temp 

(K) 

Density 

0.1 

Density 

0.2 

Density 

0.3 

Density 

0.4 

Density 

0.5 

Density 

0.6 

Density 

0.8  

                 

         

673.15 18.82 11.62 8.833 6.554 5.243 4.041 2.644  

773.15 23.01 14.42 9.522 7.673 5.053 4.488 3.148  

873.15 25.66 15.99  10.40 7.758 5.388 4.808 3.076  

973.15 30.89 17.07 11.40 8.609 6.764 5.171 3.432  
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An Arrhenius plot of the diffusion coefficients along the coexistence curve is shown 

in Figure 6.4 with the predicted values from Stokes-Einstein and Wilke-Chang 

hydrodynamic theories. The theoretical Stokes-Einstein values were calculated with a 

spherical hydrodynamic radius of 0.245 nm taken from the hydrazine centre to oxygen 

RDFs, and a slip coefficient of 6, both attributing to a spherical approximation of the 

effective size of the hydrazine. As is evident in Figure 6.4, the results of the simulation are 

in very close agreement with theory and give further evidence to the somewhat atypical 

hydration structure of the hydrazine, taking on a more or less spherical arrangement, around 

a small, almost linear molecule. It can also be seen that at subcritical conditions the Stokes-

Einstein and Wilke-Chang theories predict essentially the same results. The form of the 

Stokes-Einstein equation used is shown below Equation 6.1: 

 

 
 

D =
kT

cπηR
     (6.1) 

 
 
 

 

where k is the Boltzmann constant, T is temperature, C is the slip coefficient, η is the 

viscosity of the water, and R is the hydrodynamic radius of the solvation shell around the 

hydrazine molecule.   
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The Wilke-Chang equation is shown below Equation 6.2: 

 

 

 

 

D = 7.4x10−12 T√φM

ηV0.6
     (6.2) 

 

 

 

where T is the temperature in Kelvin, M is the molar mass of the water solvent, η is the 

viscosity of the water, and V is the molar volume of the hydrazine at 298 K taken from 

Gutowski.[27]  The dimensionless association factor φ was found for SPC/E water to be 

0.3466. 

 

 

Figure 6.4: Arrhenius plot of simulated diffusion coefficients for hydrazine along the coexistence curve of 

water with Stokes-Einstein and Wilke-Chang predictions. D is in m2 s−1. 
 

 

The activation energy for the diffusion of hydrazine in water was calculated from 

the Arrhenius equation and found to be 15.41 kJ mol−1. This is about half the energy of a 
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hydrogen bonded pair of water molecules in the SPC/E model, which is around 30 kJ 

mol−1.[18] 

The supercritical diffusivity is shown in Figure 6.5 and is shown to correlate less 

closely with the predictions from Stokes-Einstein and Wilke-Chang theories. Both the 

Wilke-Chang and Stokes-Einstein models give similar results, predicting a diffusion 

coefficient that falls below by approximately half of the simulated value at low densities. 

However, at the high density states particularly at 0.8 g cm−3, the theoretical values 

coincide more closely with the results of this study and this result can be attributed to the 

system being in a denser, more fluid like state which is more appropriate to the intended 

application of these equations as models for 

diffusivity in fluids. 

The entire diffusion data above the critical temperature can be closely interpolated 

by using the empirical Dymond equation. Equation 6.3 shows the form of the Dymond 

equation used, where B is a fitting parameter characteristic of the solvent–solute pair, β is 

a fitting parameter related to the solvent, and ρ is the density of the water in g cm−3.[30] 

 

 

D = B√T (
1

ρ
−

1

β
)    (6.3) 

 

  

The empirical parameters B and β were found to be 9.21624 × 10−10 g cm−1 s−1 K0.5 and 

918.357 g cm−3, respectively. The representative fit to the 673 K isotherm is shown in 

Figure 6.5. 
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The Dymond equation is seen to be appropriate for interpolating data in the 

supercritical water phase and provides much better results than the other hydrodynamic 

theories tested, provided that the empirical fitting parameters are obtained for the system. 

The diffusivity in the supercritical regime decreased significantly with increasing pressure 

as the number of collisions increased, thereby impeding mass transport. 

 

Figure 6.5:  Diffusion coefficients of hydrazine with Stokes-Einstein, Wilke-Chang, and Dymond 

predictions for the supercritical 673 K isotherm. 

 

 

6.7 Conclusions 

Molecular dynamics simulations of hydrazine in an aqueous infinitely dilute 

solution were performed along the liquid branch of the vapor-liquid coexistence curve of 

water as well as in the high temperature region above the critical point. The spatial 

hydration structure around the hydrazine was calculated and seen to disappear with 

increasing temperature and decreasing density. The solvation shell is seen to almost 

disappear in the high temperature low density supercritical region and once again begins 

to form at larger densities, around 0.8 g cm−3. At 298 K the hydrazine is surrounded by 24 
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water molecules, with only around 1.6 being directly hydrogen bonded to the each nitrogen. 

Near the critical point at 623 K the overall coordination number drops to 8 waters oriented 

around the centre of the hydrazine with only 0.6 H-bonded waters to each nitrogen site. In 

the supercritical region at 873 K and 0.1 g cm−3, the hydration structure is almost 

nonexistent with only 2 waters being carried by the hydrazine. A nearly linear relationship 

is seen between coordination number and density. In the high density range of 0.8 g cm−3 

the coordination number increases to 14, still smaller than that seen at room temperature. 

Hydrazine was found to have a hydration shell of mobile water molecules with a low 

propensity for fixed hydrogen bonding. The binary diffusion coefficient of hydrazine was 

seen to increase exponentially with temperature and in the subcritical region showed strong 

correlation with the Stokes-Einstein and Wilke-Chang predictions. This is due to the 

effective hydrodynamic radius being constant and giving the hydrazine molecule 

essentially spherical collision behavior. Under 

supercritical conditions the diffusion coefficient decreased with increasing density as the 

number of collisions increased thereby reducing the mean square displacement of the 

hydrazine. The diffusion coefficients at supercritical conditions did not generally correlate 

with the same hydrodynamic predictions, and are seen to match Stokes-Einstein and Wilke-

Chang theory only in the high density environment, since at these conditions the system 

behaves in a more fluid like manner. The Dymond equation proves to fit much more closely 

with the diffusion coefficients in the supercritical state and is confirmed to be an 

appropriate method of interpolating data in this region. The experimental value for 

diffusion coefficient of hydrazine at ambient conditions is in excellent agreement with the 

result of the simulation.  
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Chapter 7 

 High Temperature Diffusion Coefficients for O2, H2 and OH in Water, and for Pure 

Water4 

 

7.1 Abstract 

Classical molecular dynamics simulations using simple point charge (SPC/E) water 

potential were performed to obtain high temperature diffusion coefficients for pure water, 

and for O2, H2 and OH radical in an infinitely dilute aqueous solution.  The simulations 

were carried out at temperatures ranging from ambient to 973 K and system densities from 

0.1 to 1.0 g cm-3.  A logarithmic density expansion of a hard sphere collision model was 

used to formulate a polynomial fit to the diffusion data and four sets of fitting coefficients 

are presented.  14 coefficients were sufficient to accurately reproduce mass transport 

coefficients in water at high temperatures and at supercritical conditions.  Our parametric 

fits can be used to estimate diffusion coefficients for these species in a wide range of 

thermodynamic states, including those relevant to the GEN IV supercritical water cooled 

nuclear reactor.   

 

 

 

 

 

                                                           
4 Chapter 7 has been submitted to the Journal of Chemical and Engineering Data and is awaiting review by 

the editor. 
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7.2 Introduction 

Over the recent years much interest has been invested in the properties of high 

temperature and supercritical water. The thermodynamics, hydration and transport 

properties of aqueous systems at these conditions are of importance for a variety of 

applications ranging from power generation to hazardous waste recycling, and in the study 

of geological processes such as carbon dioxide capture and sequestration [1-9]. 

Supercritical water holds promise as the thermodynamically favorable medium as both 

neutron moderator and heat transfer fluid in the GEN IV supercritical water cooled nuclear 

reactor (SCWR) [10-14].  The lack of cavitation in the homogeneous supercritical phase 

provides the advantages of increased thermal efficiency and simpler design.  Before such 

technologies can be developed, an understanding of the complex properties of water and 

aqueous solutions in the near and super critical region must be understood.  For example, 

the solubility of iron oxide and hydroxide corrosion products as well as the formation rates 

and transport properties of corrosive oxidizing species such as oxygen, are required in order 

to develop adequate corrosion control chemistry for the SCWR [15-20].   However the 

experimental difficulties of obtaining data at these temperatures and pressures have 

traditionally imposed limitations on what can be ascertained regarding the behavior of 

water at these extreme conditions.   

From a chemical perspective, the diffusion coefficients of water and reactive 

species are needed for an estimation of the diffusion-controlled limit of reaction rates. 

Svishchev and Plugatyr used a flow-through reactor along with molecular dynamics 

simulations to study the degradation of dichlorobenzene in water and to determine the 

diffusion-controlled limit of the reaction rates of a hydroxyl radical and phenol in 
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supercritical water [21]. They have performed classical simulations of a hydroxyl radical 

in water at near and above the critical point, to provide data on the kinetics of oxidation 

reactions [22].  O2, H2 and OH radicals are the primary radiolysis products of water in the 

in-core components of the SCWR [23, 24].  O2 and OH radicals are highly aggressive in 

terms of their corrosiveness to the water bearing components in the SCWR, thus their 

behavior in supercritical water is of significant importance. Any H2 gas evolved in the 

system may have a role in scavenging these species, thereby inhibiting oxidation in the 

reactor piping.  Ghandi and Percival used a radiolysis model for muonium kinetics and 

reached a conclusion that the rate constant for OH radical with a hydrated electron in water, 

has non-Arrhenius behaviour at high temperature conditions [25].  Codorniu-Hernandez 

and Kusalik used ab-initio molecular dynamics to examine OH hydration structure [26].  A 

classical molecular dynamics study in 2012 by Swiatla-Wojcik and Szala-Bilnik provided 

a detailed analysis of the hydration, pair distribution functions and interaction energies of 

a hydroxyl radical in water [27], with the results being similar to those obtained by 

Svishchev and Plugatyr.   

 In the past it was believed that the thermal energies of the water molecules in the 

supercritical regime were too great to allow much hydrogen bonding.  More recently the 

pair correlation functions from neutron diffraction, IR spectroscopy, and molecular 

dynamics simulations, suggest that there is in fact some degree of limited hydrogen 

bonding present in the system [28-35].  Although supercritical water loses most of the 

preferred tetrahedral network structure that is seen at ambient conditions, hydrogen bonded 

complexes can be observed. These short lived configurations form and break apart on a 

timescale similar to that of the lifetime of a hydrogen bond, roughly on the order of tens of 
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picoseconds.  Despite the presence of these water-water associates, the extent of the 

breakdown of tetrahedral structure in supercritical water is enough to allow more mobility 

for the molecules and hence an increase in the self-diffusion coefficients as temperature 

increases with a corresponding drop in density. 

Viewed from the atomistic perspective, molecular dynamics simulations have now 

become a viable and time effective method for providing detailed information of the 

reaction dynamics of water and solvated species at high temperature and supercritical 

conditions.  The SPC/E model of water has been found to accurately reproduce physical 

and thermodynamic properties, including dielectric constant and self-diffusion coefficient, 

over a wide range of temperatures and pressures [36, 37].  The SPC/E model provides 

through the principle of corresponding states, accurate thermodynamic behavior of water, 

particularly at high temperatures and in the supercritical region[38].   

In this study, the SPC/E model was used to perform classical molecular dynamics 

simulations of pure water as well as infinitely dilute aqueous solutions of O2, H2 and an 

OH radical species, in the supercritical region, as well as along the liquid branch of the 

liquid-vapor coexistence line.  The transport properties of pure water and these infinitely 

dilute species were calculated using the density expansion of the correlation function 

expression for the diffusion coefficients of three dimensional gasses, based on a hard 

sphere collision model, as formulated by Kawaski and Oppeinheim [39].  Their formulation 

of the diffusion coefficient is 

 

𝐷𝜌 = 𝑎𝑇𝛼 + 𝜌(𝑏1𝑇−2 + 𝑏2𝑇−1 + 𝑏3 + 𝑏4𝑇) + 𝜌2𝑙𝑛𝜌(𝑐1𝑇−2 + 𝑐2𝑇−1 + 𝑐3 + 𝑐4𝑇) + 𝜌2(𝑑1𝑇−2 + 𝑑2𝑇−1 + 𝑑3 + 𝑑4𝑇)              (7.1) 
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in Equation 1 above, a, α, and b, c, d are the fitting parameters.  T is temperature in Kelvins 

and ρ is the water density, in g cm-3. 

 

Over 370 state points were simulated for pure water and over 30 for each infinitely 

dilute species. Equation 1 was fitted to the simulation data.  The results for the self-

diffusion coefficients of water obtained by our method were compared against the NMR 

experimental diffusion data obtained by Yoshida et al [40].  The results of our study show 

that the SPC/E model with our parameterization of Kawaski’s equation gives results within 

6% of experiment for water, the statistical uncertainty of the simulated transport 

coefficients for water also being around 5%.  Due to the lack of data for H2, O2 and OH 

radical in the broad range of state conditions, the diffusion coefficients for these species 

extrapolated from our high-temperature model fits were compared to simulated and 

experimental values at ambient conditions, in order to validate their accuracy and viability 

for extrapolation.   

 

7.3 Computational Methods 

The transport properties of the SPC/E water model were obtained in the NVT 

ensemble by using classical Lagrangian based molecular dynamics.  Over 370 simulations 

were performed for water and 30 for each infinitely dilute O2, H2 and OH radical system.  

A detailed description of our selection of state points for the SPC/E water and its 

thermodynamics can be found Ref. [38]. The simulated systems ranged in temperatures 

from 298 to 973 K and densities from 0.1 to 1.0 g cm-3 and consisted of 343 water molecules 

and one molecule of the respective species investigated. A cubic simulation cell was used 
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along with periodic boundary conditions to simulate an infinite system.  The fourth order 

Gear algorithm [41] was used to obtain the equations of motion with a time step of 1 fs, 

and output was recorded every 1000 steps.  Rotational degrees of freedom were represented 

by quaternions[42].  The potential used for SPC/E water used was taken from Berendsen 

et al. [43]  The potential for the OH was taken from Wiener et al. [44], as  modified by 

Svishchev and Plugatyr 22, and those for O2 and H2 taken from Hansen [45] and Cracknell 

[46], respectively. Ewald summation was used to evaluate the long range Coulombic 

interactions and the Lorentz-Berthelot mixing rules were used to create Lennard-Jones 

atomic potentials.[47]  Simulations were run for 3 ns. to allow sufficient convergence of 

the velocity autocorrelation functions for the calculation of the diffusion coefficients.  The 

statistical uncertainty in the diffusion coefficients was found to be within 15% for O2, H2 

and OH, and within 5% for H2O. Simulations were performed on the Shared Hierarchy 

Academic Resource Computing Network (SHARCNET) which is operated by a 

consortium of Ontario Universities. 

 

7.4 Diffusion Coefficients 

 The diffusion coefficients for pure SPC/E water are shown explicitly in Figure 7.1.  

Equation 7.1 was fitted to the data using a non-linear regression over all simulated high-

temperature state points (above 460 K), the variables being temperature and density.  It 

was found that an accurate fit for our formulation of Kawaski’s expansion could be 

obtained with 14 coefficients. For water and each species O2, H2 and OH radical, a unique 

set of fitting parameters was obtained. The fitting parameters are given in Table 7.1.  The 

mean relative error of the fit was determined to be on the order of 1 % in the diffusion 
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coefficients which is significantly less than the statistical uncertainty of simulation, 

approximately 5 % for water, and 15% for O2, H2 and OH. Kawaski’s density expansion is 

valid for conditions along the water-vapor coexistence curve as well as in the high 

temperature and supercritical regimes.   

 

Figure 7.1:  Temperature dependence of the self-diffusion coefficients of SPC/E water.  Blue dashed lines 

represent isochores from 0.1 (top) to 1.0 g cm-3 (bottom) and correspond to the self-diffusion coefficients 

obtained from Equation 1 for SPC/E water.  Black dots represent the self-diffusion coefficients from our MD 

simulations.  Blue and red solid lines show the coexistence curve calculated from our EOS for SPC/E water 

and Yoshida’s experimental data respectively. 

 

The SPC/E water density along the coexistence curve at high temperatures, and in 

the supercritical region can be calculated using the thermodynamic equation of state 

developed by Plugatyr and Svishchev.[38, 48] We also point out that although our 

parameterized Equation 1 can accurately predict the SPC/E model diffusion coefficients 

from ambient conditions upward to 973 K we recommend its technical use be restricted to 
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temperatures ranging from 460 to 880 K and densities only up to 0.92 g/cm3, where the 

thermodynamic equation of state for SPC/E water accurately predicts the coexistence 

properties and derivatives of the pressure.  For a detailed description of our SPC/E equation 

of state, readers are referred to Plugatyr et al.[38, 48]  

 

Table 7.1:  Fitting coefficients for Equation 1 for water, OH Radical, H2 and O2. 

     

          

Fit Coefficients H2O OH Radical H2 O2 

          

     

a 0.0046471 0.00408 116.211 1.82779 

α 1.2939 1.38897 0.0538917 0.422868 

     

b1 1.05646 x 108 1.0 1.0 1.0 

b2 -511648 -174613.7394 372312 -102443 

b3 691.903 847.03131 -1794.21 334.021 

b4 -0.1729 -0.71041 1.42193 -0.119239 

     

c1 8.88978 x 107 1.0 1.0 1.0 

c2 -358381 -153864.1999 476427 -102959 

c3 334.773 782.41564 -1880.99 334.195 

c4 0.0213276 -0.64852 1.62233 -0.117517 

     

d1 -1.01281 x 108 1.0 1.0 1.0 

d2 475755 163191.6423 -377905 100433 

d3 -608.627 -795.71944 1654.15 -347.059 

d4 0.116203 0.63849 -1.39764 0.125558 

          

     

 

 

 For water, the temperature dependence of the diffusion coefficients can be seen in 

Figure 7.1.  The diffusion coefficients are plotted as isochores as a function of temperature 

ranging from ambient to 973 K, with densities ranging from 0.1 to 1.0 g cm-3, from top to 
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bottom.  The black dots represent the results of our MD simulations and the blue dashed 

lines represent the diffusion coefficients calculated from Equation 7.1.  The coexistence 

curve data calculated from Yoshida’s experimental fit [49] and that from the simulation, 

using SPC/E equation of state [48], are shown in red and blue solid lines respectively. It 

can be seen that our fits for the SPC/E water closely follow the coexistence curve data 

produced for real water, as formulated by Yoshida et al.  Also evident from the figure is 

the close match of our simulated diffusion coefficients to those of our parameterization 

along each isochore.  

Using our fitted equation, diffusion coefficients were calculated and compared to 

the experimental NMR results of Yoshida, for state points both along the liquid side of the 

coexistence curve, as well as in the supercritical region.  Our values were tested against 

Yoshida’s results in 50 K intervals from 303.15 K to 673.15 K [40].  Using our set of 

coefficients for water, the calculated diffusion coefficients accurately matched Yoshida’s 

experimental values to within an average of 5.8 %.  At 303.15 K we obtained a value of 

2.74 ± 0.14 × 10-9 m2 s-1, compared to Yoshida’s measurement of 2.61 ± 0.05 × 10-9 m2 s-

1.  For the supercritical conditions of 623.15 K and density of 0.251 g cm-3, our result was 

132.6 ± 6.6 × 10-9 m2 s-1, compared to Yoshida’s value of 125 ± 6 × 10-9 m2 s-1.  

 Due to the lack of experimental data for O2, H2 and OH radicals in the broad range 

of state conditions, the diffusion coefficients extrapolated from our high temperature fits 

were compared to the results from our MD simulations at ambient conditions (at 298 K and 

1.0 g cm-3).  Our parameterization predicts the values 2.56 ± 0.12 × 10-9 m2 s-1 for O2, 6.37 

± 0.32 × 10-9 m2 s-1 for H2, and 2.71 ± 0.14 × 10-9 m2 s-1 for the OH radical, in SPC/E water 

solvent.  Our explicit MD results were 2.81 ± 0.42 × 10-9 m2 s-1, 5.22 ± 0.78 × 10-9 m2 s-1, 
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and 3.46 ± 0.52 × 10-9 m2 s-1 for O2, H2 and the OH radical, respectively.  This yields 9 % 

extrapolation error for O2 and 22 % for both H2 and OH radical. 

 Bartels and Han used the Taylor dispersion method to determine the diffusion 

coefficients for O2, from 273 to 368 K [50].  They reported a measured diffusion coefficient 

of, 1.960 ± 0.063 × 10-9 m2 s-1 for ambient conditions, and a value of 6.800 ± 0.052 at 

368.15 K.  These experimental values are in 82 % agreement with our model predictions 

for 298.15 K as obtained from Equation 7.1, and in 95 % agreement at 368.15 K. 

 Further validation of our parameterization comes from simulations of O2 in 

supercritical water by Ohmori and Kimura [51].  In their simulations using an SPC/E water 

model, Ohmori and Kimura obtained diffusion coefficients of 40 ± 2 × 10-9 m2 s-1 at a 

temperature of 647 K and density of 0.663 g cm-3, and a coefficient of 189 ± 12 × 10-9 m2 

s-1, at 873 K and 0.217 g cm-3.  These are essentially identical with the values from our 

parameterization of 41 ± 2 × 10-9 m2 s-1  and 196.0 ± 9.8 × 10-9 m2 s-1.   

  

7.5 Activation Energy for Water 

The activation energy of our polynomial equation was plotted for temperatures 

along the coexistence line with an Arrhenius type equation: 

 

𝐸𝑎 =  −𝑅 (
𝜕𝑙𝑛𝐷

𝜕(
1

𝑇
)
)    (7.2) 

 

The activation energy and diffusion coefficients from our parameterization for SPC/E 

water along with Yoshida’s results are shown in Figure 2, for reduced temperatures of 0.45 

to 1.0.  It is in this temperature range that our thermodynamic equation of state formulated 
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for SPC/E water is most accurate.  In Figure 7.2, our results for the activation energies for 

the self-diffusion of SPC/E water are shown in blue, and the experimental values of 

Yoshida, for real water are shown in red.   

The activation energy shows a slight rise at the lower end of the temperature scale 

which can be attributed to the necessity of overcoming the attractive forces imposed by the 

hydrogen bonds of the water.  These forces tend to decrease as temperature increases owing 

to the thermal energy of the molecules as sufficient to overcome the attraction with their 

neighboring molecules.  Near the critical temperature, a sharp rise is seen in the activation 

energy which Yoshida has attributed to the increase in the density fluctuations with 

temperature as one nears the critical temperature [40]. 

 

 

 

Figure 7.2:  Activation energy for the self-diffusion of water as a function of reduced temperature.  Our 

calculated values for SPC/E water are shown in blue and Yoshida’s experimental data for real water are 

shown in red. 
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7.6 Conclusions 

 Our logarithmic polynomial density expansion of Kawasaki’s equation for hard 

sphere collisions is shown to be viable for SPC/E water and accurately reproduces 

experimental data along the liquid branch of the coexistence line as well as in the high 

temperature region, including the supercritical phase.  For pure water and for each infinitely 

dilute species,  O2, H2 and the OH radical, a unique set of 14 coefficients have been 

provided and have been found sufficient to accurately obtain the diffusion coefficients, 

with the only system variables being temperature and SPC/E density.  For the dilute 

species, the diffusion coefficients were compared to our MD results at ambient conditions 

and were found to coincide within relative uncertainties.   

 Our formulation closely reproduces the experimental data obtained by Yoshida 

along the vapor-liquid coexistence line of water as well as the activation energy between 

0.45 and 1.0 of the critical temperature.  

 Our formulation is most valid between 460 and 880 K where the thermodynamic 

equation of state for SPC/E water most accurately reproduces physical properties.  Our 

polynomial fit is accurate to within 5% and provides a fast, simple and accurate method by 

which to calculate mass transport coefficients in high temperature aqueous solutions. 
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Chapter 8 

Summary and Conclusions 

The atomic density profiles of the iron hydroxide–supercritical water system shows 

that the majority of the adsorbed water molecules are positioned within a few Angstroms, 

to about 15 Å, from the edge of the iron hydroxide surface. Their dipoles are generally 

oriented away from the surface. The density of water at the surface increases 2.2 – 3.5 

times relative to bulk values on temperature and bulk water density. Fractional surface 

coverage of waters adsorbed per surface OH group ranged from 0.40 at 913 K and 0.044 

cm-3, to 5.71 at 567 K and 0.612 g cm-3. The surface water layer establishes itself quickly 

and reaches some 90 percent of its final density within the first 250 ps of simulation. From 

the images of water configurations, localized clustering is seen on the ionic surface at 

supercritical conditions, forming a higher than bulk, density adsorption layer with a 

distinctly non uniform coverage. The presence of the surface regions with low and non-

uniform water coverage suggests that the gas phase chemical oxidation mechanism may 

dominate in low density supercritical water. Water molecules can penetrate the surface 

where water splitting can occur from the local electric fields of the surface atoms.   

Classical MD simulations were conducted of a chloride ion in high temperature 

water between Fe(OH)2 surfaces spaced 10, 20 and 80 Å apart and compared to those of 

chloride in an infinitely dilute solution.  From the RDFs and density profiles, it was 

observed that the small spacing of 10 Å had a confining effect on the structure of the water 

that was seen to disappear at the larger 80 Å spacing.  This results in the waters being 

oriented within 1 to 3 Å from the surface with the rest being positioned in the centre of the 
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10 Å region.  Hydration was seen to increase as the surface spacing increased but 

diminished as density decreased with a corresponding rise in temperature.  The chloride 

was seen to be solvated by 7.7 waters at 567 K, 0.612 g cm-3 at 80 Å of surface separation 

and this dropped to 1.5 waters for the 913 K, 0.044 g cm-3 system with surfaces spaced at 

10 Å. The number of hydrogen bonded waters around the chloride remained relatively 

constant in all the supercritical simulations.  The size of the gap had little effect on the 

diffusion of the chloride ion but affected that of the water. The chloride had the largest 

diffusion coefficient of 6.34 x 10-8 m2 s-1 when in bulk water for the 0.044 g cm-3 system at 

913 K with the lowest value being 1.402 x 10-8 m2 s-1 in the 567 K, 0.612 g cm-3 system 

with the surfaces spaced at 10 Å. For water, the largest diffusion coefficient was seen in 

the 80 Å systems and for chloride in the 10 Å systems due to the chloride having a larger 

hydration shell at larger spacing and to the decrease in the dielectric constant of water 

resulting in less dielectric friction than is present with the negatively charged chloride.  In 

both cases the diffusion coefficients in the confined systems were less than those in the 

bulk simulations.   Molecular configurations show that the chloride ion diffused to near the 

surface and carries with it a small number of hydrated waters. 

Molecular dynamics simulations of hydrazine in an aqueous infinitely dilute 

solution were performed along the liquid branch of the vapor-liquid coexistence curve of 

water as well as in the high temperature region above the critical point. The spatial 

hydration structure around the hydrazine was calculated and was seen to almost disappear 

in the high temperature low density supercritical region and once again begins to form at 

larger densities, around 0.8 g cm−3. At 298 K the hydrazine is surrounded by 24 water 

molecules, with only around 1.6 being directly hydrogen bonded to the each nitrogen site.  
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At 623 K the overall coordination number drops to 8 waters with only 0.6 H-bonded waters 

to each nitrogen. In the supercritical region at 873 K and 0.1 g cm−3, the hydration structure 

is almost nonexistent with only 2 waters being carried by the hydrazine and at a density of 

0.8 g cm−3 the coordination number increases to 14. Hydrazine was found to have a 

hydration shell of mobile water molecules with a low propensity for fixed hydrogen 

bonding. The binary diffusion coefficient of hydrazine was seen to increase exponentially 

with temperature and in the subcritical region showed a strong correlation with the the 

Stokes-Einstein and Wilke-Chang models, due to the effective hydrodynamic radius being 

constant and giving the hydrazine molecule essentially spherical collision behavior. This 

correlation does not hold at supercritical conditions and the diffusion coefficients are seen 

to match Stokes-Einstein and Wilke-Chang theory only in the high density environment, 

where the system behaves in a more fluid like manner. The Dymond equation proves to fit 

much more closely with the diffusion coefficients in the supercritical state and is confirmed 

to be an appropriate method of interpolating data in this region.  

Our logarithmic polynomial density expansion of Kawasaki’s equation for hard 

sphere collisions is shown to be viable for SPC/E water and accurately reproduces 

experimental data along the liquid branch of the coexistence line as well as in the high 

temperature and supercritical regions.  For pure water and for each infinitely dilute species,  

O2, H2 and the OH radical, a unique set of 14 coefficients have been provided, with the 

only system variables being temperature and SPC/E density.  Our formulation closely 

reproduces the experimental data obtained by Yoshida along the vapor-liquid coexistence 

line of water as well as the activation energy of diffusion between 0.45 and 1.0 of the 

critical temperature. The parameterized equation is most valid between 400 and 880 K 
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where the thermodynamic equation of state for SPC/E water most accurately reproduces 

physical properties.  Diffusion coefficients calculated by our polynomial fit are accurate to 

within 5% and our equation provides a fast, simple and accurate method by which to 

calculate mass transport coefficients in high temperature aqueous solutions. 


