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Introduction

1.1 Relevance of seasonal heat storage

In the United States and the European Union (EU), 40% of the energy produced
from fossil fuels is utilized in the built environment [1]. Low temperature heat-
ing and domestic water heating consume most energy in this segment. To re-
duce global greenhouse gas emissions, a transition is needed from fossil fuel
resources to renewable energy systems. The EU has set the target that 20% of
the final energy consumption should come from renewable energy sources by
2020 [2]. The new target for 2030, is a 40% reduction in greenhouse gas emis-
sions compared with 1990, and 27% of the EU energy consumption should be
supplied from renewable sources [2].

Solar energy is one of the most important pillars of renewable energy sys-
tems. Energy demand in the built environment can be met completely by solar
energy. Solar energy is one of the cleanest renewable energy resources with
the smallest impact on the environment. Solar radiation on the Earth’s sur-
face represents approximately 15,000 times the total annual energy demand of
mankind [3]. Solar radiation varies on a geographical, daily and seasonal basis.
The main challenge in the exploitation of solar energy is its intermittent nature
on a seasonal and daily basis. The mismatch between the energy demand in
the built environment and the availability of solar energy is the main barrier to
a widespread application of solar energy. To mitigate the intermittent nature
of solar energy availability, thermal energy storage is necessary for a successful
implementation of solar thermal energy [4]. Solar energy storage on a seasonal
basis is the key challenge for its successful harvesting.

1.2 Concept of seasonal heat storage

The average energy consumption for thermal comfort in a new (post 2000)
standard terrace Dutch house (rijtjeshuis) is 10 GJ per year [5]. To store this
annual heat demand for such a house-hold, requires 34 m3 of water (over a
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temperature difference of 70 ◦C) or 20 m3 inorganic salt based PCM or 3.5 m3

MgCl2·6H2O (hexa to anhydrous state) TCM. To elucidate the space require-
ment (cubical storage tank) for various storage techniques, a scaled view of a
house is shown in Figure 1.1b. Thus, TCM based storage systems have a po-
tential benefit over other systems.

Energy Density [MJ/m ]

Temperature [°C]
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Figure 1.1: Energy storage materials providing thermal comfort in the built environ-
ment. (a), An overview of energy density and operating temperature [adopted from [4].
(b), A scaled side view (11.0 m×5.2 m) of a house to store 10 GJ heat in a cubical stor-
age tanks over a temperature difference of 70 ◦C using different thermal energy stor-
age methods. Water as Sensible Heat Capacity (SHC), inorganic salts as PCM, and
MgCl2·6H2O as TCM is used.

1.3 Thermal energy storage

Solar energy can be harvested and stored as electrical energy in batteries or
as thermal energy. Solar thermal energy can be stored in physical form or
chemical form. Solar thermal energy storage in physical form can be classi-
fied as sensible heat storage, latent heat storage or a combination of both [6,7].
Solar thermal energy storage in chemical form is known as thermo-chemical
energy [8]. Combinations of physical and chemical forms are also possible [9].
The selection of an appropriate thermal energy storage method depends on
various factors like the temperature range, heat loss, storage capacity and cap-
ital investment. Sensible and latent heat storage systems are at the implemen-
tation phase while thermo-chemical heat storage systems are at the initial stage
of development [10].
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1.3.1 Sensible heat storage
Sensible heat storage of solar thermal heat is based on raising the temperature
of the materials. Thermal energy is stored because of thermal isolation from
the surrounding. A significant amount of heat can be lost due to the temper-
ature gradient between the storage system and the surrounding. The thermal
heat can be stored in a liquid or solid storage medium. Liquid media include
water, petroleum-based mineral oils and molten salts. Water-based storage is
used in water tanks, aquifers and solar ponds. Solid storage media include
metal, concrete, brick and natural stone. Heat storage in solids is used in so-
lar thermal plants, glass furnaces and production of iron (Cowper heaters) [11].
The energy densities of sensible heat storage materials vary between 36 and
180 MJ/m3, thus a large storage volume is required for seasonal heat storage.
A large thermally insulated volume makes sensible heat storage not very effec-
tive for seasonal heat storage in the built environment [10,12,13].

1.3.2 Latent heat storage
Latent heat is utilized in solar thermal storage systems by changing the phase
of a material at a constant temperature. Materials used for latent heat storage
are also known as phase change materials (PCMs). They have a higher storage
density than sensible heat storage systems. The solid-liquid phase change is
very important from an energy storage point of view as it has a large enthalpy
change and a small volume change during phase change with respect to the
liquid-gas phase change [10]. Most of the solid-solid phase change has less en-
thalpy change, and is thus less suitable for energy storage [12]. The operating
temperature range of PCMs lies between -30 ◦C and 1200 ◦C [14]. As a result
of this wide temperature range, PCM can be used in low-temperature appli-
cations like in the built environment [1] and high-temperature applications like
for steam generation [15]. There are mainly three classes of PCMs available: or-
ganic PCM and inorganic PCM.

Paraffin and non-paraffin are two major types of organic PCM. Paraffins are
mixtures of straight chain alkanes (CnH2n+2) having moderate energy storage
density (∼ 150 MJ/m3) [16]. Chemical inertness, a non-corrosive nature, and
stability below 500 ◦C are desirable properties of Paraffins whereas low thermal
conductivity and flammability are unwanted properties [9]. Non-paraffins have
high storage capacity, durability, and chemical stability. On the other hand,
they also have low thermal conductivity and flammability. They are mildly
corrosive, and not very cost effective [11].

Salts, salt hydrates, metals, and alloys are used as inorganic PCM. Typi-
cally, inorganic salt hydrates based PCMs have higher storage capacity (∼ 350
MJ/m3) than organic PCMs [16]. They have a higher (∼ double) thermal con-
ductivity than organic PCMs. Na2SO4·10H2O (Glauber’s salt), CaCl2·6H2O,
Na2S2O3·5H2O and C2H3OONa·3H2O are typical examples of salt hydrates
used as PCMs. The phase change of salt and salt hydrates can undergo con-
gruent, incongruent or semi-congruent melting. If the composition of salt and
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salt hydrates in the liquid form is the same as that of the solid form, congruent
melting occurs. In the case of incongruent melting, a melting range occurs, that
may lead to the salt settling down. Incongruent melting therefore affects the
durability of the salt hydrate as PCM [12] and thickeners or mechanical mixing
are needed to avoid phase separation [11]. A eutectic mixture of PCM (having a
well-defined melting point), is also used for heat storage. Any combination of
organic or inorganic materials can be used as PCM, with congruent melting.

The selection of an appropriate PCM depends on the operating tempera-
ture range, latent heat, stability, corrosion resistance, flammability and material
cost [11]. Micro-encapsulation and macro-encapsulation are used to stabilize the
PCM. Encapsulation improves the durability, heat transfer area, compatibil-
ity with the surrounding, and handling of PCM. Polypropylene, polyethylene,
and polyacrylamide are commonly used materials for encapsulation. PCM
based composite materials are also used to improve durability and heat trans-
fer [16].

1.3.3 Thermo-chemical heat storage
Thermal storage in the form of sensible or latent heat is a proven concept but
it is volume restricted due to the low energy storage density. An overview of
various storage materials is shown in Figure 1.1 a. Energy storage in chemical
form has a relatively large storage density. Energy densities using thermo-
chemical materials (TCMs) vary between 500 and 3200 MJ/m3, and are up to
20 times larger than those in physical form [4,17–19]. Thus, TCM-based systems
offer a compact and attractive solar energy storage medium for household ap-
plication.

In thermo-chemical storage, thermal energy is stored in binding energies
(chemical energy) between atoms or molecules by bond breaking and for-
mation in a reversible reaction in which a sorbate (typically vapor) is sepa-
rated and re-associated with sorbent material (typically solid) [9]. In addition
to higher energy storage capacity, the most attractive feature of TCM is that
thermal energy can be stored with almost no heat loss as long as sorbate and
sorbent remain separated. This makes TCM a unique seasonal heat storage
material [20,21]. This also explains the enormous interest for TCMs in heat stor-
age applications [22]. In addition, TCM can also be used in sorption heat pumps
for waste heat recovery. Therefore, TCM as heat storage medium, is currently
extensively investigated for domestic and industrial applications [17,23].

Selection of an appropriate TCM is the key aspect in designing a thermo-
chemical heat storage system [22]. Salt-H2O (salt hydrates), salt-NH3, oxide-
H2O, oxide-CO2 and peroxide-oxide reaction pairs are explored options for
TCM based heat storage systems [7,8,20–22,24,25]. Peroxide-oxide based redox re-
actions operate at a too high temperatures (>773 K) [21,25]. Unlike CO2 and NH3,
water is readily available and it is a non-toxic sorbate. For water as sorbate
working fluid, dehydration reactions of hydroxides (M(OH)2, M = Ca/Mg)
take place at high temperatures (>600 K), whereas salt hydrates are in the tem-
perature range for solar seasonal heat storage [19,26]. Salt hydrates have a rather
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low equilibrium dehydration temperature in combination with high energy
storage density and can be used for seasonal heat storage. Therefore, salt hy-
drates are considered suitable for providing thermal comfort in the built envi-
ronment using solar energy.

Salt hydrates are one class of TCMs. In charging, these materials absorb
solar energy and disintegrate into a lower hydrated or anhydrous form. In
discharging, these dried salt hydrates recombine with H2O, forming hydrates
while generating heat. The thermolysis reaction is given by:

Salt ·mH2O+Heat↔ Salt · (m−n)H2O+nH2O.

The forward reaction (dehydration) is endothermic while the backward reac-
tion (hydration) is exothermic. The major challenge in the selection of these
salt hydrates is to find materials with high storage capacity, cycle stability and
fast kinetics.

Halide based salt hydrates (MX2·6H2O; M = Ca/Mg/Sr, X = Cl/Br), sul-
phate based salt hydrates (LiSO4·H2O and MgSO4·7H2O), and nitrate based
salt hydrates (LiNO3·3H2O and Zn(NO3)2·3H2O) are major classes of promis-
ing reversible TCMs [22]. These hydrates have theoretical crystal storage ca-
pacities between 2 GJ/m3 and 3 GJ/m3 [22]. The thermal performance of TCM
is strongly dependent on the kinetics of the salt hydrate [22]. MgSO4 hydrates
are promising heat storage materials but they have sluggish hydration kinet-
ics due to the presence of strong hydrogen bonds [27]. Chloride-based salt hy-
drates form a class of TCMs with high storage capacity and fast reaction kinet-
ics. MgCl2 and CaCl2 hydrates are the two most promising materials among
chloride-based hydrates for seasonal heat storage [22]. Low melting point of
higher hydrates and over-hydration are limitations of CaCl2 hydrates when
compared to MgCl2 hydrates.

Magnesium chloride hydrates (MgCl2·nH2O, n = 0,1,2,4,6) have been in-
vestigated extensively as candidates for seasonal solar thermal storage [23,28–33].
MgCl2·6H2O (Bischofite) has been successfully tested for 1000 cycles for appli-
cation in solar based cooking [31]. Thermal dehydration of Bischofite is an im-
portant process in the production of pure Mg, Mg alloys, MgO, and in heat stor-
age applications [34–37]. The hydration kinetics for MgCl2 hydrates is faster than
for other materials like MgSO4 hydrates [27,28], but a problem with this material
is the occurrence of hydrolysis. Hydrolysis is an irreversible side reaction in
the dehydration process, which produces HCl gas and affects the durability of
the heat storage system. It was experimentally observed that hydrolysis could
be avoided using an external HCl pressure [34] or by adding other halides [38].
However, the details on the hydrolysis reaction are still not fundamentally un-
derstood.

1.4 TCM selection

Selection of an appropriate TCM is the key consideration for a storage system.
The following aspects should be taken into consideration [1,4,8,16,19,20,39–41]:
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Physical aspects: High thermodynamic energy density (storage capacity),
moderate operating temperature and pressure range, suitable flow prop-
erties (permeability and diffusion), high thermal conductivity, low regen-
eration (charging) temperature and system properties (closed or open).

Chemical aspects: Undesirable side reactions and by-products (reversibility),
environmental sustainability, safety and non-toxicity, flammability, fast
reaction kinetics, long-term chemical stability under operating conditions
and non-corrosiveness during storage.

Economic aspects: Cost of the material and large-scale availabilities (abun-
dance).

An ideal candidate should qualify on all aforementioned aspects. How-
ever, in practice, TCMs may suffer from various issues like agglomeration, gel
formation (during CaCl2 hydration) [42], undesirable side reactions (hydrolysis
in MgCl2 hydrates) [43] and for oxide/peroxide reactions (in Mn2O3/Mn3O4)
even sintering at high temperature [25]. These issues inhibit the reversibility
of the TCM. Slow reaction rates (e.g. the hydration rate of pure MgSO4 even
at higher temperature) and poor thermal conductivity affect the energy dis-
charge rate [19]. A very important aspect is control of the overall chemical ki-
netics of TCM based storage systems. The overall chemical kinetics depend on
the molecular reaction rate and mass transport of H2O through the solid salt
hydrates.

TCMs are experimentally characterized mainly using: thermo-gravimetric
analysis (TGA) [42] and differential scanning calorimetry (DSC) [44]. Dehydra-
tion steps and energy released at associated temperatures, specific heat, and
phase diagrams can be evaluated using these methods. Further, information
about crystalline structure and surface can be obtained from X-ray crystallog-
raphy (XRD) and scanning electron microscopy (SEM) [41,45]. Lan et al. [46,47]

have predicted the dehydration kinetics experimentally and numerically at
grain level for lithium sulfate monohydrate (single-step dehydrations) using
interface evolution. Galwey et al. [48] have performed a kinetic study of the
thermal dehydration of lithium sulphate monohydrate by measuring the H2O
pressure evolution. Such exact kinetic measurements are limited to single-step
dehydration reactions. Experimentally measuring the dehydration kinetics of
multi-step dehydration is challenging.

Continuum models coupled with empirical kinetic rate models may give
unrealistic results as many kinetic models overlook the role of surface effects.
The molecular vacancy and dislocations penetrating into the crystal influence
the rates of dehydration reactions by affecting the transport properties on the
molecular level. The reaction rates of the processes on the microscale are deter-
mined by the transport properties of mass (vapor) and heat in the structure of
the material on the molecular level. In the case of magnesium chloride hydrates
(MgCl2·nH2O), there is a chance for a competitive irreversible side reaction at
high temperature (e.g. HCl formation). In order to accurately investigate those

6



Introduction

processes on the micro and nano-scale, the material properties need to be in-
vestigated on the molecular level.

A detailed study of heat and mass transfer processes associated with hydra-
tion, dehydration and hydrolysis reactions on the molecular level is necessary
in order to gain insight into the dynamics of these processes. The time and
length scales of the molecular simulations are too short to characterize the dy-
namics of the system on the microscopic and macroscopic level. To relate these
molecular characteristics to macroscopic characteristics on the system level,
multi-scale simulation techniques are required. Currently, no Molecular Dy-
namics study on the reaction rates of chloride-based salt hydrates with respect
to chemical composition is available.

There is a large gap between microscopic/macroscopic level and atomic
level first principle calculations. Also, there is no standard procedure to
evaluate the thermo-physical properties of salt hydrates at various hydration
stages computationally. For efficient computational (in-silico) characterization
of TCMs, selection of appropriate computational methods is essential.

In this study, on the atomic level, equilibrium reaction properties of
CaCl2·nH2O and MgCl2·nH2O are computed and compared from density func-
tional theory (DFT) calculations. Furthermore, equilibrium reaction properties
of chemical mixtures are computed and compared with their elementary salt
hydrates (CaCl2 and MgCl2 hydrates). In this thesis, an attempt is made to ex-
tend the results obtained from DFT to molecular level via a reactive force field
approach. Reactive force field based Molecular Dynamics (Reax-MD) simu-
lations are used to obtain reaction kinetics and mass diffusion coefficients of
MgCl2 hydrates. The thermal conductivity of MgCl2 hydrates and CaCl2·2H2O
are also obtained from Reax-MD simulations.

1.5 Thesis overview

This thesis is organized as follows:

Ch. 2 and 3: A detailed description of the computational methods used in the
thesis is presented. The methods used include Density Functional Theory
(DFT) and Reactive force based Molecular Dynamics (Reax-MD) simula-
tions. Further, different approaches to extract the various molecular and
continuum level properties such as thermal conductivity and diffusion
coefficient are explained. Finally, a validation study is performed to show
the applicability of Reax-MD to investigate the thermal discontinuity at
a solid interface between Pt-Pt, Pt-Ni and Si-SiO2.

Ch. 4: A set of DFT calculations is performed on CaCl2 hydrate molecules to
analyze the equilibrium concentrations of the thermolysis reaction. For
this, the Gibbs free energy in statistical thermodynamics is used to study
the equilibrium curves. The presence of a hydrogen bond network is
observed and characterized by the Bond Valence model. In addition, a set
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of equilibrium concentrations of CaCl2 hydrates is compared with MgCl2
hydrates to determine the resistance against the hydrolysis reaction.

Ch. 5 and 6: A reactive force field (ReaxFF) is trained against the DFT data ob-
tained for MgCl2 hydrates. The parametrization is performed using a
linear search algorithm in combination with a Metropolis Monte Carlo
algorithm. The trained force field is validated by computing the elastic
properties, radial distribution functions and barrier against hydrolysis.
After successful validation, a set of MD simulations is performed using
the newly developed reactive force field. The molecular reaction rates of
MgCl2·H2O and MgCl2·2H2O are estimated from Reax-MD simulations.
The diffusion coefficient of H2O through MgCl2·H2O and MgCl2·2H2O
slabs is calculated. The effects of temperature and external partial H2O
pressure on the dehydration reaction and mass transport of H2O are
investigated using Reax-MD simulations. The molecular vacancies of
MgCl2·2H2O present in MgCl2·2H2O slab are characterized using vibra-
tional density of states obtained from Reax-MD simulations. Further-
more, the effects of molecular vacancy defects and under-hydration lay-
ers on H2O transport through MgCl2·2H2O slabs are investigated using
Reax-MD simulations.

Ch. 7: In this chapter, the force field is extended to MgCl2·4H2O and
MgCl2·6H2O. The diffusion coefficients of H2O through 2D periodic slabs
of MgCl2·4H2O and MgCl2·6H2O are computed and compared with
those of MgCl2·2H2O and MgCl2·H2O. Further, we have also calculated
the zonal diffusion coefficient of H2O through all hydrates of MgCl2 at
various temperatures. In addition to the mass transport, the heat conduc-
tion in MgCl2 hydrates is simulated using Non-equilibrium Molecular
Dynamics (NEMD) simulations. We demonstrate that heat conduction
in 3D periodic supercells (up to few thousand atoms) of MgCl2 hydrates
can be simulated by NEMD simulations. The thermal conductivity is cal-
culated from the computed temperature gradient and the energy flux in
the MgCl2 hydrates supercells from NEMD simulations.

Ch. 8: After comparing the equilibrium concentrations of thermolysis for
CaCl2 and MgCl2 hydrates, we have investigated the effect of chemi-
cal mixing among these hydrates (double salt hydrates) using DFT. The
structure, harmonic frequencies and Bader charges are calculated. To
study the nature of the bonds in chemical mixtures, bonding indicators
like electron density at a bond critical point, Laplacian, integrated crys-
tal orbital overlap population, and integrated crystal orbital hamiltonian
population are obtained. Dehydration and hydrolysis product concen-
tration of chemical mixtures are compared with elementary salt hydrates
at different temperatures and pressures of the seasonal energy storage
system.
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Molecules and atoms are the elementary blocks of all physical and chemical
processes. To mimic the behavior of these processes, modeling the interactions
between atoms is essential. The atomic properties can be integrated to a molec-
ular level and thereafter the molecular level results provide input for contin-
uum level modeling. These continuum level results can be, in the end, used to
design realistic systems. The information flow from the atomic scale to system
level is known as multi-scale modeling. To scale up the system, we have devel-
oped a reactive force field with a parametrization that can simulate the system
for several thousands of atoms and a time scale up to several nanoseconds. In
this chapter, the methodology used throughout the thesis is described.

2.1 First principle calculations

In classical physics, atoms or molecules obey an equation of motion and
their behavior can be tracked from their trajectory which is known as phase-
space [49]. However, as the mass of a particle approaches that of an electron (≈
10−31 kg), it is difficult to measure the exact position according to the Heisen-
berg's uncertainty principle [50]. A particle that shows a wave-like behavior
cannot be handled any longer by the classical treatment. The quantum state of
waves is characterized by the wave function Ψ. The wave function contains the
complete information of a system and can be obtained from the Schrödinger
equation EΨ = H Ψ. In this equation, E is the ground state energy of the sys-
tem and H is the Hamiltonian operator. This equation can be exactly solved
for a hydrogen atom. For a non-relativistic, time-independent system consist-
ing of many electrons and nuclei, the electronic Schrödinger equation can be
written as: [

− h̄2

2m

N

∑
i=1

∇
2
i +

N

∑
i=1

V (ri)+
N

∑
i=1

N

∑
j<i

U(ri,r j)

]
Ψ = EΨ. (2.1)

Where h̄ is the reduced Planck's constant, m is the mass of an electron, and
N is the number of electrons [51]. The three terms between the brackets repre-
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sent the kinetic energy of each electron, the interaction energy (V (ri)) between
electrons and the atomic nuclei, and the interaction energy (U(ri,r j)) between
different electron pairs, respectively. This form of the Schrödinger equation is
valid within the so called the Born-Oppenheimer approximation [52], through
which the motion of the electrons is decoupled from the motion of nuclei. Such
decoupling is possible because the mass of an electron is much lower than the
mass of the nuclei (except for very light elements like Hydrogen). The exact so-
lution of the above equation does not require any empirical model, thus being
called ab initio or first principle calculation. Unfortunately, the exact solution
of this equation cannot be computed for large systems.

The present thesis deals with salts hydrates like MgCl2·nH2O, CaCl2·nH2O
(n = 0,2,4,6), and their chemical mixtures. The complex interaction between the
atomic particles of salt hydrates is responsible for their intrinsic properties. In
order to understand their thermolysis behavior, the solution of the many-body
Schrödinger equation is needed. The solution can be achieved through two
approaches.

In the wave function based approach, the main objective is to compute the
wave function, which contains all the information of a system. One of such
methods (and the simplest one) is the Hartree method [53] in which the inter-
electron repulsion is replaced by average electron repulsion. As an improve-
ment to it, Fock [54] introduced later the Slater determinant in the wave func-
tion description in order to satisfy the antisymmetry principle. In the Hartree
Fock (HF) method [55], an initial estimate of orbitals is made and the electron
density is estimated. Unfortunately, the HF method cannot properly incorpo-
rate the description of the important electron correlation contributions. The
exact description of the correlation energy is problematic even for simple sys-
tems. The sophisticated post-HF methods include the description of the elec-
tron correlation by mixing additional terms to the wave functions. Such post
HF methods are, for example, the Møller-Plesset (MP) perturbation theory, con-
figuration interaction (CI) and coupled cluster (CC) theory. In the MP theory,
the correlation potential is superimposed on the HF solution in the form of
a small perturbation [56]. In the CI and the CC methods, linear and exponen-
tial variational methods are used for solving the Schrödinger equation, respec-
tively [57,58]. These post-HF calculations, which are able to accurately predict
the electronic properties for small or medium sized molecules, in both ground
and excited states, are however difficult to apply to large systems due to the
significant computational cost. The wave function based methods, assuming
infinite computation resources, are however expected to converge to the exact
solution of the Schrödinger’s equation for any system.

2.1.1 Density Functional Theory (DFT)
A second approach to solve the Schrödinger equation is through density func-
tional theory (DFT). In this thesis, all the first principle calculations are per-
formed using this method. Unlike the previously described wave function
based methods, DFT is based on electron density. The fundamental idea be-
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hind DFT is that the total energy of any system can be expressed as a func-
tional of the ground state electron density no(r). The replacement of the wave
function with the electron density has the advantage that it reduces the 3N de-
grees of freedom to three degrees of freedom, when compared with the wave
function based methods.

DFT is based on two remarkable theorems owed to Hohenberg and
Kohn [59]. Hohenberg and Kohn's (HK) first theorem states that there is a one-
to-one correspondence between the external potential acting on a system and
the ground state electron density of that system. Consequently, the ground
state energy (E), the Hamiltonian (H), the wave function (ψ) and any other
observable will be dependent also on the ground state electron density. The
electronic ground state energy can be expressed as:

E[n(r)] =
∫

n(r)Vnucl−el(r) ·dr+(Tel +Vel−el)[n(r)]. (2.2)

Vnucl−el and Vel−el are the electrostatic potential energy due to the nuclei-
electrons interactions and repulsion between the electrons, respectively. Tel
is the kinetic energy of electrons. The second Hohenberg and Kohn theorem
states that for any external potential, the electronic density that minimizes the
ground state energy (E[no(r)]) is the exact ground state electron density (no(r)).
Consequently, if the exact functional dependence on n(r) is known, then it can
be minimized with respect to the electron density and any observable can be
estimated. The HK theorem prescribes that the ground state of a system can be
reached through a minimization of E with respect to n(r), but it does not specify
the exact form of the E[n] functional. In 1965, Kohn-Sham [60] (KS) proposed an
approximate way for getting E[no(r)]. Thus, within the KS approach the com-
plex problem of the many body interacting particles is solved by mapping it
onto a system of non-interacting particles whose ground state density matches
identically the ground state density of the interacting system. The so-obtained
one particle Schrödinger equation has the form:[

− h̄2

2m
∇

2 +V (r)+VH(r)+VXC(r)
]
φi(r) = εiφi(r). (2.3)

Where the single particle orbitals φ i(r) are charge density dependent, i.e. φ i(r)
= φi([n], r) and εi is the single orbital energy. The VH , VXC and V are the Hartree
term, the exchange and correlation potential, and the external potential respec-
tively, in independent single electron KS equation. The Hartree potential can
be defined as:

VH(r) = e2
∫ n(r’)
|r-r’|

d3r’. (2.4)

The Hartree potential describes the Coulombic repulsion between one electron
and the total electronic charge density. The exchange and correlation potential
does not have a mathematical description, but it is rather a functional deriva-
tive of the exchange and correlation energy with respect to electronic charge
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density:

VXC[n] =
∂EXC[n]

∂n(r)
. (2.5)

The analytical form of EXC is not known and thus the computations rely on
various approximated forms of EXC[n]. Such approximations are the local
density approximation (LDA) [61,62], the generalized gradient approximation
(GGA) [63], the meta GGA approximation, the hybrid functional approxima-
tion. Within the simplest of these, the LDA, the exchange and correlation
energy per electron at a point r is assumed to be well approximated by the
exchange and correlation energy per electron in a homogeneous electron gas
which has the same density as the studied system. Thus :

ELDA
XC [n(r)] =

∫
n(r)εXC(r) ·dr. (2.6)

where:
εXC = ε

hom
XC [n(r)] (2.7)

Such an EXC approximation was found to be appropriate for the description
of the systems with slowly varying electron density. Examples are: the simple
transition metals or semiconductors. However, for the systems which exhibit
a non-uniform electron density (e.g. transition metals, interfaces, molecules).
The LDA was found no longer to provide a realistic basis for the derivation of
the electronic properties [64]. In such cases the LDA was found, for example, to
overestimate the binding energies, the cohesive energies, etc. To overcome the
limitations of the LDA, in the description of the non-homogeneous like electron
density systems, the exchange and correlation energy was made dependent
next to the density (n(r)) also on its local gradients (∇n(r)). In this improved
approximation, the Generalized Gradient Approximation (GGA) is described
as:

εXC = εXC[n(r),∇n(r)] (2.8)

The GGA functional treats heterogeneity in the electron density better than
LDA functional, thus giving a better description for properties like ground
state energies or ground state geometries [64,65]. Some well known GGA func-
tionals from literature are: the Perdew and Wang (PW91) [66], the Perdew-
Burke-Ernzerhof (PBE) [63], and the Beck-Lee-Yang-Parr (BLYP) [67]. In compu-
tational chemistry, many GGA-functionals are used to describe various com-
plex phenomena.

A self-consistent iterative scheme is used to solve the KS equation as shown
in Figure 2.1

The analytical expression of the wave-function (ψ) is essential to solve the
KS equation (Equation 2.3). In order to express the wave function numerically,
ψ is expanded into a component of basis set (ψn), i.e. Ψ can be represented as:

Ψ(r) =
N

∑
i=1

ciψi(r). (2.9)

The basis set is a collection of vectors which define a space in which the KS
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Initialize n(r)

Determine VH ,
VXC, and H

Solve the
KS Eq.

Construct
nnew from Ψ

nmix =
[n(r);nnew]

IF n(r) = nnew

Compute E
and Forces

no

yes

Figure 2.1: Flow chart for the self-consistent procedure to solve the Kohn-Sham equa-
tions.

equation is solved. In principle, to describe Ψ completely, a complete set of ba-
sis functions is needed. Various functions are explored to construct the atomic
orbitals. The Slater-type orbitals (STO) and the Gaussian-type orbitals (GTO)
are two commonly used basis functions. A plane wave basis set can be also
used to construct the atomic orbitals. One of the codes used in the present
thesis, the Amsterdam Density Functional (ADF) package [68] uses Slater-type
basis sets described as:

ψ(r) = N ·Y m
l rn−1e−ζ r, (2.10)

where n is a natural number (principle quantum number), N is the normaliza-
tion factor and Y m

l are the spherical harmonics of degree l and order m. The
exponential ζ determines the width of the orbital (long-range decay behavior).
The selection of ζ depends on the complexity of the system. Single-ζ , double-ζ ,
triple-ζ , single polarized and triple-ζ double-polarized as well as quadruple-
ζ quadrupole polarized basis sets are possible types of STO. The polarization
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functions are used to address the polarization effect in orbitals. These STO ba-
sis sets have a physical interpretation and thus offer a good choice for orbitals.
The STO basis set takes a relatively long time to compute integrals. However,
the STO basis set gives consistent and rapidly converging results [69].

2.1.2 DFT for salt hydrates
All DFT calculations in this thesis are performed in the Amsterdam Den-
sity Functional (ADF) package and the Vienna Ab initio Simulation Package
(VASP). The gas-phase calculations are carried out in ADF and solid-phase cal-
culations are carried out in VASP. We have used throughout the thesis the PBE
and PW91 exchange and correlations functionals. The selection of an appro-
priate functional is important in order to predict properly the system prop-
erties. DFT-GGA using the PW91 exchange and correlations functional has
been used to study the salt hydrates like CaCl2·nH2O [70,71], MgCl2·nH2O [28,72],
MgSO4·nH2O [27] (n = 0,1,2,4,6).

2.2 Molecular Dynamics

Quantum calculations are limited to small system sizes and short time scales.
Molecular Dynamics is one of the computational models which can deal with
larger molecular systems and longer times up to a few nanoseconds. In this
method, the trajectories of individual particles are simulated. In late 50s, MD
simulations were used to investigate the phase transition of hard sphere sys-
tem [73]. In early 60s, Rahman [74] reported the self-diffusion coefficient of liquid
argon using the Lennard-Jones potential. McCammon [75] investigated the hy-
drodynamics of biopolymers in late 70s.

The foundation of MD lies in the Born-Oppenheimer approximation, ar-
guing that the motion of electrons and nuclei can be separated. The heavy
nucleolus is treated classically as a point mass. The inter-particle forces are
established with force fields, and trajectories are calculated by integration of
Newton's second law of motion [76]:

m
d2r
dt2 = F(r) =−∇U(r). (2.11)

Here, m is the mass of the particle, F(r) is the conservative force acting on the
particle and U is the potential energy of the particle. To evaluate the trajectory,
we need to solve equation( 2.11) numerically. The integration scheme and exact
expression of U(r) affect the accuracy of the trajectory. Explicit Euler, Leapfrog,
Verlet, and Velocity Verlet are the example of integration schemes. The Explicit
Euler method is barely used because of its limited stability. Leapfrog is the 2nd

order accurate method in velocity and position [77]. The velocity is calculated at
mid-point value and the means of the mid-point values are used to obtain the
desired velocity. The Verlet scheme [78] is an implicit scheme based on Taylor
expansion, which has an error in position and velocity of O(∆t4) and O(∆t2),
respectively. The Velocity Verlet [79] is frequently used in commercial codes [68].
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The position and velocity at a full time step (t+∆ t) are obtained as:

ri(t +∆t) = ri(t)+∆t vi(t)+
1
2

∆t2 Fi(t)
mi

+O(∆t4). (2.12)

vi(t +∆t) = vi(t)+∆t
Fi(t +∆t)−Fi(t)

2mi
+O(∆t4). (2.13)

In this method, the mid velocity at half time step (∆t/2) is calculated using
velocity and force at present time step (t). This mid velocity is used to calculate
the new position after a full time step ri(t +∆t). The updated position is used
to calculate the force at mid time step (t + ∆ t/2). Further, mid velocity and mid
force are used to obtain the velocity after a full time step. This method needs
less memory as only one set of positions, velocities and forces are required to
advance.

2.2.1 Effect of boundary conditions on MD simulations
Surface properties are often different from the bulk properties. These surface
effects could be significant when dealing with geometries on a small molecular
scale. Although the computational power increased enormously during the
past decades, the number of degrees of freedom that can be simulated may
reach a several million. Thus, a small system limits the application for the
thermodynamic limit, and surface effects could not be negligible. The surface
effects could be estimated by the number of particles on a surface. In a 3D
system, the ratio between surface particles and the total number of particles
scales as:

SV =
Surface
Volume

SVsp = (
3

4π
N)−

1
3

SVc = 6N−
1
3 −12N−

2
3 +

8
N
.

(2.14)

Where SV is the surface to volume fraction. The surface fraction in both spher-
ical and cubical system (SVsp and SVc) reduces with the increase in the number
of particles. Born and Von Karman have proposed a periodic boundary condi-
tion (PBC) to overcome the surface effects [80]. In PBC, as a particle moves in
the central box (the simulation box), its periodic image in the neighboring box
moves with exactly the same way to conserve the number density of particle
in the central box. The PBC inhibits density wavelengths greater than the box
length. It is difficult to estimate properties under PBC that have substantial
long-range contributions, e.g. the light scattering factor. Also, liquid behav-
ior near the critical point, nematic to isotropic transitions in liquid crystals and
solid to plastic transitions cannot be accurately predicted using PBC. Despite
this, PBC is successfully used to compute thermodynamic equilibrium proper-
ties like density, entropy etc [81].

15



Chapter 2.

2.2.2 Temperature and pressure control
In the various statical ensembles like NVT, NPT and µVT, it is essential to con-
trol the temperature and pressure through the MD simulations to mimic some
physical phenomena. An energy drift may occur in MD simulations due to the
truncation error from numerical integration. To prevent the drift from the de-
sired microstate, it is essential to regulate the temperature and pressure of sys-
tem by external temperature thermostats and pressure barostats. In this thesis,
Berendsen thermostats and barostats are used in NVT and NPT ensemble MD
simulations [82]. Berendsen thermostats and barostats, rescale velocities and co-
ordinates of particles by a damping constant in such a way that the change in
micro-state (T/P) is proportional to the difference between the instantaneous
and the desired micro-state [83,84], using the following formula:

λ =
[
1+

δ t
τ

(To

T
+1
)]1/2

,

µ =
[
1− βδ t

τ

(
Po−P

)]1/3
.

(2.15)

Where λ and µ are scaling factor for temperature and pressure. β is the isother-
mal compressibility and τ is the damping constant. To and Po are the set tem-
perature and pressure. The selection of damping constant is very crucial. A
low value of τ represents strong coupling whereas a high value of τ represents
a weak coupling. A very low damping constant (τ →0) results in unrealistic
temperature fluctuations. The influence of very weakly coupled thermostat on
a system is negligible, and the system will act as a micro-canonical ensemble.

2.3 Force Field

The description of the potential energy of a molecular system is complicated.
The simplest form for the potential energy as a 2-body interactions, is proposed
by Lennard-Jones [85]. They suggested that the potential energy between two
particles is caused by two opposing forces (attractive and repulsive). The po-
tential energy (ULJ(r)) between two particles situated at r distance apart can be
written as:

ULJ(r) = 4ε

[(
σ

r

)12
−
(

σ

r

)6]
. (2.16)

The ε and σ are the physical constants that depend on the type of particles cho-
sen. The first term represents short range repulsive force

(
1

r12

)
and the second

term represents
(

1
r6

)
long-range attractive force. The attractive force originates

from the Van der Waals dispersion force due to dipole-dipole, induced dipole-
dipole, and induced dipole-induced dipole interactions. The repulsive term
originates due to Pauli's exclusion principle between their electrons. Thus, a
repulsive force occurs as a particle approaches the space of another particle
in their respective orbitals. The functional form for the repulsive force has no
theoretical basis, rather it is mathematically convenient. The phase diagram of

16



Methodology

a noble gas (argon) was successfully modeled using the LJ potential [74]. The
physical properties of simple fluids like H2O, CH4, O2, C2H4 and CO2 have
been modeled using the LJ potential [86–88]. The non-bonded two-body interac-
tions are easy to compute numerically but cannot capture complex phenomena
like conformational effects and polarization effects.

In context to the 2-body interactions, the many-body interactions are able to
capture polarization and dispersion energy accurately at the cost of high com-
putation power. A general, classical force field (2-body and many-body inter-
actions) has bond-stretching, angle-bending and torsion as 2-body, 3-body and
4-body bonded interactions terms, respectively. Also, the non-bonded terms
consist of van der Waals and Coulomb interactions. The non-reactive force
fields are used in drug design [89] and polymer research applications [90]. How-
ever, they have limited application near the equilibrium geometry due to the
fixed charge [91]. The classical force fields are not able to mimic a chemical
change or transition states of a chemical reaction.

Bond order is used to capture the chemical reaction, which is determined by
the local chemical environment. These bond order based force fields are classi-
fied as reactive force fields. It can the capture the complex chemical behavior of
system by analyzing the trajectory of MD simulations. The bond order based
force fields have two formats: a separated bond order and an integrated bond
order format. Embedded-atom potential [92] is the first type of force field. In
this form of potential, an embedding function of local electron density is in-
troduced along with the interaction energy between all atomic pairs. The local
electron density allows the bond strength to vary in the chemical environment.
The Embedded-atom potential was used to investigate the ground state prop-
erties of pure metals and their alloys. In the second type of force field, an
integrated form of a bond order is used to describe the potential energy of the
system. The Abell, Tersoff, COMB and ReaxFF are examples of the integrated
form of the force fields [91].

Each reactive force field has some limitations. Embedded-Atom Method-
Based force field has lack of angular terms Abell and Tersoff force fields are not
suitable for delocalized bonding. COMB [93] and ReaxFF [94]are two indepen-
dently developed force fields to describe the complex chemical environment.
Both are based on self consistent charge equilibrium and bond order approach.
The description of bonding terms differ in these force fields. The bonding
term in ReaxFF is based on an embedded function of the bond order. While
the bonding term in COMB is based on coupled function of bond order and
charge [95]. The ReaxFF represents more general, many body and physically
more realistic system, though empirically. In MgCl2·nH2O hydrates, Mg-Cl
and Mg-O bonds have covalent and coordinate bond character. Thus, ReaxFF
is used in this thesis.

In a chemical reaction, atoms may change their charge and charge trans-
fer can occur. The fixed charge models cannot capture the chemical changes.
To capture the chemical change in MD simulations, a self-consistent charge
equilibrium approach is essential. The Electronegativity Equalization Method
(EEM) and the Electronegativity Equilibration (QEq) method are the two most
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prominent variable charge schemes [96,97]. The self-energy (Es) of an ion/atom
in both of the methods can be expressed as:

Es = χq+
1
2

ηq2, (2.17)

where χ and η are the electronegativity and hardness of the ion/atom and q is
the charge on the ion/atom. The electrostatic interactions can be obtained from
Coulomb's law for ideal point charges. The point charge model suffers from
the Coulomb catastrophe1. A shielded interaction is used at very short dis-
tances to overcome this Coulomb catastrophe. A radial distribution of charge
around the central atom is used to overcome the Coulomb catastrophe [98]. An
alternative approach [99], 1

r relationship of charge at a large distance and almost
independent relationship at a very short distance is also used. These variable
charge schemes evolve with the change in chemical environment. The differ-
ence between the two methods is that the QEq uses a more rigorous Slater
orbital treatment to overcome the charge overlap (Coulomb catastrophe) [99].

2.3.1 Reactive Force Field
The motivation for this thesis is to investigate the dehydration and hydrolysis
reaction kinetics of chloride-based salt hydrates. The released dehydrated wa-
ter molecules or absorbed hydrated water molecules, in the chemical reactions
have to transfer through the material. This is a case of a complex chemical re-
action coupled to mass transfer. Thus a reactive force field is essential to study
such reactions of salt hydrates. The main features of reactive force field is de-
scribed here:

• Reactive Force Field (ReaxFF) is a general integrated bond-order-dependent
many body empirical potential with a polarizable charge model that dynam-
ically predicts a bond formation and dissociation during a reaction, without
connecting step function potentials [91]. The ReaxFF formalism is based on
represents a continuous energy landscape which is dependent on the bond
order and the non-bonded distance. This continuous differentiable energy
surface helps to obtain the interatomic forces. The bond order obtained from
the inter-atomic distances are updated with time and thereafter energy con-
tributions are updated. In the ReaxFF formalism, the total energy of the
system can be partitioned into the following terms:

Etotal = Ebond +Eval +Etor +Elp +Eover/under +Econj+

EH−bond +Eothers +ECoulomb +EvDW. (2.18)

Etotal is the overall interaction energy of the system and Ebond is the bond
energy. Eval and Etor are the three-body valence angle terms and the four-
body torsion terms respectively. Elp and Eover/under are the energy contribu-
tions from lone-pair electrons, and the penalty energy coming from overco-
ordination and undercoordination, Econj represents the conjugation energy

1As the inter particle distance approaches zero, the electrostatic energy approaches to infinity
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term, EH−bond represents the weak hydrogen bond and Eothers is introduced
for other correcting types of species. ECoulomb and EvDW are the non-bonded
interactions between all pairs irrespective of the connectivity in the system.
ECoulomb is the electrostatic contributions. The Coulomb charge is calculated
dynamically from the electronegativity equalization method [91]. Excessive
electrostatic repulsions at a very short inter-atomic distance are avoided by
shielding parameters.

• The bond order is obtained from the inter-atomic distance using the empiri-
cal formula:

BOi j = BOσ
i j +BOπ

i j +BOππ
i j

= exp
[

pbo1
( ri j

rσ
o

)pbo2
]
+ exp

[
pbo3

( ri j

rπ
o

)pbo4
]
+ exp

[
pbo5

( ri j

rππ
o

)pbo6
]
,

(2.19)

where BOi j and ri j are the bond order and inter-atomic distances be-
tween i and j. The ro and pbo are the equilibrium distance and empir-
ical an parameter. These parameters can be determined either by force
field parametrization or by experiments. The bond order expression has
no discontinuity during new bond formations. The bond-order formula ac-
commodates long-distance covalent interactions characteristic in the ReaxFF
formalism. A covalent range of 5 Å is able to capture even the weak-
est of covalent interactions for most elements. The long-distance cova-
lent bond feature requires the addition of a bond-order correction to re-
move spurious bonds between non-bonded neighbors. ReaxFF includes this
bond order correction term [100].

• The ReaxFF parameters required to define the potential energy surface are
optimized against the training set obtained from QM data. In an optimiza-
tion process, ReaxFF parameters are varied such that the cumulative error
(Ξ) between the DFT data in the training set and their corresponding values
obtained from ReaxFF is minimized. The cumulative error is defined as:

Ξ =
n

∑
i=1

[Xi,DFT−Xi,ReaxFF

σi

]2
. (2.20)

In this equation, Xi,DFT is the DFT value in training sets for data point i, and
Xi,ReaxFF is the corresponding value obtained by ReaxFF. σi is a weight as-
signed to the ith data point to set its relative importance compared to other
data points. In a single-parameter search algorithm [101], a parabolic extrap-
olation method is used for parameterization. The ReaxFF parameters are
correlated, so that an efficient sampling of a high-dimensional parameter
space by a multiple parameter search algorithm is an appropriate choice.
A metropolis Monte-Carlo (MMC) algorithm with simulated annealing is
a multiple parameter search method. In the MMC algorithm, multiple pa-
rameters are changed with a random movement at every iteration and the
proposed configuration is accepted with a probability given by:

P = min
[
1,exp

(
Eold−Enew

kbT

) ]
. (2.21)
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Enew is the error from the new set of parameters proposed and Eold from the
old set. T is an artificial temperature which gradually decreases after each
iteration (simulated annealing) and kb is the Boltzmann constant.

2.3.2 ReaxFF development for salt hydrates
The initial O/H parameters are taken from the Iron-oxyhydroxide force
field [102]. The O/H parameters are kept fixed while bond parameters of Mg-
O, Mg-Cl and angle parameters associated with Mg and Cl are optimized. The
optimization is done in such a way that optimized parameters are able to repro-
duce the energy and structural data present in the training set. The data in the
training set used for comparison include bond dissociation energy, angle bend-
ing curve, reaction enthalpy and EOS for MgCl2, MgCl2·H2O, MgCl2·2H2O,
MgCl2·4H2O and MgCl2·6H2O. A similar strategy is used for CaCl2 force field
parameterization. The ReaxFF parameters obtained from MMC algorithm has
precisely reproduced the QM data for MgSO4 hydrates systems accurately [103].
We have started with the single parameter search algorithm and thereafter
the MMC algorithm is used to find global minima in the cumulative error as
ReaxFF parameters are correlated.

2.4 Running a Reactive Molecular Dynamics simu-
lations

Molecular Dynamics (MD) is a simulation method to explore molecular sys-
tems. Reactive Molecular Dynamics (Reax-MD) simulation generates a numer-
ical trajectory of all atoms in the system [104], providing insight on chemical
change in individual atoms. Therefore, the transitional states in a reaction can
be explored from Reax-MD simulations. Initial coordinates and velocities of all
atoms are required for a Reax-MD simulation.

In this thesis, the initial coordinates of solid structures are generated based
on their experimental crystallographic data. The energy of the system based on
the chosen reactive force field is minimized [105] to ensure that the initial con-
dition belongs to a local energy minimum. The initial velocities are generated
using the Maxwell-Boltzmann distribution, according to an initial temperature.
The time step of 0.25 fs, which is used in all the simulations, is able to capture
the movement of the lightest atom.

2.5 In silico assessment of material properties

We have performed Reax-MD simulations in ReaxFF, developed by Software
for Chemistry & Materials (SCM). In Reax-MD simulations, one can obtain the
trajectory of atoms along with the number of molecules at each iteration. Be-
cause the number of molecules can change due to a chemical reaction. Thus,
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reaction rates can be obtained on molecular level. In this chapter, the tem-
perature profile at the solid-solid interface, thermal conductivity, thermal ex-
pansion coefficient, the diffusion coefficient of water, the vibrational density
of states (VDOS), radial distribution function and molecular reaction rate are
reported.

2.5.1 Bulk modulus
The bulk modulus of a matter represents the resistance of matter against the
compression when a uniform pressure is supplied to the matter. It is the inverse
of the compressibility and can be expressed as:

B0 =−
d p

dV/V
, (2.22)

where B0 is bulk modulus elasticity, d p is the differential change in pressure
on the matter, dV is the differential change in volume, and V is initial volume.
Varying the volume of a crystal will result in a stress or strain. The atoms of a
crystal are forced out of their minimum energy position (relaxed position) and
the total internal energy (E(V )) increases. The third order Birch-Murnaghan
equation of state (BM-EOS) [106] relates internal energy of a system to their vol-
ume :

E(V ) = E0 +
9V0B0
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V

)2/3
] .

(2.23)
Here E0 is the minimum energy, V0 is the corresponding volume to this lowest
energy, and B0 is bulk modules. B′0 is the derivative of the bulk modulus with
respect to the pressure. The elastic properties of a material can be obtained
using BM-EOS fitted to the E(V ) versus V of the crystals obtained using ReaxFF.

2.5.2 Radial Distribution Function
The radial distribution function (RDF) is an effective way to describe the struc-
ture of a material. The RDF gives the probability of finding another atom at the
distance r. The RDF can be useful to derive different characteristics. The RDF
g(r) is given by:

g(r) =
n(r)

ρ 4πr2∆r
, (2.24)

where n(r) is the number of particles in a spherical shell with thickness ∆ r
at r, ρ as mean number density of the matter. RDF provides a linkage (pair
correlation function) between a macroscopic thermodynamic property and in-
termolecular interactions of molecules. For example, the total potential energy
(Eptot ) can be obtained by multiplication with the potential function φ(r) and
integration over the entire system, following equation 2.25:

Eptot =
∫

∞

0
φ(r)n(r) =

∫
∞

0
φ(r)g(r)ρ×4πr2dr. (2.25)
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The shape of the RDF can give information about the ordering of (phase) the
material. The RDF can be obtained from MD simulation, and also experimen-
tally from X-ray or neutron diffraction studies. In this study, it acts as a vali-
dation for the selected ReaxFF, where the structural properties of solid crystals
obtained from MD are compared with experimentally observed crystals.

2.5.3 Thermal properties
The continuum models ignore the fact that matter is made of atoms. It can cap-
ture the phenomena which occur on length scales larger than inter-atomic dis-
tances and mean free paths, however, on a microscopic level, this assumption
does not hold. Kinetic theory [107] provides molecular insight for heat conduc-
tion in a gas on the microscopic level. A systematic diagram of heat conduction
is shown in Figure 2.2. Particles near the hot wall (red zone) get excited. These
fast moving particles may collide with other (on average) slower moving par-
ticles coming from the cold wall (blue zone). During the collision, a part of the
excess energy will be transferred from the hotter particle to the cooler particle.
In this way, the atoms/molecules in a gas act as an energy carrier. A net energy
flux is transferred from the hot wall to the cold wall. The energy flux (qx) at
location X between the hot and the cold wall is given by:

qx =
1
2
(Uvx)|x−vxτ −

1
2
(Uvx)|x+vxτ . (2.26)

Here, vx and τ are the carrier velocity and relaxation time. U is the local energy
density per volume. The energy flux be expressed by Taylor expansion of vx
assuming vx is independent of X:

qx =−
v2τ

3
dU
dT

dT
dx

. (2.27)

Where dU
dT is the volumetric specific heat capacity Cv. The heat flux can be

further simplified to the form of Fourier’s Law:

qx =−
Cvv2τ

3
dT
dx

=−k
dT
dx

. (2.28)

Where k is the thermal conductivity of the material. Thermal conductivity can
be calculated from MD simulations using two common methods: the Steady-
State Non-Equilibrium Molecular Dynamics (SS-NEMD) method [108] and the
Green-Kubo Equilibrium Molecular Dynamics (GK-EMD) method [109–111]. The
SS-NEMD method is similar to experimental measurements of thermal con-
ductivity. A temperature gradient is imposed over the system using strongly
coupled thermostats in an intuitive approach. The resulting temperature gra-
dient and heat flux are used to compute the conductivity with Fourier's Law
(Equation 2.28).

The NEMD method has the advantage that it converges quickly to a high
accuracy, and it is suited to investigate inhomogeneous solid interfaces be-
tween different materials and the influence of structural defects [112,113]. In
contrast with the NEMD method, the GK-EMD needs relatively longer sim-
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Figure 2.2: Heat conduction through a gas according to kinetic theory.

ulation times and it is often used to investigate phases which have well de-
scribed empirical pair potentials [114]. The advantage of the GK-EMD method
is that it allows to compute thermal conductivities of anisotropic materials (like
MgCl2·nH2O) in different directions, whereas SS-NEMD can only be used for
unidirectional conductivities over a simulation run. The finite size effects are
much smaller in the GK-EMD method than in the SS-NEMD method [115,116].

A hot and cold zone are created using strongly coupled thermostats, which
acts as heat source and sink, respectively. The inner sandwiched region, be-
tween heat source and sink, is weakly coupled to the thermostats. The tem-
perature profile in the weakly coupled region is linear whereas it is non-linear
in strongly coupled regions because of strong scattering in these strongly cou-
pled zones [108,112,117]. The ratio of energy flux and temperature gradient in the
weakly coupled region gives the thermal conductivity.

As mentioned earlier, the thermal conductivity (k) is related to the mean
free path (λ ) of energy carriers (Equation 2.29). If the characteristic length of
system is larger than the mean free path of carriers, thermal energy is trans-
ferred by multiple collisions. The Fourier law is valid in this diffusive regime.
In cases when the characteristic length of the system lies in the order of the
mean free path, the energy carriers may travel ballistically between source and
sink. This scattering in the heat source and sink, introducing an extra limiting
effect on the mean free path, and thus a reducing effect on the conductivity
(Equation 2.29). Thus, the conductivity equation must be corrected for the en-
hanced scattering effect:

k =
1
3

CvvλL. (2.29)

Where, λL is the corrected mean free path for a system of size L. This can be
estimated from Matthiessen's rule, which states that the corrected resistivity is
the sum of the intrinsic scattering and the scattering due to impurity. Thus, the
corrected mean free path can be expressed as a combined effect of mean free
path of bulk and length of the system as [118]:

1
λL

=
1

λ∞

+
4
L
. (2.30)
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In a system of PBC, the average distance for an energy carrier to scatter with the
heat source or sink is L/4 [108]. Combining Equations 2.29 and 2.30, the thermal
conductivity (kL) of system size L can be expressed as:

1
kL

=
12

Cvv
1
L
+

1
k∞

. (2.31)

Where, 1
k∞

is the thermal conductivity of the bulk material. Bulk thermal con-
ductivity (k∞) can be estimated by extrapolating the effective thermal conduc-
tivity obtained for small system sizes (kL).

2.5.4 Diffusion coefficient
The diffusion coefficient of water through salt hydrates is a complex phe-
nomenon as it is produced from a dehydration reaction. The dehydration ki-
netics play a key role in water transport (diffusion of water). Inversely, the
diffusion of water affects the dehydration rate. We have obtained the diffusion
coefficient of water using a reactive force field that captures the dehydration
reaction. The diffusion coefficient can be obtained from Fick's second law:

∂c(r, t)
∂ t

= D∇
2c(r, t). (2.32)

Here, D is the diffusion coefficient. The time evolution of a particle 〈r2(t)〉, a
microscopic interpretation, will lead towards the macroscopic transport coef-
ficient (D). After partial integration, the diffusion coefficient can be expressed
as:

D =
1
2

∂ 〈r2(t)〉
∂ t

. (2.33)

This expression was first derived by Einstein [119]. In MD, the mean-square
displacement of a particle in time t is used to compute D. The displacement of
particles can also be expressed in the form of velocity as:

〈r2(t)〉=
〈(∫ t

0
dt ′v(t ′

)2
〉
. (2.34)

The diffusion coefficient can be obtained from the Green-Kubo formulation:

D =
∫

∞

0
〈v(t).v(0)〉dt. (2.35)

The expression in angle bracket 〈v(t).v(0)〉 is known as Velocity Auto-
correlation Function (VAF) [120]. The Green-Kubo relation can also be used to
compute other transport coefficients like viscosity and thermal conductivity in
terms of time-dependent correlation functions.

2.6 Concluding remarks

In this chapter, we explained various models used to simulate the salt hydrates
of MgCl2 and CaCl2, using a hierarchical approach. First, ab-initio methods
are introduced. These atomic-scale calculations can capture chemical reaction

24



Methodology

but they are computationally expensive. Therefore, to simulate larger system
for a longer time, a reactive force field (ReaxFF) based Molecular Dynamics
simulations are introduced, which can capture chemical reactions. We have
explained the boundary conditions and temperature control mechanisms for
the MD simulations. Additionally, we have described a theoretical model to
characterize the material properties of salt hydrates.
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Thermal discontinuity investigations
at the solid interface: A validation

study

In this chapter, a validation study of methodology described in chapter 2 is
carried out. The material properties of a relatively simple solids are com-
puted using a reactive force field (ReaxFF). Temperature profile across the var-
ious solid interface are obtained from the ReaxFF based Molecular Dynamics
(Reax-MD) simulations. The temperature profiles are compared with contin-
uum level model supplemented with the material properties obtained from
Reax-MD simulations.

3.1 Introduction

Gas-surface interactions identify the ensemble of the physical processes that
occur at solid-solid interfaces between a high-temperature gas mixture and the
solid walls bounding the non-equilibrium hypersonic flow of the gas mixture.
Typically, these interfacial processes are superficial diffusion of mass, momen-
tum, energy and chemical reactions. These processes play a key role in the de-
termination of several flow characteristics, of which wall heat flux is the most
critical. They are of utmost importance in heat-shield design for application
in aerospace industry. In turn, the modeling of the interfacial processes estab-
lishes the correct boundary conditions required for accurate computer simula-
tions of hypersonic reentry flows. Macroscopic models are desired to model
the temperature and pressure jumps at the various solid interfaces.

In the context of building up a macroscopic theory of gas-surface interac-
tions targeting the hypersonic reentry flows, Giordano et al. [121] have proposed
a Phenomenological-Theory (PT) for the heat transfer between two solids in
physical contact, which may form a physical interface. They have remarked
the lack of a physical principle justifying the standard temperature-continuity
boundary conditions. As a replacement of temperature-continuity, they have
introduced forth tension (τ , force per unit area) continuity:

n1 · τU,1(P, t)+n2 · τU,2(P, t) = 0, (3.1)

where, n1 and n2 are normal unit vectors at a point of contact P (see Figure A.1)
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and t is time. This macroscopic theory is founded on momentum conservation
and, represents a more physically motivated and significant boundary condi-
tion. The mathematical formulation of the phenomenological-theory is given
in Appendix A and further readers interested in more details refer to the origi-
nal paper [121].

There is a significant scientific challenge in providing thermal behavior at
the interface between solid materials. The reconstruction of the interface on
the molecular level affects the thermal continuity. Experimental measurement
of such a temperature discontinuity at molecular level is extremely difficult.
Computational models can be a very useful tool to provide important thermal
insight into the solid interface. The molecular level MD simulations has been
used to study thermal transport across solid interface of diamond grains [122]

and the Lennard-Jones fluids [123,124]. They reported that solid interface has
great influence on thermal conduction. These studies are relevant for the in-
dustrial applications like micro-electronics, nano-composites and nano-layered
structures [122–124].

The motivation of this study is to investigate the temperature profile at the
solid-solid interface from a very fundamental molecular level Reax-MD simu-
lations. The materials are chosen to compare various types of solid interfaces
(homogeneous non-reactive: Pt-Pt, heterogeneous non-reactive: Pt-Ni and het-
erogeneous reactive: Si-SiO2). The obtained material properties from Reax-MD
simulations for Pt and Ni, are used as input parameters in the macroscopic
level phenomenological-theory to compute the temperature profiles at the Pt-
Pt and Pt-Ni systems. The temperature profiles at the non-reactive interfaces
(Pt-Pt and Pt-Ni) obtained from Reax-MD simulations are compared with the
macroscopic level phenomenological-theory. We extended this study for Si-
SiO2 reactive pair.

Formation of a chemically active interface requires information on the heat
transfer in a small layer of material on a molecular level, determining the tem-
perature evolution at the surface. Temperature evolution at a solid interface
forming chemical reactive boundaries could be interesting for aforementioned
industrial applications. More than this, it serves the scientific curiosity to un-
derstand the influence of solid interface on their temperature profile. Molec-
ular dynamics simulations including chemical reaction are able to accurately
predict the temperature evolution and surface transformation on the molecu-
lar level. Therefore, we investigated a reactive heterogeneous interface created
from Silicon and Silicon dioxide (Si-SiO2). We compare this model behavior
with the molecular scale investigation for Pt and Ni systems.

3.2 Material properties estimation from Reax-MD

For the in-silico characterization using reactive force field methodology, we
compute the material properties of relatively simple systems like Platinum (Pt),
Nickel (Ni), Silicon (Si) and Silicon dioxide (SiO2). When brought into contact
with each other, these materials form various types of solid interfaces. The
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elastic properties, thermal expansion coefficient, and thermal conductivity of
the materials are important properties which can be used as input parameters
to upscale the molecular results up to the macroscopic level. More than this, it
acts as validation study for in-silico characterization using reactive force field.
We estimated the elastic properties of Pt, Ni, Si and SiO2 using the best avail-
able force fields. Further, the thermal expansion coefficients and thermal con-
ductivities of Pt and Ni are computed from Reax-MD simulations. It is critically
important to analyse the influence of system size on the thermal conductivity
on the solid.

The studied solid materials in Reax-MD simulations are crystals, built-up
from unit cells. A perfect bulk crystal is a periodic three-dimensional arrange-
ment of atoms. This can be described by an atomless lattice and a basis. Each
basis, also known as a unit cell, consists of a number of atoms or molecules,
and this basis can be placed on each lattice point. The lattice is a periodic array
of coordinates and can be described by a basis set of vectors:

R = n1a1 +n2a2 +n3a3, (3.2)

with lattice constants a1, a2 and a3 integer, and n1,n2,n3. This basic set of vec-
tors form the unit cell of a crystalline solid. In this chapter, the size of the cre-
ated crystals is presented in nx×ny×nz, where nx,ny,nz are respectively number
of replications in X-, Y-, and Z-directions. The unit cells of Pt [125], Ni [126], Si [127]

and SiO2
[128] are taken from experimental crystallographic information files.

3.2.1 Force Field selection
Selection of an appropriate reactive force field is very important for in-silico
characterization. The calculations of elastic properties, thermal expansion coef-
ficients and the radial distribution function (RDF), guide as a selection criterion
for the appropriate reactive force fields. Supercells of (5×5×5) Pt, (5×5×5)
Ni, (3×3×3) Si and (4×4×4) SiO2 are created, containing approximately 400-
800 atoms, with initial volumes of 7547 Å3, 5469 Å3, 7890 Å3, and 10913 Å3,
respectively. Periodic boundary conditions are applied in all directions.

We have chosen three reactive force fields [129–131] available for Pt and Ni
and nine force fields for Si and SiO2

[131–138]. These force fields are tested by
deforming the crystals 0.86 to 1.16 times their initial volume uniformly. The
resulting increase of potential energy is shown in Figure 3.1. The relation be-
tween volume and energy is obtained by fitting against the Birch-Murnaghan
equation of state (BM-EOS) [106]. The resulting elastic parameters (E0 and B0)
are given, and compared with literature [125,129,132,139–142] in Table 3.1.

The force field developed by J.E. Mueller et al. [129], is able to predict the
equilibrium volume (V0) of Pt [125] and Ni [126] unit cells within 1.9% and 7.0%
deviations from their experimentally observed crystal structures. The devia-
tions for the bulk modulus (B0) of Pt and Ni are 9.8% [139] and 16.0% [140] re-
spectively. The force field developed by Kulkarni et al. [132] is able to predict
the equilibrium volume (V0) within 7.5% [127] and 30% [128] deviations for Si and
SiO2, respectively. The bulk modulus (B0) is within 22.9% [141] and 5.7% [142] de-
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Material Force- E0 B0 B0 (lit.) V0 V0(lit.)
field [kcal/mol] [GPa] [GPa] [Å3] [Å3]

Pt [129] -532.4 240 266 [139] 61.52 60.38 [125]

Pt [130] -534.3 179 266 [139] 62.91 60.38 [125]

Pt [131] -560.6 166 266 [139] 64.52 60.38 [125]

Ni [129] -414.9 155 185 [140] 46.96 43.76 [126]

Ni [131] -369.8 167 185 [140] 48.21 43.76 [126]

Si [132] -1617 144 117 [141] 272.1 292.2 [127]

SiO2
[132] -2128 35 36 [142] 242.1 170.5 [128]

Table 3.1: Comparison of computed elastic properties using the Birch-Murnaghan-EOS
and relaxed volume (V0) from various reactive force fields and literature.

viations for Si and SiO2, respectively. These force fields are chosen for further
investigation.

To validate further the applicability of the chosen force fields, we have ob-
tained the Radial Distribution Functions (RDFs) of Pt-Pt, Ni-Ni, Si-Si (Si and
SiO2) and Si-O (SiO2) pairs from Reax-MD simulations in periodic solid slabs
as shown in Figure 3.2. The sharp peaks in RDF elucidate the extent of order-
ing in the slab, thus representing the solid phase. The locations of the peaks
coincide with the position of neighboring atoms (represented by ‘∗’) in the
experimentally observed solid crystal [125]. Concluding that the selected force
fields [128,129] can capture the crystalline phase of Pt, Ni, Si and SiO2.

The volumetric thermal expansion coefficient (αv) can be obtained from the
slope of the natural logarithm of the volume (lnV ) versus imposed temperature
(T ) in the range of 250 K - 500 K and at atmospheric pressure in NPT ensem-
ble [143]. The effect of thermal expansion is given by:

αv =
1
V

(
∂V
∂T

)
p
=

[
∂ ln(V )

∂T

]
p

, (3.3)

where αv is the volumetric thermal expansion coefficient at a constant pressure.
The results for Pt and Ni are given in Table 3.2. The results on the molecular
scale are in reasonable agreement with the bulk experimental value [144,145].

Element
Thermal exp. coeff.
× 10−5 [m3/m3K]

ReaxFF Literature
Pt 2.0 2.7 [144]

Ni 3.2 3.9 [145]

Table 3.2: Comparison of volumetric expansion coefficients obtained from the present
Reax-MD simulations and from experiments [144,145].
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Figure 3.1: Fitting of the BM-EOS to strained and compressed slabs using various reac-
tive force fields given in Table 3.1. (a), 5×5×5 Pt. (b), 5×5×5 Ni. (c), 3×3×3 Si. (d),
4×4×4 SiO2. The green ‘?’represents the minimum energy point on each curve.
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Figure 3.2: Radial distribution functions of Pt-Pt, Ni-Ni, Si-Si and Si-O pairs present
in studied solid crystals obtained from the Reax-MD simulations. The ‘∗’ represents
the neighboring atomic distances inside the solid slabs. For clarity, only the nearest
neighbor ‘∗’ is shown in SiO2.

3.2.2 Thermal conductivity with Steady State NEMD method
The thermal conductivity of a solid can be computed from “Steady State”
Non-Equilibrium Molecular Dynamics (SS-NEMD). This is an often used
method [108,113,146], that relies on imposing a temperature gradient, over the
system. A schematic view of the system is shown in Figure 3.3. Two strongly
coupled regions (τ = 100 fs) are created, one hot zone (red zone, 330 K) and
one cold zone (blue zone, 300 K), which act as heat source and the heat sink,
respectively. There are weakly coupled regions (grey zone, τ = 105 fs) created
on the both sides of the strongly couple regions, which are kept at 300 K. This
results in a steady state temperature gradient (dT/dx) and an energy flux (q),
in weakly coupled regions between heat source and sink.

The thermal conductivities of Pt and Ni are computed using the SS-NEMD
method for different system sizes. The total length of the systems varied from
3a1×3a2×Xa3 (X varies from 24 to 156), including 3a1×3a2×6a3 zones as the
heat source and sink. The energy flux is the average of the heat flux leaving the
heat source and the flux arriving at the heat sink (strongly coupled zones). The
temperature gradient is computed over the weakly coupled region of material.
The system is equilibrated up to 1 ns with time step (∆t) of 0.25 fs. All the ther-
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Figure 3.3: Schematics representation of SS-NEMD method, with a periodic system.

mal conductivity values obtained by SS-NEMD are presented in Table 3.3. The
thermal conductivity increases with system size for both Pt and Ni systems.

The thermal conductivities are extrapolated for infinite length by fitting the
linear expression between 1/L and 1/k (Equation 2.31) as shown in Figure 3.4.
The fitted lines intersect the Y axis at 1/kPt = 0.021 mK/W and 1/kNi = 0.013
mK/W, which results in a bulk thermal conductivity of kPt = 46.7± 9.5 W/mK
and kNi = 74.4± 9.2 W/mK. The error in the thermal conductivity calculations
for an individual size is predominantly due to the linear fitting of the tempera-
ture gradient obtained from Reax-MD simulations. The small deviations in an
individual system may result in large deviations in the bulk thermal conductiv-
ity, due to the extrapolation [147]. The computed thermal conductivities are ap-
proximately 35 % and 18 % lower than the experimental values for Pt [148] and
Ni [149], respectively. This is expected because thermal conductivity in metals
is dominated by free electrons, which are not accurately described in reactive
force field formalism. Therefore, the present Reax based SS-NEMD simulations
can predict the thermal conductivity with reasonable accuracy.

The gradients of the extrapolated curve (see Figure 3.4) obtained from Reax-
MD simulations are 2.1× 10−9 m2K/W and 1.0× 10−9 m2K/W for Pt and Ni,
respectively. The gradient should be equal to the theoretical gradient (12/Cvv,
see Equation 2.31) obtained from the kinetic theory [150]. By taking Cv,Pt =
28×105J/m3K, Cv,Ni = 39.6×105J/m3K [151], the computed velocities of thermal
transport carriers are vPt ≈ 2×103m/s, vNi ≈ 3×103m/s. These values are found
to be in agreements to the sound speed in lateral direction through Pt and Ni
from literature [151].

3.3 A multi-scale study of thermal discontinuity

The computed material properties from previous section are used to upscale
the results from molecular level to macroscopic level. Reax-MD simulations
are carried out to understand the temperature discontinuity across the solid
interfaces of homogeneous (Pt-Pt), heterogeneous (Pt-Ni) and heterogeneous
reactive materials (Si-SiO2).
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System Conductivity Pt [W/mK] Conductivity Ni [W/mK]
3×3×24 4.0±0.4 7.7±0.5
3×3×36 5.9±0.3 -
3×3×60 - 17.2±0.6
3×3×84 10.4±0.3 21.7±0.6

3×3×108 15.0±0.5 24.4±0.5
3×3×132 15.3±0.3 -
3×3×156 19.2±0.5 -

Table 3.3: Thermal conductivities for different sizes of Pt and Ni systems.
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Figure 3.4: Extrapolation of SS-NEMD results to bulk conductivity. (a), Pt. (b), Ni.

3.3.1 Temperature profile at the solid interfaces
Schematic diagrams of the studied Pt-Pt, Pt-Ni and Si-SiO2 systems are given
in Figure 3.5. The top and bottom sections (9×9×6 Pt, 10×10×6 Ni, 3×3×2
Si and 4×4×2 SiO2) as shown by boxes surrounded by black dashed lines, are
attached to strongly coupled thermostats (τ = 100 fs) and act as heat source and
heat sink. Top sections are kept at 330 K and bottom sections are kept at 300 K.
The sections between the hot and the cold zones are weakly coupled (τ = 105

fs). These weakly coupled zones are placed between the strongly coupled top
and bottom zones to create a temperature difference. In the case of the Pt-
Pt system, strongly coupled heat source and heat sink (9× 9× 6) are placed
between two central weakly coupled zones (9×9×9), which form the interface.
In case of the Pt-Ni system, the top Pt zone (9× 9× 9) is replaced by Ni (10×
10× 10) with a void of 4 Å between them. The 3× 3× 3 Si and 4× 4× 4 SiO2
supercell are used to create the interface.

In realistic experimental conditions, the thermostat takes time to set the de-
sired temperature, thus the temperature of heat source evolves with time. To
investigate the effect of the way in which the temperature conditions in the
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thermostat are realized, in Reax-MD simulations on the final temperature pro-
file, we have compared a gradual temperature setting with an instantaneously
fixed setting. For the gradual temperature setting, we have increased the tem-
perature of heat source (330 K) in the steps of 5 K per 0.1 million iterations (25
ps). After 0.6 million iterations (150 ps), the temperature profile of the gradual
temperature rise system is compared with the system in which temperature of
hot zone was instantaneously set at 330 K (instant ∆ T ) as shown in Figure 3.6.
We observe that the temperature profile is almost the same for both cases. Thus
in the following cases, we have initialized the temperature of hot zone as 330
K (instant ∆ T ).

These systems have been simulated over 1 ns. The temperature profile
evolution across the solid interfaces of Pt-Pt and Pt-Ni systems with Reax-
MD is plotted after every 200 ps. The temperature profiles developed over
time obtained from Reax-MD are compared with the temperature profile from
phenomenological-theory as shown in Figures 3.7 and 3.8. The molecular level
Reax-MD simulations and macroscopic level phenomenological-theory have a
different time scale, thus to compare them, a non-dimensional time (tnon−dim) is
defined as:

tnon−dim = t/teq. (3.4)

Where t is the actual time and teq is the time when the system attains the final
temperature in both of the method. The temperature profile obtained from the
phenomenological-theory evolves slowly with time (tnon−dim) when compared
with the Reax-MD simulations for both Pt-Pt and Pt-Ni systems. In the Reax-
MD results: a continuous temperature profile is observed at the Pt-Pt interface
while a temperature jump (discontinuity) is observed at the Pt-Ni interface as
shown in Figures 3.7 and 3.8. Similar temperature profiles are also observed
from the phenomenological-theory. Since one method is based on molecular
level and another one is based on macroscopic level theory, a slight discrep-
ancy in the magnitude of the temperature jump can be expected. These results
confirm that the temperature jump is observed at the solid interface between
different materials for both molecular level and macroscopic level modeling.

Further, we have investigated the temperature profile of a solid pair (Si-
SiO2) with a reactive interface. We have chosen the simple reaction pair Si-
SiO2, which can react and can form a chemical interface at the solid boundary
(see Figure 3.5 c). The description of the system is similar to the previous cases
(Pt-Pt and Pt-Ni). The temperatures of the heat source and sink (hot and cold
zones, τ =100 fs) are kept at 700 K and 600 K to enable a chemical reaction at
the solid interface. We have performed Reax-MD simulations up to 1 ns. The
formation of the chemical interface at the solid boundary is evident from the
final configuration obtained from Reax-MD simulations as shown in Figure 3.5
d. After 1 ns, there is a temperature jump observed between Si and SiO2. It
reiterates that there will be a temperature discontinuity at the heterogeneous
reactive solid interface. We have also observed three type of materials present
in the system: Si bulk, Si-SiO2 interface, and SiO2 bulk. Thus, the temperature
profile has three slopes.
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Figure 3.5: Schematic representation of systems indicating the material composition at
the bottom and top zone of non-reactive Pt-Pt, and Pt-Ni interfaces, and reactive Si-SiO2
interface. The particles in the dashed area are the strongly coupled sections, which acts
as a heat source and heat sink. (a), initial Pt-Pt. (b), initial Pt-Ni. (c), initial Si-SiO2. (d),
final Si-SiO2 configuration.

3.4 Conclusions

To validate the Reax based MD simulations, we have reported the tempera-
ture profile across a homogeneous (Pt-Pt), heterogeneous (Pt-Ni), and hetero-
geneous and reactive (Si-SiO2) solid interface. Giordano et al. [121] have pro-
posed an exploratory phenomenological-theory of interfacial interactions on
a macroscopic level. We have tested the applications of Reax-MD simulations
for temperature distribution at the solid interface. Reactive force fields can cap-
ture the physical and chemical phenomena under various conditions. We have
chosen various force fields for Pt-Ni and Si-SiO2 systems, which can mimic
their material properties. These selected force fields predict the equilibrium
volumes [125–128] and bulk modulus [139–142] of Pt, Ni, Si and SiO2 in reasonable
agreement with experiments. To validate further, thermal expansion coeffi-
cients of Pt and Ni are estimated using Reax-MD simulations and they are
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Figure 3.7: The temperature profile (non-dim. T versus non-dim. x) of the Pt-Pt slab ob-
tained from the phenomenological-theory (red solid line) and from the Reax-MD sim-
ulations (brown solid line with � markers). The dotted line and dashed line with �
markers are intermediate temperature profiles from the phenomenological-theory and
the Reax-MD simulations, respectively. The numbers at the lines represent time scaling
(tnon−dim) and thickness of intermediate temperature profile is increasing over time.

found to be in reasonable agreement with experiments (26% [144] deviation for
Pt and 18% [145] for Ni). This study acts as a validation of Reax-MD simulations
for elastic and thermal properties of various solid materials.
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The thermal conductivity of a solid material on molecular level is size de-
pendent. Thus, we have obtained the thermal conductivity of Pt and Ni for
various system sizes. We have determined the thermal conductivity value for
infinite length by extrapolation. The estimated bulk thermal conductivity for
Pt and Ni from the present calculations is 35% and 18% lower than the exper-
imental value [148,149], which can be explained by limitations of reactive force
field. The elastic and thermal properties obtained from molecular level mod-
eling serve as input parameters for the macroscopic level phenomenological-
theory. The temperature profile at the Pt-Pt interface and the Pt-Ni interface
are obtained from Reax-MD simulations. Temperature continuity is observed
at the solid interface of homogeneous materials (Pt-Pt). The molecular level
simulation converges faster than the phenomenological-theory. The temper-
ature profiles between Pt-Ni has a discontinuity at the interface observed in
both molecular and macroscopic level. The temperature jump obtained from
molecular level calculations is lower than obtained from macroscopic level cal-
culations. The discrepancy between the two models in the temperature jump
for Pt-Ni can be explained by the fact that the length and time scale for both
calculations are different.

The reactive force field can capture chemical reactions, thus interesting in-
sights could be obtained for solid pairs which can form reactive interface. For
this purpose, Si-SiO2 pair was chosen and the heat source and heat sink are
kept at 700 K and 600 K to enable a reaction between Si and SiO2 interface.
We have observed a temperature discontinuity. The three distinct phase of
solids (Si, Si-SiO2 interface, and SiO2) have been observed and they have a
different temperature gradients. The estimation of material properties of the
reactive interface (Si-SiO2) is challenging, hence the temperature profile from
phenomenological-theory could not be obtained. We conclude from our molec-
ular level Reax-MD simulations and with the phenomenological-theory using
our upscaled material properties that there is temperature discontinuity across
the solid boundary if the materials are not same. The temperature jump across
the solid boundary could be estimated with Reax-MD simulations, which can
mimic interesting physics at the solid interface.
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Thermolysis of CaCl2 hydrates

In this chapter, the molecular structures of CaCl2 hydrates are investigated us-
ing GGA-DFT calculations. The Gibbs free energy based equilibrium concen-
tration of thermolysis reactions are described here. These equilibrium curve
are compared with MgCl2 hydrates1

4.1 Introduction

Chloride based salt hydrates (MgCl2·nH2O, CaCl2·nH2O; n = 0,1,2,4,6) are also
promising TCMs for seasonal heat storage. They have high storage capacity
(2-3 GJ/m3). However, hydrolysis is reported for chloride based salt hydrates.
This is an irreversible endothermic reaction which is competing with the dehy-
dration reaction, according to:

MCl2 ·nH2O→MOHCl+ (n-1)H2O + HCl (M = Mg/Ca) (4.1)

MgCl2 hydrates have faster kinetics but also have the problem of hydrolysis as
a side reaction [43]. Hydrolysis affects the cycle stability of the storage system
and generates HCl gas, which is harmful and corrosive. This poses a challenge
for the application of MgCl2 hydrate as a TCM.

Hydrolysis can be avoided in TCMs by mixing with other halides [38]. Ram-
melberg et al. [153] have examined the performance of various salt mixtures.
They observed that the mixture of CaCl2 hydrates and MgCl2 hydrates shows
good cycle stability and improved kinetics than MgCl2 and CaCl2 hydrates
alone. They have not described the chemical explanation for this extra sta-
bility. To assess the performance of the mixture of CaCl2 hydrate and MgCl2
hydrate, it is essential to investigate the dehydration and hydrolysis behavior
of CaCl2 hydrates and compare these to MgCl2 hydrates.

CaCl2 hydrate has been used as TCM [30,154–156]. It has a very high crys-
talline energy storage density (2.82 GJ/m3), is readily available, inflammable
and has high temperature lift during hydration [22,154,157]. CaCl2 hydrates are

1This chapter is based on the work published in: Pathak, A. D., Nedea, S., Zondag, H., Rindt,
C., & Smeulders, D. (2016). Physical Chemistry Chemical Physics, 18(15), 10059-10069 [152].
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also used in mobile storage of industrial waste [158]. In domestic heat storage
systems, TCMs are used in the temperature range of 300 K - 500 K while in mo-
bile storage of industrial heat, much higher temperature range is used. Thus, it
is important to investigate the equilibrium product concentrations of dehydra-
tion and hydrolysis reactions of CaCl2 hydrates over wide temperature range.
Next to the kinetics of the dehydration/hydrolysis, the onset temperature of
HCl formation in chloride based salt hydrates is a crucial parameter in design-
ing heat storage systems.

Rammelberg et al. [30] and Zondag et al. [155] examined the kinetics of dehy-
dration of CaCl2 hydrates using Thermogravimetric analysis (TGA) and they
have not observed hydrolysis. Fraissler et al. [159] have observed that the forma-
tion of HCl gas from hydrolysis of CaCl2 occurs in a certain temperature range
(683 K - 1013 K). In these temperature regimes the preference of hydrolysis over
dehydration reaction is ambiguous from experiments.

Computational models can be successfully used to investigate the in-depth
behavior of salt hydrates in different temperature regimes [27,28,70,71,160]. The
hydration of Ca2+ ion has been successfully investigated using Density Func-
tional Theory (DFT) [161,162], Molecular Dynamics simulations [160,163] and val-
idated by experiments [164,165]. Iype et al. [27] have characterized the H-bonds
present in the MgSO4 hydrates using DFT calculations. They observed that
the strong H-bonds affects the hydration kinetics of MgSO4 hydrates. Smeets
et al. [28] have computationally investigated the dehydration and hydrolysis re-
actions for MgCl2 hydrates. They have reported the equilibrium curves for
dehydration/hydrolysis of MgCl2 hydrates. We have explored the relative sta-
bility of various conformer of CaCl2 hydrates, ideal operating conditions of
CaCl2 hydrates and compared with MgCl2 hydrates [28]. Nevertheless, to the
best of our knowledge, currently no computational studies exist on the hydrol-
ysis reaction of CaCl2 hydrates, the onset of the HCl formation temperature
and their comparison with MgCl2 hydrates. The system level complexity of
salt hydrates mixtures like grain boundaries, grain sizes and their effect on the
reaction kinetics could be addressed by multi-scale integration of DFT results
to system level [47].

In the present study, we would like to understand by means of DFT cal-
culations, the temperature and pressure conditions under which hydrolysis
precedes over dehydration. First we examine the molecular structure and vi-
brational frequencies of CaCl2 hydrates and their conformers. We investigate
the strength of the H-bonds present in CaCl2 hydrates, since strong H-bonds
can result in sluggish hydration kinetics. We characterize the H-bonds using
the Bond Valence (BV) sum rule. The BV sum rule is frequently used to cor-
relate the structural property of the H-bonds and crystal structure determi-
nation [27,166,167]. The enthalpy of the dehydration and hydrolysis reactions of
CaCl2 hydrates are obtained from DFT calculations and compared to MgCl2
hydrates. The change in Gibbs free energy for dehydration and hydrolysis of
all hydrates is obtained, followed by the equilibrium product concentration.
The equilibrium properties obtained from the present DFT calculations can
be used to calculate safety limits for thermal degradation of CaCl2 hydrates.
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These safety limits are compared with the MgCl2 hydrates.

4.2 Computational model and validation

4.2.1 Density Functional Theory calculations
The molecular structures of various CaCl2 hydrates, their conformers, HCl,
H2O, and CaOHCl are fully optimized in DFT using Perdew-Wang exchange
and correlation functional (PW91) under generalized gradient approximation
(GGA) [66] implemented in Amsterdam Density Functional (ADF) program [68]

with double-polarized triple-ζ basis set. A spin restricted Kohn-Sham method
is used thus keeping the maximum integration accuracy. Iype et al. [27] have
shown the applicability of GGA-DFT to study the H-bonds present in hydrates
of MgSO4.

4.2.2 Model validation
To validate the applicability of GGA-DFT using PW91 functional, we have ex-
amined the binding enthalpy, Ca-O coordination length and vibrational fre-
quency of [Ca(H2O)6]2+ ion. The successive binding enthalpy of hexahydrated
Ca+2 ion (∆H◦6,5) is defined as:

∆H◦6,5 = H◦
Ca(H2O)+2

6
−H◦

Ca(H2O)+2
5
−H◦H2O (4.2)

The optimized structure of [Ca(H2O)6]2+ is shown in Figure 4.1. We estimated
the successive binding enthalpy of [Ca(H2O)6]2+ ion from GGA-DFT to be
26.26 kcal/mol, which is in close agreement with previous DFT calculations
(26.37 kcal/mol) [162] and experimental results (25.3 kcal/mol) [164].

In the present DFT study, the average coordination length of Ca-O in the
first hydration shell of Ca2+ is 2.39 Å, which is in excellent agreement with
past DFT results (2.37 Å) [161], high order Car-Parrinello Molecular Dynamics
results (2.41 Å) [163] and experimental results (2.39 Å, XRD) [168]. Further, we
have calculated the vibrational frequencies of [Ca(H2O)6]2+. The IR peak po-
sition obtained from present calculations are in close agreement with Lei and
Pan [162] as shown in Figure 4.2.

4.2.3 Gibbs free energy based equilibrium analysis
The harmonic frequencies of each optimized geometry are calculated to quan-
tify the vibrational contribution of energy and entropy. Information of vibra-
tional spectra, ground state geometry and Gibbs free energy (G) of all reactants
and products are essential to calculate ∆G of dehydration and hydrolysis reac-
tion [169]. In the present study, we are interested in the following dehydration
and hydrolysis reactions of CaCl2 hydrates:

CaCl2 ·nH2O
 CaCl2 · (n-2)H2O + 2H2O [n = 6,4] (4.3)

CaCl2 ·nH2O
 CaCl2 · (n-1)H2O + H2O [n = 2,1] (4.4)
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Figure 4.1: Optimized structure of
hydrated Ca2+ ion ([Ca(H2O)6]2+).
Bader charges (black, italic) and Ca-O
coordination lengths (in Å, blue) are
shown. Color scheme: Ca = yellow, O
= red, and H = white.
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Figure 4.2: The calculated IR spectra of the ground state structure of [Ca(H2O)6]2+. The
‘*’ represents the IR peak position of [Ca(H2O)6]2+ ion, as reported by Lei and Pan [162].

CaCl2 ·nH2O→ CaOHCl + (n-1)H2O + HCl [n = 6, 4, 2, 1] (4.5)

The change in the Gibbs free energy of above reactions are expressed as:

∆G = ∑Gproduct −∑Greactant (4.6)

The equilibrium product concentration of dehydration and hydrolysis reac-
tions can be obtained from equating ∆G to zero. For the ∆G calculation, the
physical state of each reactant and product is important. Experimentally, CaCl2
hydrates remain in solid phase and H2O, HCl exist in the gaseous phase. How-
ever, the precise frequency calculation, subsequently the Gibbs free energy of
solid CaCl2 hydrates over a wide temperature range is computationally chal-
lenging. The periodic unit cell of these CaCl2 hydrates contains 36, 90, and 21
atoms for di-, tetra-, and hexa-hydrates respectively [170–174]. Due to the large
size of Ca and Cl atoms and large number of atoms in unit cell, the Gibbs free
energy calculation of crystalline phase is expensive. Weck et al. [32] have ob-
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tained the Gibbs free energy of solid MgCl2 hydrates under quasi-harmonic
approximation (QHA) from GGA-DFT calculations. The Gibbs free energy of
crystalline phase obtained from QHA may breakdown at higher temperature.
Despite the fact that these calculations were done for another solid salt hy-
drates (MgCl2·nH2O), it should also be valid for CaCl2·nH2O. Nevertheless,
the solid reactant and product does not always remain in crystalline phase
and hydrolysis is expected to occur in liquid phase [28]. Thus for a solid-gas
reaction, ∆G can be estimated by Gibbs free energy of gaseous phase (Ggas).
The equilibrium products concentration obtained under gas assumption will
be considered as the safety limits of these reactions in seasonal heat storage
systems.

In this chapter, the ∆G in dehydration and hydrolysis reactions is computed
under ideal poly-atomic gas assumption [169] assuming each reactant and prod-
uct to be in the gaseous state. Gibbs free energy of a gaseous molecule at given
temperature (T ) and absolute pressure (p) can be given as:

G(T, p) =U + pV −T S (4.7)

The partition function of an ideal poly-atomic gas can be expressed as [169]:

q = qtransqrotqvibqelec (4.8)

Where q is the partition function and qtrans, qrot , qvib, qelec are their translational,
rotational, and electronic contributions. Internal energy (U) of poly-atomic gas
can be expressed as:

U(T, p) = 3RT +R
3N−6

∑
j=1

(
Θvib, j

2
+

Θvib, j

e−Θvib, j/T −1

)
+Ugr (4.9)

Where R is the gas constant, Θvib, j is vibrational temperature (hν/kb) of jth atom,
ν is frequency of vibrational mode, h is Planck’s constant, kb is Boltzmann con-
stant and Ugr is ground state energy of molecule. Entropy (S) of poly-atomic
gas can be expressed as:

S(T, p) = R
[

ln
(

kbT
p

(2πMkbT
h2

)3/2
)
+

3
2

]
+R

3N−6

∑
j=1

(
Θvib, j/T

e−Θvib, j/T −1

)
+R

3N−6

∑
j=1

[
ln(1− e−Θvib, j/T )

]
+Srot , (4.10)

Where M is total atomic mass and Srot is the rotational contribution of entropy
and can be expressed for asymmetrical top molecule as: [169]

Srot = R
[

ln
(√

πIaIbIc

σ

(8π2kbT
h2

)3/2)
+

3
2

]
(4.11)

Where Ia, Ib, Ic are three principle moments of inertia and σ is symmetry num-
ber of molecule, which is the number of rotational modes of the molecule. From
the optimized geometry of the molecule, we have obtained the Ugr, principle
moment of inertia and frequency of its vibrational mode. Equations 8.6 and 4.7
are used to calculate ∆G of a particular dehydration or hydrolysis reaction at
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given T and p.
The H-bonds of CaCl2 hydrates are analyzed in gaseous phase. This is a

valid analysis as the locus of H-bond parameters can be generalized irrespec-
tive of the system being in a condensed phase or gaseous phase [27]. The pres-
ence of the H-bonds is identified by the non-bonded X· · ·H (X = Cl and O) dis-
tance. When the non-bonded distance between O and H varies from 1.5 Å to
2.0 Å, we classify these H-bonds as OHO homonuclear type H-bond, which
is consistent with Iype et al. [27]. Similarly, when the non-bonded distance be-
tween Cl and H varies from 1.9 Å to 2.5 Å, we classify these H-bonds as a OHCl
heteronuclear type H-bond. Bader charges on various atoms in the molecule
are calculated to understand the charge distribution. We compared the charge
distribution in all hydrates to observe the charge transfer, the effect of coulom-
bic interactions on their stability and enthalpy of dehydration.

4.3 Results and Discussions

The gaseous structures of CaCl2 hydrates are investigated to understand the
H-bond network, relative stability of conformers and enthalpy change in the
hydrolysis and dehydration reactions. The optimized structures are used to
obtained the vibrational frequencies, their entropic and energy contribution
from DFT calculations. In this section, we present the optimized structures of
CaCl2 hydrates and their conformers.

4.3.1 Molecular structures of CaCl2 hydrates and their con-
formers

Anhydrous CaCl2, CaOHCl, and CaCl2·H2O

The gaseous anhydrous CaCl2 molecule is optimized with many initial con-
figurations and all have converged into the final CaCl2 structure as shown in
Figure 4.3a. The structure of CaCl2 is linear with the Ca-Cl bond length being
2.45 Å. The structural property of CaCl2 is in agreement with the experimen-
tal crystalline structure of CaCl2 [175]. The optimized structure of CaOHCl is
shown in Figure 4.3b. The CaOHCl is a non-linear molecule with Ca-Cl and
Ca-O bond lengths of 2.49 Å and 1.99 Å. The optimized structure of CaCl2·H2O
is shown in Figure 4.3c. The Ca-O coordination length is 2.33 Å. The hydrated
H2O forms a H-bond with one of the Cl atoms of CaCl2 and stretched the Ca-Cl
distance by 0.08 Å. The Bader charge of Cl atom participating in H-bond differs
by 0.02 with Cl atom not participating.

CaCl2·2H2O

Two stable conformers of CaCl2·2H2O are observed. The optimized non-planar
structure of CaCl2·2H2O is shown in Figure 4.4a and planar CaCl2·2H2O is
shown in Figure 4.4b. The planar symmetric structure does not form a H-
bond between H and Cl atoms while its conformer (non-planar) does. The
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intramolecular H-bonds provide extra stability of 4.78 kcal/mol to the non-
planar structure (Figure 4.4a) over the planar structure (Figure 4.4b) and are
responsible for the loss in symmetry of the non-planar molecule. The Bader
charge on Cl differs by 0.04 in planar and non-planar structure due to the pres-
ence of the H-bond. The average Ca-O coordination length is the same (2.36 Å)
in both of these structures, which is in good agreement with the Ca-O coor-
dination length (2.32 Å) in the experimental crystalline structure [170]. There
are two conformer reported for MgCl2·2H2O which differ in energy by 4.53
kcal/mol [28]. Thus, H-bonds in CaCl2·2H2O provide 0.25 kcal/mol extra sta-
bility over MgCl2·2H2O.

-0.776
1.553

2.45 2.45 -0.776

Figure 4.3: The optimized structure of CaCl2, CaOHCl, and CaCl2·H2O. Bader charges
(black, italic) and coordination lengths (in Å, blue) are shown. Color scheme: Ca =
yellow, Cl = green, O = red, and H = white.

CaCl2·4H2O

Calcium chloride tetrahydrate (CaCl2·4H2O) subsists into three crystalline
structures [171–173]. We have chosen the initial structure of CaCl2·4H2O from
these three crystalline phases and observed three stable structures shown in
Figures 4.5a-c. The optimized structure (ground state energy (Ugr) = -1628.66
kcal/mol) obtained from α phase crystal has slightly distorted octahedral ge-
ometry with four H-bonds. The average Ca-O coordination length is 2.42 Å, in
good agreement with the α phase crystalline structure (2.42 Å) [171]. The aver-
age Ca-Cl coordination length is 2.67 Å, in agreement with the α phase crys-
talline structure (2.8 Å) [171]. The Bader charge on the Ca atom of the tetrahy-
drate (Figure 4.5a) is 0.027 more positive than the Bader charge on the Ca atom
of the dihydrate (Figure 4.4a).

The CaCl2·4H2O also exists in the β polymorph phase [172]. The initial
molecular structure is chosen close to the β phase structure. The optimized
structure is shown in Figure 4.5b. The optimized geometry is a distorted oc-
tahedral with 1.62 kcal/mol more stable than the α phase optimized geome-
try (Figure 4.5a). The average Ca-O coordination length in β phase optimized
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Figure 4.4: The optimized structure of non-planar CaCl2·2H2O, and planar
CaCl2·2H2O. Bader charges (black, italic) and coordination lengths (in Å, blue) are
shown. Color scheme: Ca = yellow, Cl = green, O = red, and H = white.

gaseous tetrahydrate is 2.405 Å, which is in agreement with the experimental β

phase crystalline structure (2.46 Å) [172]. Similarly, the average Ca-Cl coordina-
tion length of gaseous phase tetrahydrate is 2.68 Å, which is in close agreement
with β phase crystalline structure (2.74 Å) [172]. There are two relatively strong
H-bonds (OHCl) observed in the β phase optimized geometry compared to the
α phase optimized geometry. There are intermolecular H-bonds (OHCl type)
present in the β phase of the experimental crystalline structure [172], while in-
tramolecular H-bonds are observed in the gaseous molecule. This is the reason
for the slight discrepancy in the structure of gaseous molecule and the β phase
crystalline structure.

The CaCl2·4H2O also occurs in the γ phase [173]. The initial molecular struc-
ture is chosen close to the γ phase structure. The optimized structure is sym-
metrical and has almost a planar structure as shown in Figure 4.5c. This struc-
ture is 19.24 kcal/mol less stable than the β phase optimized geometry. The
average Ca-O coordination length is 2.26 Å in the γ phase optimized structure,
which is in agreement with the γ phase crystalline structure (2.33 Å) [173]. The
two H atoms of surrounded H2O molecules form a relatively strong H-bonds
with the Cl compared to the α and the β phase optimized structures. The
H2O takes away the Cl atom from the Ca, hence the Ca-Cl distance becomes
4.06 Å. The Bader charge on Cl is 0.07 less electronegative compared to the Cl
of the β phase optimized structure. The Ca-Cl stretching and the lower atomic
charge result in weaker electrostatic attraction between Ca-Cl pairs compared
to α and β phase optimized structure. Thus, the γ optimized structure has
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lower stability over the other conformers (α and β phase) despite of having
relatively strong H-bonds. The ∠ Cl-H-O is 166.9◦, which enable the greater
availability of the Cl lone pairs for anti-bonding Cl-H orbital overlap.

Figure 4.5: The optimized structure of CaCl2·4H2O conformers. Bader charges (black,
italic) and coordination lengths (in Å, blue) are shown. Color scheme: Ca = yellow, Cl
= green, O = red, and H = white.

CaCl2·6H2O

We observe three stable gaseous structures of CaCl2·6H2O shown in Fig-
ures 4.6a-c. The first conformer of the optimized CaCl2·6H2O (Ugr = -2319.15
kcal/mol) is shown in Figure 4.6a. The average Ca-O coordination length is
2.86 Å and average Ca-Cl coordination length is 2.72 Å. This optimized hexahy-
drate molecule (Figure 4.6a) has four OHCl H-bonds (heteronuclear type) and
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three OHO H-bonds (homonuclear type). The average intramolecular H-bond
length (2.19 Å) is in close agreement with the average intermolecular H-bond
length (2.27 Å) present in the experimental γ phase crystalline structure [174].

The CaCl2·6H2O exists experimentally in γ phase [174]. There are OHCl type
intermolecular H-bonds present in the γ phase crystalline structure [174]. Those
H-bonds are between the H of the H2O of the hexahydrate and the Cl of the
neighboring molecule of the hexahydrate in the crystal. The initial molecular
structure is chosen close to the γ phase crystalline structure. In the optimized
structure, the H2O forms an octahedral with the Ca as shown in Figure 4.6b.
The optimized structure (Figure 4.6b) form six H-bonds (2.00 Å) of OHCl type.
The average Ca-O coordination length of γ phase optimized CaCl2·6H2O is
2.37 Å. The average Ca-Cl coordination length is 3.84 Å. There is discrepancy
of 26.6% in the Ca-Cl coordination length of the gaseous hexahydrate and the
γ phase crystalline hexahydrate. There are intramolecular H-bonds present in
the gaseous γ phase of hexahydrate (Figure 4.6b) while intermolecular H-bonds
in the γ phase crystalline structure [174], which explains the discrepancy.

The second stable conformer of the optimized CaCl2·6H2O is shown in Fig-
ure 4.6c. This conformer is 4.12 kcal/mol less stable than first conformer (Fig-
ure 4.6a) and 4.41 kcal/mol less stable than the γ phase optimized structure
(Figure 4.6b). The average Ca-O coordination length is 2.45 Å. There are five in-
tramolecular OHCl H-bonds (heteronuclear type) and one OHO type H-bond
present in this conformer (Figure 4.6c). Three H2O molecules are forming H-
bonds (OHCl type) with one Cl, one H2O forms H-bond (OHO type) with one
of these H2O molecules and two H2O molecule form H-bonds with the other
Cl atom. The average H· · ·Cl H-bond length is 2.05 Å in the second stable
conformer (Figure 4.6c) while in the more stable γ phase optimized structure
(Figure 4.6b) is 2.00 Å and 2.19 Å in the first conformer (Figure 4.6a). The aver-
age O· · ·H H-bond length is 1.88 Å in the second conformer (Figure 4.6c) and
in the first conformer, it is 1.83 Å. The O· · ·H H-bonds are stronger in the first
conformer, which explains the extra stability of the first conformer over the
second conformer. The detailed explanation of H-bonds will be discussed in
section “Hydrogen bond in CaCl2 hydrate”.

Molecule Ca(Mg) Cl O H
CaCl2·6H2O(MgCl2·6H2O) 1.633 (1.762) -0.696 (-0.760) -1.193 (-1.210) 0.577 (0.575)
CaCl2·4H2O(MgCl2·4H2O) 1.573 (1.700) -0.755 (-0.802) -1.180 (-1.188) 0.582 (0.583)
CaCl2·2H2O (MgCl2·2H2O) 1.558 (1.696) -0.762 (-0.837) -1.192 (-1.200) 0.587 (0.590)
CaCl2·H2O (MgCl2·H2O) 1.554 (1.650) -0.770 (-0.826) -1.202 (-1.204) 0.594 (0.605)
CaCl2(MgCl2) 1.553 (1.621) -0.776 (-0.811) N.A. N.A.

Table 4.1: Comparison of Bader charge on various hydrates of CaCl2 and MgCl2 [28]

(Only the lowest energy conformers are considered). An average charge is reported for
many atoms of the same element in a molecule.

No conformer for MgCl2·4H2O and MgCl2·6H2O has been reported from
DFT calculations [28]. To rationally compare the structure of CaCl2 hydrates
with MgCl2 hydrates, the average Bader charge on each atom is compared in

50



DFT study of CaCl2 hydrates

Figure 4.6: The optimized structure of CaCl2·6H2O conformers. Bader charges (black,
italic) and coordination lengths (in Å, blue) are shown. Color scheme: Ca = yellow, Cl
= green, O = red, and H = white.

Table 4.1. The Bader charges on Ca and Cl atoms of CaCl2 hydrates are lower
in magnitude when compared with Mg and Cl in their analogous MgCl2 hy-
drates. The Bader charge on Ca and Mg atom increases monotonically with
hydration number. The magnitude of Bader atomic charge on Cl in CaCl2
hydrates decreases with hydration number whereas it increases from MgCl2
to MgCl2·2H2O and decreases till MgCl2·6H2O. The magnitude of average
Bader atomic charges on O and H in CaCl2 hydrates is lower than MgCl2 hy-
drates. The Ca-Cl, Ca-O distance in CaCl2 hydrates are higher than MgCl2 hy-
drates. Thus, electrostatic attractions between Mg-O pairs in MgCl2 hydrates
are stronger than Ca-O pairs in CaCl2 hydrates.
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Molecule Ca-O (Mg-O) Ca-Cl(Mg-Cl)
CaCl2·6H2O(MgCl2·6H2O) 2.37(2.1) 3.83(3.76)
CaCl2·4H2O(MgCl2·4H2O) 2.40(2.15) 2.68(2.43)
CaCl2·2H2O (MgCl2·2H2O) 2.36(2.08) 2.54(2.26)
CaCl2·H2O (MgCl2·H2O) 2.33(2.05) 2.49(2.21)
CaCl2(MgCl2) N.A. 2.45(2.18)

Table 4.2: Comparison of Bader charge on various hydrates of CaCl2 and MgCl2 [28]

(Only the lowest energy conformers are considered). An average charge is reported for
many atoms of the same element in a molecule.

4.3.2 Reaction enthalpies of CaCl2 hydrates
For reaction enthalpy calculations, we have considered structure having min-
imum energy and no imaginary frequency. Table 4.3 describes the electronic
ground state energy and various energy terms for all the studied hydrates. The
binding energy (∆EBinding) of a hydrate is defined as:

∆EBinding = ECaCl2·nH2O− (ECaCl2 +nEH2O) (4.12)

The enthalpy change during the dehydration reaction (∆EDehydration) is defined
as:

∆EDehydration = 0.5×
[
ECaCl2·(n−2)H2O +2EH2O−ECaCl2·nH2O

]
(n = 4,6) (4.13)

∆EDehydration =
[
ECaCl2·nH2O−ECaCl2·(n−1)H2O−EH2O

]
(n = 1,2) (4.14)

Similarly, the enthalpy change during the hydrolysis reaction (∆EHydrolysis) is
defined as:

∆EHydrolysis =
[
ECaOHCl +(n−1)EH2O +EHCl−ECaCl2·nH2O

]
(n = 1,2,4, & 6) (4.15)

The H2O and HCl molecules are separately optimized using GGA-PW91 func-
tional and TZ2P basis set. The binding energy of CaCl2 hydrates and their
conformers depends on the Ca-Cl, Ca-O distance and on the strength of the in-
tramolecular H-bond formed. The binding energy is the energy released on hy-
dration per mole of salt, whereas the dehydration enthalpy is per mole of H2O.
For the monohydrate, the binding energy is the same as the enthalpy change in
dehydration, but opposite in sign, and it is equal to -21.9 kcal/mol. The H2O
molecule attached with CaCl2 forms monohydrate. The attached H2O forms
a H-bond with Cl of CaCl2 (see Figure 4.3c). Similarly, another H2O molecule
attached with the monohydrate and 20.48 kcal/mol energy is released. The
strength of the H-bond in monohydrate (2.24 Å, Figure 4.3c) and in the dihy-
drate (2.205 Å, Figure 4.4a) are of similar magnitude so the dehydration en-
thalpy is very close.

The dehydration enthalpy released per H2O molecule decreases from 21.9
kcal/mol to 14.56 kcal/mol for the increase in the hydration number from 1
to 6. The average negative atomic charge induced on O of H2O molecule is
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Molecule Ugr ∆EBinding ∆EDehydration ∆ EHydrolysis
kcal/mol kcal/mol kcal/mol kcal/mol

CaCl2·6H2O -2319.15 -104.65 14.56 (14.8) 121.68 (119.3)
CaCl2·4H2O -1630.28 -75.52 16.57 (16.7) 92.55 (89.7)
CaCl2·2H2O -937.40 -42.38 21.19 (15.7) 59.41 (46.3)
CaCl2·H2O -587.05 -21.9 21.9 (22.4) 38.93 (40.3)

Table 4.3: Ground state energy of various hydrates and enthalpy change in dehydra-
tion and hydrolysis reactions (Only the lowest energy conformers are considered). The
parentheses value refers to analogous MgCl2 hydrates [28].

decreased in magnitude from CaCl2·H2O (-1.202) to CaCl2·6H2O (-1.184). This
suggests that dehydration enthalpy is dominated by electrostatic attraction.
The dehydration of two H2O molecules from CaCl2·6H2O is easier than the
two H2O molecules removal from the CaCl2·4H2O and so on. The enthalpy
change in the hydrolysis reaction is very high for CaCl2·6H2O compared to the
enthalpy change in the dehydration as given in Table 4.3. The enthalpy change
in hydrolysis decreases from higher hydrates to lower hydrates.

The enthalpy change during the dehydration and hydrolysis reaction of
CaCl2 hydrates is compared with MgCl2 hydrates, as shown in Table 4.3.
The dehydration enthalpy of CaCl2·6H2O, CaCl2·4H2O, and CaCl2·H2O is
slightly lower than analogous MgCl2 hydrates. The dehydration enthalpy for
CaCl2·2H2O is 26.8 % higher than MgCl2·2H2O, thus CaCl2·2H2O dehydrates
at higher temperature compared with MgCl2·2H2O. The CaCl2 hydrates (ex-
cept mono hydrate) have high enthalpy of hydrolysis compared to MgCl2 hy-
drates (as given in Table 4.3) thus, CaCl2 hydrates are more resistant to hydrol-
ysis reaction.

4.3.3 Hydrogen bond in CaCl2 hydrate
CaCl2 hydrates have OHCl type heteronuclear H-bond and OHO type
homonuclear H-bond. The structural properties of H-bonds are tabulated in
Appendix C. The strong H-bond has predominant covalent character while
moderate H-bond has mostly electrostatic character [176]. The H-bond energy
is a strong function of rX−H , rX ···H , and rX−Y in XHX and XHY H-bonded sys-
tem [177]. The Cl atom is larger in size compared to O and less electronegative
thus availability of the lone pair for H-bond formation is lower compared to
the O. Thus OHO type H-bond is stronger than OHCl type H-bond [177].

In the present study, we observe OHO type homonuclear H-bond in
CaCl2·6H2O isomers (Figure 4.6a and Figure 4.6c). The strength of H-bonds
depend on the distance between the donor H and the acceptor O distance (H-
bond distance) and the ∠ O-H· · ·O (H-bond angle). The ∠ O-H· · ·O above 165◦

provides the complete lone pair availability in the O for the anti-bonding O-H
orbital overlap [27,178] therefore stabilizing the H-bond. The non-bonded O· · ·H
distance varies from 1.64 Å to 1.95 Å and ∠ O-H· · ·O 135.92◦ to 165.48 ◦. The
lengthening of O-H bond varies from 0.017 Å to 0.041 Å. These OHO type H-
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bonds are moderate in strength and predominantly electrostatic in nature [176].
In first conformer of CaCl2·6H2O (Figure 4.6a), three H-bonds of this type are
present while in second conformer of CaCl2·6H2O (Figure 4.6c) only one H-
bond is present. The first conformer of CaCl2·6H2O has one relatively strong
but moderate strength H-bond (1.64 Å) thus provides 4.12 kcal/mol stability
over second conformer.

The CaCl2 hydrates have mostly OHCl type heteronuclear H-bond. The H
atoms of the hydrated CaCl2 molecule are attracted by adjacent Cl atoms and
forms OHCl type H bonds. In the present case, the Cl · · ·H distance varies
from 1.82 Å to 2.48 Å and the Cl-O distance varies from 2.86 Å to 3.15 Å. The
lengthening of the OH bond varies from 0.01 Å to 0.08 Å. Similar bond length
of H-bonds are observed in organic and organometallic crystals [179]. Tommaso
et al. [160] have also been observed the OHCl type H-bond in the hydration of
Ca+2 ions in salt solution. The bond valence is proportional to the electron
density. The bond valence of atom is distributed between the bonds which
it forms. Each bond involves same number of electrons. The BV sum rule is
describes as:

SH−O +SH···Cl = 1 (4.16)

In Heteronuclear H-bonds, the BV sum rule (Equation 4.16) has four param-
eters (two of O-H and two of H· · ·Cl). From Figure 4.7, it is evident that het-
eronuclear H-bonds follow BV sum rule in close agreement (R2 = 0.98). There-
fore, the BV sum rule is applicable for this class of H-bonds. The bond param-
eters R0 and b for H· · ·Cl are 0.96 Å, 0.80 Å and for H-O pair 0.97 Å, 0.38 Å ,
which is in agreement with literature [27,166].
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Figure 4.8: Bond angle associated with H-bond correlates well with second order poly-
nomial of non-bonded rH···Cl .
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Figure 4.7: Correlation of H· · ·Cl bond length (non-bonded interaction) with OH bond
length of surrounding H2O in all the hydrates of CaCl2. The non-bonded Cl· · ·H dis-
tance versus OH bond length obeys the BV sum rule, which is shown as continuous
curve.

The strength of H-bond is inversely related to the H- -Cl distance. The non-
bonded H· · ·Cl distance depends on ∠ O-H· · ·Cl, which varies from 166.9◦ to
123◦ in the CaCl2 hydrates. The larger ∠ O-H· · ·Cl (>165 ◦) facilitates anti-
bonding Cl· · ·H orbital overlap and favors hydrogen bonding. Most of these
(∼77%) OHCl type H-bonds are moderate and weak in strength and domi-
nated by electrostatic interactions and dispersion [176]. The ∠ O-H- -Cl corre-
lates linearly (R2 = 0.84) as shown in Figure 4.8. There are two points on Fig-
ure 4.8 which deviates the most. These two belongs to the first conformer of
the hexahydrate (Figure 4.6a). The strong OHO type H-bond close to the OHCl
H-bonded H2O molecules, affects their orientation, causing this deviation. In
CaCl2·4H2O, the H-bonds destabilize the structure by 19.24 kcal/mol while
stabilize the CaCl2·6H2O and CaCl2·2H2O by 4.41 kcal/mol and 4.78 kcal/mol
respectively. This suggests that formation of strong H-bonds in CaCl2·4H2O
could form metastable states and may result in sluggish hydration kinetics.

4.3.4 Equilibrium product concentrations
The ∆G of a system is a function of the pressure, temperature, and the sys-
tem characteristic. At chemical equilibrium, the ∆G (from Equation 8.6) should
be zero and this will provide information about equilibrium concentration of
products.
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Dehydration reaction of CaCl2 hydrates and their comparison with MgCl2
hydrates

In the dehydration reaction, the higher hydrate absorbs energy and disinte-
grates into lower hydrates and H2O molecules. In the experimental dehydra-
tion set-up only the water vapor pressure (pH2O) and the HCl pressure (pHCl)
are the controlled variables. The partial pressure (concentration) of the hy-
drates is not important. In the present study, the partial pressure of water and
the system temperature are the control variables, while the partial pressure of
the hydrates is kept constant at 1 atm. The equilibrium water vapor pressure
depends on the system temperature for all dehydration reactions of both hy-
drates (CaCl2 and MgCl2) as shown in Figure 4.9. It is recognizable from Fig-
ure 4.9 that dehydration from hexa- to tetra-hydrate is easier (favored at lower
temperature) than from tetra- to di-hydrate and from di- to mono-hydrate for
CaCl2 and MgCl2 hydrates. This trend of dehydration of various CaCl2 hy-
drates is similar to the experimental results [30,155] and outlined as well by the
enthalpy of dehydrations in Table 4.3, where the enthalpy of the dehydration
increases from hexa- to mono-hydrate.

Rammelberg et al. [30] have reported from thermal gravimetric analy-
sis/differential scanning calorimetry (TGA/DSC) measurements that 30 %
conversion of the CaCl2·6H2O to CaCl2·4H2O at 336 K. In the present study,
we observed 30 % conversion of CaCl2·6H2O to CaCl2·4H2O only at around
340 K. There is an offset of 4 K is observed. The effect of temperature on the
equilibrium dehydration curve of CaCl2·6H2O (slope = 0.035) is in agreement
with the experiments (slope = 0.032) [155,180] as shown in Figure 4.9. An off-
set of 20 K is observed at low vapor regime (<0.03 atm) for CaCl2·6H2O. The
offset may be a consequence of the ideal polyatomic gas phase assumption.
Another reason could be that the equilibrium product concentrations obtained
from ∆G (DFT calculations) reports the static equilibrium properties while the
experimental (TGA/DSC) kinetics reports the dynamic equilibrium properties.
There is a similar offset observed in the equilibrium dehydration curve for the
CaCl2·4H2O to CaCl2·2H2O as well. The equilibrium partial vapor pressure
(pH2O) of 1 atm is observed at 350.5 K for CaCl2·6H2O while at 490.5 K and
586.5 K for CaCl2·4H2O and CaCl2·2H2O as shown in Figure 4.9.

The gradient of the dehydration curve for CaCl2·6H2O is 0.002 higher than
MgCl2·6H2O while 0.007 lower for CaCl2·4H2O and CaCl2·2H2O when com-
pared with their analogous MgCl2 hydrates. Thus, CaCl2·6H2O has short-
est range of dehydration temperature while CaCl2·4H2O and CaCl2·2H2O
have higher temperature range of operation. The dehydration enthalpy of
CaCl2·6H2O is 0.25 kcal/mol lower than MgCl2·6H2O (as given in Table 4.3)
thus it dehydrates at lower temperature compared to MgCl2·6H2O. The de-
hydration enthalpy of CaCl2·4H2O is 0.13 kcal/mol lower than MgCl2·4H2O
while CaCl2·4H2O dehydrates at higher temperature than MgCl2·4H2O. This
behavior can be explained from the role of meta-stable conformer formed due
to presence of strong H-bonds present in CaCl2·4H2O isomer (Figure 4.5c). The
dehydration enthalpy of CaCl2·2H2O is 5.3 kcal/mol higher than MgCl2·2H2O
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Figure 4.9: Equilibrium vapor pressure for the dehydration reactions of CaCl2 hydrates
(green) at various temperatures and constant partial pressure of hydrate, po = 1 atm.
The dashed red lines represent the dehydration curves of MgCl2 hydrates [28]. The inset
graph shows the comparison of enthalpy change during the dehydration reactions of
CaCl2 and MgCl2 hydrates.

(see inset graph of Figure 4.9) so it dehydrates at higher temperature compared
with MgCl2·2H2O.

Hydrolysis reaction of CaCl2 hydrates and their comparison with MgCl2 hy-
drates

In the hydrolysis reaction, higher hydrates disintegrate into CaO-
HCl/MgOHCl, H2O, and HCl. We have chosen an arbitrary low HCl
partial pressure (pHCl = 1× 10−3 atm) as safety limit. The low equilibrium
partial pressure of HCl (pHCl = 1× 10−3 atm) will result in a low driving
force for the hydrolysis reaction and a slow down in the hydrolysis kinetics.
Hydrolysis reactions can affect the cycle stability of MgCl2/CaCl2 hydrates.
To understand the effect of the H2O partial pressure (pH2O) at fixed HCl partial
pressures (pHCl = 1× 10−3 atm) on hydrolysis of CaCl2 hydrates and MgCl2
hydrates, equilibrium H2O vapor pressure (pH2O) and hydrolysis temperature
is plotted in Figure 4.10. The difference between Figure 4.9 and Figure 4.10
is that in the later case, hydrolysis is considered under constant HCl partial
pressure (pHCl = 1× 10−3 atm). Hydrolysis starts at higher temperature (>396
K) in comparison to dehydration for all the hydrates of CaCl2, which is
consistent with the enthalpy change in hydrolysis (38.93 kcal/mol to 121.68
kcal/mol) and dehydration (21.9 kcal/mol to 14.56 kcal/mol) as given in
Table 4.3.

The equilibrium vapor pressure of 1 atm is observed from CaCl2·6H2O at
350.5 K and hydrolysis above safety limit (pHCl = 1× 10−3 atm) starts at 396 K.
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There is no overlapping temperature region between hydrolysis and dehydra-
tion for CaCl2·6H2O. The CaCl2·4H2O dehydrates into CaCl2·2H2O at 490.5 K
(pH2O = 1 atm) while hydrolysis starts (above safety limit, pHCl>1× 10−3 atm)
at 475.8 K. There is an overlap of around 14.7 K (from Figure 4.9 and 4.10).
Similarly the overlap for the CaCl2·2H2O is around 32.5 K. Fraissler et al. [159]

have reported experimentally from TGA measurements that the HCl forma-
tion from thermal decomposition of CaCl2 hydrates occurs in the temperature
range of 683 K to 1013 K. We observe the starting point (pHCl = 1× 10−3 atm,
onset) of HCl formation for the CaCl2·2H2O and the CaCl2·H2O at 660 K and
845 K (pH2O = 1× 10−3 atm) respectively. CaCl2·4H2O and CaCl2·6H2O will not
be present in this temperature range. The offset in the onset of HCl formation
temperature, may be the consequence of the dynamic and static equilibrium
comparison and the effect of the ideal polyatomic gas assumption. The hydrol-
ysis of the CaCl2·H2O is independent of the H2O vapor pressure as shown in
Figure 4.10.

Hydrolysis for MgCl2 hydrates starts at lower temperature in comparison
to CaCl2 hydrates for hexa-, tetra-, and di-hydrates, which is consistent with
the enthalpy change in hydrolysis for MgCl2 and CaCl2 hydrates as given in
Table 4.3. The slope of MgCl2 hydrates hydrolysis curve is slightly higher to
the CaCl2 hydrates so hydrolysis of CaCl2 hydrates have longer operating tem-
perature range. Hydrolysis in MgCl2·6H2O, MgCl2·4H2O and MgCl2·2H2O
starts at 388 K, 446 K, and 616 K (pH2O = 1× 10−3 atm) respectively, which is
lower than analogous CaCl2 hydrates. Hydrolysis in CaCl2·H2O starts at lower
temperature (845 K) than MgCl2·H2O (976 K). Thus, CaCl2 hydrates have im-
proved hydrolysis resistance if the operating temperature is less than 800 K.

Further, the partial pressure of HCl (pHCl) is plotted with their equilibrium
temperature at fixed H2O vapor pressure (pH2O = 4× 10−3 atm) for MgCl2 and
CaCl2 hydrates in Figure 4.11. For any temperature (<761 K), MgCl2 will al-
ways have high partial pressure of HCl (pHCl) compared to CaCl2 hydrates.
The slope of the equilibrium hydrolysis curve (Figure 4.11) decreases from the
hexahydrate to the monohydrate for both CaCl2 and MgCl2 hydrates. The
slope of CaCl2 is slightly lower than analogous MgCl2 hydrates. Hence, the
HCl concentration could be better controlled with temperature in CaCl2 hy-
drates over MgCl2 hydrates.

For a given change in partial pressure of HCl (pHCl), the temperature
changes maximum for the monohydrate. The reason for the change in the
slope of the hydrolysis curve can be explained by the stoichiometric ratio be-
tween HCl and H2O. The stoichiometric ratio of HCl to H2O increases from 0.2
to 1 for hexa- to di-hydrate. Thus, the molar ratio between HCl and H2O de-
creases from mono- to hexa-hydrate therefore, temperature varies maximum
for monohydrate for a given change in pHCl . The similar trend of slope is ob-
served for MgCl2 hydrates.
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Figure 4.10: Equilibrium vapor pressure for the hydrolysis reactions of CaCl2 hydrates
(green) at various temperatures and fixed HCl pressure pHCl = 1× 10−3 atm and po = 1
atm. The dashed red lines represent the hydrolysis curves of MgCl2 hydrates [28]. The
inset graph shows the comparison of enthalpy change during the hydrolysis reactions
of CaCl2 and MgCl2 hydrates.

Preferential hydrolysis over dehydration for CaCl2·H2O

Hydrolysis of CaCl2·H2O is different from hydrolysis of higher hydrates as
H2O is not produced in this reaction. Dehydration and hydrolysis reaction
compete with each other at higher temperature for CaCl2·H2O. Figure 4.12
shows equilibrium curve for dehydration and hydrolysis for CaCl2·H2O at dif-
ferent HCl partial pressure and H2O pressure. It is evident that equilibrium
temperature decreases with decrease in partial pressure of HCl, while hydrol-
ysis becomes thermodynamically favorable over dehydration at low partial
pressure of HCl. The equilibrium water vapor pressure (pH2O) and tempera-
ture at the low HCl partial pressure (1× 10−5 atm) is 4× 10−3 atm and 693 K.
The equilibrium water vapor pressure (pH2O) and temperature increase with
increase in the HCl partial pressure. The equilibrium pH2O and temperature
become 0.16 atm and 950 K at the high HCl partial pressure pHCl = 1× 10−2

atm.

4.4 Conclusions

To understand the equilibrium product concentrations of the dehydration and
hydrolysis reactions of CaCl2·nH2O in comparison to MgCl2·nH2O, DFT cal-
culations have been carried out. The structural properties of CaCl2 hydrates
along with their atomic charges are analyzed. This study reveals the forma-
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Figure 4.11: Equilibrium vapor pressure for the hydrolysis reactions of CaCl2 hydrates
(green) at various temperatures and fixed H2O pressure pH2O = 4× 10−3 atm and po = 1
atm. The dashed red lines represent the hydrolysis curves of MgCl2 hydrates [28]. The
inset graph shows the comparison of enthalpy change during the hydrolysis reactions
of CaCl2 and MgCl2 hydrates.

tion of many conformers due to the presence of various H-bonds. The relative
stability of conformer and dehydration enthalpy is dominated by electrostatic
attraction and strength of H-bond formed. We observed homonuclear H-bond
(OHO) and heteronuclear H-bond (OHCl) in the various hydrates of CaCl2.
Most of the H-bonds (∼ 77 %) in CaCl2 hydrate are of moderate strength. The
CaCl2·2H2O has two conformers due to the presence of an OHCl type H-bond.
Similarly, three conformers of CaCl2·4H2O, and CaCl2·6H2O are observed. The
most stable conformers are non-planar CaCl2·2H2O (Figure 4.4a), β phase op-
timized CaCl2·4H2O (Figure 4.5b), and γ phase optimized CaCl2·6H2O (Fig-
ure 4.6b). These conformers are 4.78, 19.24, and 4.41 kcal/mol more stable than
their lowest stable conformer. The relatively strong OHCl H-bonds provide
4.41 kcal/mol stability compared to its lowest stable conformer in CaCl2·6H2O.
The H-bonds in CaCl2·4H2O destabilizes the γ phase optimized structure by
19.24 kcal/mol compared with the β phase optimized structure. This implies
CaCl2·4H2O could form a metastable stage, and may have a sluggish hydra-
tion kinetics. Both CaCl2·2H2O and CaCl2·6H2O have less stable conformers,
consequently they do not form metastable stages. Thus, the H-bonds should
not markedly affect their hydration kinetics. The BV sum rule parameters for
OHCl type H-bonds are 0.96 Å, 0.80 Å (for H· · ·Cl pair) and 0.97 Å, 0.38 Å (for
H· · ·O pair). These parameters can be used to characterize the OHCl H-bonded
system.

The enthalpy change in the dehydration and hydrolysis reactions of CaCl2
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Figure 4.12: Equilibrium water vapor pressure for hydrolysis and dehydration reactions
at different temperature. pHCl is varied from 10−7 to 10−2 atm and po = 1 atm.

hydrates are obtained from DFT and compared with MgCl2 hydrates. The
equilibrium composition of dehydration and hydrolysis reactions are obtained
by equating the ∆G to zero over a wide range of temperature and pressure
conditions. The trend in the dehydration reaction is similar to the experi-
ments for all the CaCl2 hydrates. The effect of temperature on the dehydra-
tion of CaCl2·6H2O (slope = 0.035) is in close agreement with experiments
(slope = 0.032) [30,155]. We compared the equilibrium composition of dehydra-
tion and hydrolysis reaction for CaCl2 and MgCl2 hydrates. The CaCl2.6H2O
dehydrates at lower temperature (as shown in Figure 4.9) compared with
MgCl2·6H2O while CaCl2·4H2O and CaCl2·2H2O dehydrates at higher tem-
perature when compared to their analogous MgCl2 hydrates. The CaCl2 hy-
drates have better temperature control with partial pressure of the products
(pHCl , pH2O) when compared to the MgCl2 hydrates. We investigated the hy-
drolysis and dehydration at different temperature, pressure regimes for CaCl2
and MgCl2 hydrates. The CaCl2 hydrates have better hydrolysis resistance
over MgCl2 hydrates in the temperature range 273 K to 800 K, which explains
the higher stability in the mixture of CaCl2 and MgCl2 hydrates. Hydroly-
sis is very rare for CaCl2·6H2O because the onset of hydrolysis reaction at the
safety limit (pHCl = 1× 10−3 atm) is higher than the dehydration temperature of
CaCl2·6H2O. Similarly CaCl2·4H2O and CaCl2·2H2O can undergo hydrolysis
(pHCl = 1× 10−3 atm) at 475.8 K and 660 K respectively. The similar temper-
ature for MgCl2 hydrates are 446 K and 616 K. CaCl2·H2O may undergo hy-
drolysis above 850 K. These temperature ranges should be treated as the safety
limit range for hydrolysis reactions. The CaCl2 hydrates could be mixed with
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MgCl2 hydrates to improve the hydrolysis resistance and therefore durability
of the system.
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ReaxFF development for MgCl2
hydrates

In this chapter, a reactive force field is trained for MgCl2·nH2O (n = 0,1,2). The
single parameter search algorithm in combination with the Metropolis Monte
Carlo algorithm is used for parametrization. The parameterized force field is
used for validation of training set data. The reaction kinetics for MgCl2·H2O
and MgCl2·2H2O on a molecular level are investigated using the newly devel-
oped force field.1

5.1 Introduction

Next to the dehydration, the HCl production is also a key aspect in designing
the MgCl2 based heat storage system. Experimentally, thermal dehydration
and hydrolysis of MgCl2 hydrates have been studied by thermogravimetric
analysis (TGA) [37], derivative thermogravimetry (DTG) [43], TGA/Differential
scanning calorimetry (DSC) [30] and thermochemical analysis [34]. Galwey et
al. [182] have experimentally observed the hydrolysis reaction in MgCl2·2H2O
in the temperature range of 623 K - 703 K [182]. Kirsh et al. [43] have not observed
hydrolysis below 473 K for MgCl2 hydrates, but found 43.8% of chlorine re-
leased as HCl at 673 K. However, Huang et al. [37] have reported the onset tem-
perature of HCl formation at 440 K in MgCl2·2H2O. Kipouros et al. [34] have
reported hydrolysis at 417 K for MgCl2·2H2O and at 413 K for MgCl2·H2O for
an equilibrium HCl pressure of 5×10−3 atm. The onset temperature of HCl for-
mation is thus ambiguous from experiments. There is no theoretical study to
determine the hydrolysis kinetics and the onset temperature of HCl formation.

Atomic and molecular level simulations turned to be useful tools to gain in-
sight in the hydrolysis coupled dehydration reactions. Weck et al. [32] have com-
puted thermal properties from thermodynamical calculations of MgCl2·nH2O
using Density Functional Theory (DFT) under harmonic assumption. Wang et

1This chapter is based on the work published in: Pathak, A. D., Nedea, S., van Duin, A.C.T,
Zondag, H., Rindt, C. and Smeulders, D. (2016). Physical Chemistry Chemical Physics, 18(23),
15838-15847 [181].
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al. [36] have considered MgCl2·H2O to be the potential candidate for hydrolysis
and proposed a reaction path for thermolysis of MgCl2·H2O from DFT calcu-
lations. Smeets et al. [28] have obtained the safety limit of hydrolysis reactions
for all hydrates of MgCl2 from DFT calculations using equilibrium thermody-
namic principles under the ideal poly-atomic gas assumption. The atomic scale
calculations can simulate systems up to a system size of 100-1000 atoms and a
time scale up to 200 ps over a week of high performance computing [183]. To the
best of our knowledge, no kinetic study was done on molecular level to investi-
gate the hydrolysis and dehydration reactions of MgCl2·H2O and MgCl2·2H2O
from first principle atomic level calculations, integrating the quantum level re-
sults to molecular level modeling under reactive force field (ReaxFF) formal-
ism.

For an efficient TCM storage cycle, heat and mass transfer in the stor-
age volume are essential [8]. Experimentally it has been observed that water
transport through the solid MgCl2 hydrate affects the dehydration rate and
may become the rate limiting step under specific reaction conditions [184]. To
understand the complex reaction (hydration and dehydration) coupled with
water transport, it is desirable to investigate the diffusive transport of wa-
ter molecules, which are formed by the dehydration reaction. These water
molecules have to diffuse to the surface of the solid salt hydrate. The diffu-
sion path may vary from several atomic layers up to a few micrometer [47]. The
water transport through the solid salt hydrate, the temperature, the diffusion
path length, the external H2O pressure and the crystal defects influence con-
siderably the dehydration rate [185]. To study the effect of these aspects on the
complex dehydration reaction on molecular level, a force field is required that
is able to capture both the chemical reactivity and the mass transport of H2O
in MgCl2·H2O and MgCl2·2H2O crystals.

Chemical reactivity has been incorporated using bond order dependent
ReaxFF [94,186]. According to previous studies [187,188], a training set needs to
be developed from quantum level DFT calculations consisting of the bond
dissociation energy curves of Mg-Cl and Mg-O bonds, the angle bending
energy curves of Cl-Mg-Cl, O-Mg-O, and O-Mg-Cl angles in gaseous hy-
drates, the reaction enthalpies of dehydration and hydrolysis reaction, and
the condensed phase equation of state (EOS) of MgCl2, MgCl2·H2O and
MgCl2·2H2O [186,189,190]. To our knowledge, no DFT studies exist presenting
this information of the MgCl2 hydrates. For this purpose, in this chapter we
obtained various molecular structures of MgCl2 hydrates, reaction enthalpies,
bond dissociation energies, angle bending energies, and EOS from DFT. With
this extended information, we parameterize a new force field for MgCl2 hy-
drates. Both a single-parameter search algorithm [101] and a Metropolis Monte
Carlo (MMC) algorithm [103] are used to optimize the newly developed ReaxFF
for investigated MgCl2 hydrates.

In the present study, we parameterize the ReaxFF to model the dehydra-
tion kinetics of MgCl2·H2O and MgCl2·2H2O, as these hydrates are prone to
hydrolysis reactions. Proton transfer is an important step in the hydrolysis re-
action. The energy barrier for proton transfer in MgCl2·2H2O is obtained from
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the ReaxFF simulations and validated against results from DFT. The extent of
the reaction depends on the temperature of the solid and the vapor transport
inside the solid. The new ReaxFF is used to study the effect of temperature on
the dehydration in the temperature range of 300 K - 500 K. This temperature
range is the typical operating range of TCM based heat storage systems. The
onset temperature of HCl formation is investigated in the same temperature
range. The dependence of the diffusion coefficient on temperature is analyzed
using the Green-Kubo (GK) method.

5.2 Computational Methods

5.2.1 Quantum Mechanics calculations
To accurately predict the dehydration and hydrolysis reaction in the con-
densed phase of MgCl2 hydrates, quantum mechanics (QM) calculations are
performed in both periodic and non-periodic systems in order to generate a
training set necessary to parameterize the new force field. DFT under the gen-
eralized gradient approximation (GGA) is used for the QM calculations. All the
non-periodic MgCl2 hydrate clusters are relaxed in the framework of DFT im-
plemented in Amsterdam Density Functional (ADF) program [68]. The Perdew-
Wang exchange and correlation functional (PW91) is used with a double polar-
ized triple-ζ basis set. A similar GGA-DFT framework has been used to study
the CaCl2, MgCl2, and MgSO4 hydrates [27,28,152]. The bond dissociation energy
for Mg-O and Mg-Cl bonds are obtained from GGA-DFT for MgCl2·H2O and
MgCl2·2H2O as they are responsible for the hydrolysis and the dehydration
reactions. Similarly, the angle bending energy curves in MgCl2 hydrates like
O-Mg-O, Cl-Mg-Cl, H-O-Mg are also obtained from GGA-DFT.

To simulate a reaction in solid phase of hydrates, the crystal structure of
MgCl2, MgCl2·H2O, and MgCl2·2H2O are compressed or stretched uniformly
up to 20-30 % of their relaxed volume to obtain the EOS. The periodic systems
are relaxed in the framework of GGA-DFT using the VASP package [191]. The
projector augmented wave (PAW) method [192] along with the Perdew Burke
Ernzerhof (PBE) exchange-correlation functional [63] is used under the GGA ap-
proximation. The Monkhorst-Pack k-point mesh is used to integrate the Bril-
louin zone of MgCl2(5×5×3), MgCl2·H2O (3×5×3), and MgCl2·2H2O (4×4×8).
The unit cell of crystals are fully relaxed with break condition for ionic relax-
ation of 10−6 eV and plane wave cut off of 500 eV using tetrahedron method
with Blöchl corrections.

5.2.2 Reactive Force Field and parameterization
ReaxFF is a general many body empirical potential which represents a contin-
uous landscape of energy with bond order and inter-atomic distance. Bond
order is obtained from inter-atomic distance therefore it can predict the bond
formation and dissociation during the reaction. The detailed description of
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ReaxFF is given in subsection 2.3.1. Also, parametrization strategy and initial
forcefield description is given in chapter 2.

5.2.3 Diffusion
The Diffusion coefficient of H2O molecules through the MgCl2 hydrate crys-
tal is obtained from the GK formulation described in subsection 2.5.4. The
diffusion coefficient of H2O molecules through the MgCl2 hydrate crystals is
obtained in a spherical control volume of radius R in such a way that the crys-
tal slab resides completely in the sphere and the center of mass of this slab is
chosen as the center of the sphere as shown in Figure 5.9. The control volume
excludes the surface of the slab. The motion of the relatively heavy O atom in a
water molecule determines the trajectory of the H2O molecule as the center of
mass of the H2O molecule coincides with that of the O atom. The diffusion co-
efficients reported in the present study are converged with respect to the VAF
interval.

5.3 Results and discussion

5.3.1 Force Field parameterization results

The initial force field parameters are optimized against hydrated Cl− ion and
MgCl2 condensed phase data. The bond dissociation energies for Mg-Cl and
Mg-O bonds present in MgCl2, MgCl2·H2O, and MgCl2·2H2O gas molecules
are obtained from restrained GGA-DFT calculations. Bond dissociation energy
is the relative energy of the constrained molecule (specific bond constrain) with
respect to its relaxed geometry. Similarly, angle bending curves for Cl-Mg-
Cl, O-Mg-O, O-Mg-Cl, and H-O-Mg are obtained from GGA-DFT. The single-
parameter search algorithm [101] approaches a global minimum when the ini-
tial ReaxFF parameters are chosen close to that minimum while the multi-
parameter MMC algorithm [103] approaches the global minimum irrespective of
the initial guess. The bond and angle parameters are optimized with the single-
parameter search [101] followed by the multi-parameter MMC algorithm [103]

such that the trained parameters can reproduce the training set data accurately
and the cumulative error attains a global minimum.

The optimized ReaxFF parameters are able to reproduce the bond dissocia-
tion curve of Mg-O and Mg-Cl bond present in MgCl2·H2O and MgCl2·2H2O
as shown in Figure 5.1 and 5.2 remarkably well, particularly near the mini-
mum. The shape of the Mg-O dissociation curve obtained from ReaxFF slightly
differs from the DFT one. This discrepancy can be explained from the fact that
there are many conformers of similar energy existing at the same Mg-O dis-
tance due to the weak bonded interaction of H2O with MgCl2 and to the rel-
atively strong non-bonded interaction in MgCl2·H2O and MgCl2·2H2O. The
optimized ReaxFF is also able to capture the angle bending energy curves for
MgCl2·H2O and MgCl2·2H2O (see Appendix D). The enthalpy change in the
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Figure 5.1: Comparison of the Mg-Cl bond dissociation energy curve in MgCl2 hydrates
obtained from DFT and ReaxFF.

dehydration and in the hydrolysis reactions (gas phase) for MgCl2·H2O and
MgCl2·2H2O are obtained from DFT. ReaxFF is also able to capture the en-
thalpy change in the dehydration and hydrolysis reaction of MgCl2·H2O and
MgCl2·2H2O with a maximum difference of 5.5 kcal/mol (28% of DFT value)
as shown in Figure 5.3.

To predict the kinetics of solid MgCl2·H2O and MgCl2·2H2O, the EOS is
essential. The optimized force field, which is able to describe the gas phase re-
actions accurately, is further optimized with a condensed phase EOS of MgCl2
hydrates obtained from DFT in VASP [191]. The parameterized force field is also
able to predict the experimentally observed crystal structures of MgCl2 [193],
MgCl2·H2O [194], and MgCl2·2H2O [195] as shown in Table 5.1. In Table 5.1 (row
1-6), it can be observed that ReaxFF reproduces the lattice parameters of the
unit cell of MgCl2, MgCl2·H2O and MgCl2·2H2O with great accuracy. ReaxFF
is also able to reproduce the EOS for MgCl2, MgCl2·H2O and MgCl2·2H2O
as shown in Figures 5.4, 5.5 & 5.6. There is a discrepancy near the boundary
points in the EOS for MgCl2. ReaxFF can not capture these highly deformed
states accurately.

The bulk modulus is obtained from fitting the Birch-Murnaghan equation
of state with the EOS obtained from DFT and ReaxFF. The bulk modulus (Bo)
and its first order derivative with respect to pressure (B′o) (rows 7-8 of Table 5.1)
is obtained from ReaxFF and found to be in good agreement with DFT results
for MgCl2, MgCl2·H2O and MgCl2·2H2O.
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Figure 5.2: Comparison of the Mg-O bond dissociation energy curve in MgCl2 hydrates
obtained from DFT and ReaxFF.

MgCl2 MgCl2·H2O MgCl2·2H2O
ReaxFF DFT ReaxFF DFT ReaxFF DFT

a(Å) 3.66 3.662 8.94 8.94 7.65 7.67
[3.60] [193] [8.92] [194] [7.39] [195]

b(Å) 3.66 3.67 3.69 3.69 8.49 8.52
[3.60] [193] [3.63] [194] [8.55] [195]

c(Å) 19.86 19.84 11.59 11.59 3.69 3.71
[17.59] [193] [11.48] [194] [3.65] [195]

α 90◦ 90◦ 90◦ 90◦ 90◦ 90◦

[90◦] [193] [90◦] [194] [90◦] [195]

β 90◦ 90◦ 90◦ 90◦ 102.46◦ 102.45◦

[90◦] [193] [90◦] [194] [98.96◦] [195]

γ 120◦ 120◦ 90◦ 90◦ 90◦ 90◦

[90◦] [193] [90◦] [194] [90◦] [195]

Bo(GPa) 19.28 17.54 20.51 21.02 24.65 23.66
B′o 3.65 4.03 6.84 6.31 6.38 5.96

Table 5.1: Comparison of computed lattice parameters and elastic properties of MgCl2,
MgCl2·H2O, and MgCl2·2H2O from DFT and ReaxFF. The value given in the parenthe-
sis represents the experimental data [193–195].
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Figure 5.3: Comparison of change in reaction enthalpy for the dehydration and the
hydrolysis reactions obtained from DFT and ReaxFF. The indices on the X axis represent
the following reactions:
1)MgCl2·2H2O→MgCl2·H2O+H2O 2)MgCl2·2H2O→MgCl2+2H2O
3)MgCl2·H2O→MgCl2+H2O 4)MgCl2·2H2O→MgOHCl+HCl+H2O
5)MgCl2·H2O→MgOHCl+HCl.
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Figure 5.4: Comparison of the EOS for MgCl2 obtained from DFT and ReaxFF.
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Figure 5.5: Comparison of the EOS for MgCl2·H2O obtained from DFT and ReaxFF.
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Figure 5.6: Comparison of the EOS for MgCl2·2H2O obtained from DFT and ReaxFF.
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(a) MgCl2·2H2O (b) MgCl2·2H2O + H2O

Figure 5.7: The initial optimized structure of MgCl2·2H2O molecules used to obtain
the reaction path of proton transfer from DFT and ReaxFF. MgCl2·2H2O is represented
using the ball-and-stick model. Color scheme: Mg = grey, O = red, H = white, and Cl =
green.

5.3.2 Proton transfer reaction
Hydrolysis is an irreversible reaction which is usually observed in MgCl2·H2O
and MgCl2·2H2O. Wang and Chen [36] have studied the thermolysis mecha-
nism of MgCl2·H2O using a semi-empirical PM3 method. They observed that
proton transfer is an important step in the hydrolysis reaction. To understand
the reaction path for the proton transfer in MgCl2·2H2O, the relative energy
of a MgCl2·2H2O molecule is obtained from GGA-DFT calculations by con-
straining the O-H bond lengths, which is shown in Figure 5.7a. We obtained
a barrier of 19.55 kcal/mol for proton transfer in gaseous MgCl2·2H2O and a
barrier of 8.31 kcal/mol for chloride ion (Cl−) formation, which indicates that
proton transfer is a rate determining step in the hydrolysis reaction. To vali-
date the applicability of the ReaxFF, we obtained the reaction path for proton
transfer in gaseous MgCl2·2H2O from ReaxFF and compared it with DFT. From
Figure 5.8, it can be observed that ReaxFF is able to predict the barrier for pro-
ton transfer (20.24 kcal/mol) and the reaction coordinate for proton transfer in
MgCl2·2H2O.

To understand the effect of a neighboring H2O molecule in proton transfer
of MgCl2·2H2O, a H2O molecule is placed nearby as shown in Figure 5.7b.
A barrier of 29.61 kcal/mol is obtained from DFT for proton transfer in
MgCl2·2H2O surrounded by one H2O molecule. This explains the lower hy-
drolysis in the higher hydrates (tetra and hexa) of MgCl2, as the neighboring
H2O molecule increases the barrier for proton transfer and inhibits the hydrol-
ysis. A barrier of 26.54 kcal/mol for proton transfer is obtained from ReaxFF,
which is in agreement with the DFT result (29.61 kcal/mol). The position of the
transition state predicted from ReaxFF differs by 0.5 Å because surrounding
H2O molecule may form many structures of similar energy (see Appendix D).
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Figure 5.8: Comparison of barriers for proton transfer in MgCl2·2H2O obtained from
DFT and ReaxFF. MgCl2·2H2O is represented using the ball-and-stick model. Color
scheme: Mg = grey, O = red, H = white, and Cl = green.
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Figure 5.9: A 2D periodic slab of MgCl2·2H2O is used for Reax-MD simulations. (a),
The initial configuration, the blue dotted sphere represents a control volume used for
H2O diffusion using GK method. MgCl2·2H2O is represented using the ball-and-stick
model. Color scheme: Mg = grey, O = red, H = white, and Cl = green. (b), Average
density distribution of H2O along the Y axis after 375 ps at 300 K.
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5.3.3 Reax-MD simulations of MgCl2 hydrates
In the present study, we have investigated the kinetics of dehydration and hy-
drolysis reactions of solid MgCl2·H2O and MgCl2·2H2O. We created the 3×6×6
super-cell of MgCl2·H2O crystal [194] and 6×6×6 super-cell of MgCl2·2H2O [195]

from their experimental crystallographic information file (CIF) [196]. 2D-
periodic slabs of 26.8 Å×21.8 Å×1000 Å for MgCl2·H2O (as shown in Fig-
ure 5.13a) and 44.3Å×1000 Å×21.9 Å for MgCl2·2H2O (as shown in Figure 5.9a)
are prepared from the supercell by eliminating periodicity in the Z and Y direc-
tion respectively. The removal of periodicity is chosen is a direction parallel to
the Mg-O bond as the Mg-O bond is weaker than the Mg-Cl bond. We carried
out NVT-MD simulations at various temperatures using the Berendsen ther-
mostat with a temperature damping constant of 100 fs. The MD time step of
0.25 fs is used for MgCl2·H2O and MgCl2·2H2O. All simulations are performed
up to 1 ns and average number of molecules are recorded from last 500 ps.

Force Field validation

To validate ReaxFF, the radial distribution function (RDF) calculated from the
MD simulations (up to 250 ps) for O-H, Mg-O, and Mg-Cl in 2D periodic slabs
of MgCl2·H2O, MgCl2·2H2O are calculated and shown in Figure 5.10. The peak
location for O-H pair is observed at 1.02 Å which is close to the O-H bond
length (0.98 Å) reported earlier in the experimental unit cell of MgCl2·H2O [194].
A similar peak location was reported from the ReaxFF parameters of Lindqvist
Polyoxoanion in Bulk Water [197].

The first peak location for the Mg-O pair is observed at 2.0 Å, which rep-
resents the Mg-O atomic bond as shown in Figure 5.10. The corresponding
distance in the experimental unit cell of MgCl2·2H2O is 2.0 Å [195]. The second
peak location for Mg-O pair is observed at 4.4 Å, which represents the non-
bonded Mg attractions with the H2O molecule of the adjacent MgCl2 hydrate
as shown in Figure 5.10. The corresponding distance in the experimental unit
cell of MgCl2·2H2O is 4.0 Å [195] in this case.

The first peak location for Mg-Cl pair is observed at 2.3 Å which repre-
sents the Mg-Cl bond. The corresponding distances in the experimental unit
cell of MgCl2·H2O and MgCl2·2H2O are 2.56 Å [194,195]. The second peak is ob-
served at 4.3 Å and 4.7 Å for MgCl2·H2O and MgCl2·2H2O which represents
the Mg attraction with Cl of the adjacent MgCl2 hydrate molecule as shown
in Figure 5.10. The corresponding distances in the experimental unit cell of
MgCl2·H2O and MgCl2·2H2O are 4.5 Å [194] and 4.8 Å [195], respectively. We
conclude that ReaxFF parameters obtained from the present study are consis-
tent with DFT results and experimental results in representing the bonded and
non-bonded interactions.

Dehydration reaction

The dehydration kinetics of MgCl2·H2O and MgCl2·2H2O are investigated at
various temperature (300 K, 350 K, 400 K, 450 K, and 500 K). This tempera-
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Figure 5.10: Radial distribution functions of O-H, Mg-O, and Mg-Cl bond in
MgCl2·H2O and MgCl2·2H2O obtained with newly developed ReaxFF parameters of
MgCl2 hydrates at 300 K. The ‘*’ represents the corresponding distance in the experi-
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ture range falls in the operating range of the TMC based seasonal heat storage
systems. The average number of H2O molecules leaving from the solid slab
of MgCl2·H2O (26.8 Å×21.8 Å×1000 Å) into the vacuum region (Z direction)
is 21.38 ± 4.45 after 1000 ps at 300 K. The average number of H2O molecules
escaping from MgCl2·H2O increases from 21.28 ± 4.45 to 75.43 ± 9.08 in the
temperature range of 300 K to 500 K as shown in Figure 5.11. A molecular
dehydration rate could be estimated from the gradient of a linear fit. The de-
hydration rate keeps on increasing with temperature in the range of 300 K to
500 K as shown in Figure 5.11. The dehydration rate at 500 K is 3.1 times faster
when compared to the rate at 300 K.

The average number of H2O molecules leaving the solid slab of
MgCl2·2H2O (44.3 Å×1000 Å×21.9 Å) into the vacuum region (Y direction)
is 51.17 ± 7.63 after 750 ps. The system is further equilibrated up to 1000 ps
and H2O average increased by 4.61. The average density distribution of H2O
molecules are obtained by diving the simulation box into the bins of 10 Å along
the Y axis as shown in Figure 5.9b. Blue lines represent the initial boundaries.
The water molecules which escape from the solid slab accumulate on the sur-
face at 300 K. There is a concentration gradient of H2O molecules present on
the surface along the Y axis. Thereby, confirms the influence of water diffusion
on the dehydration process. The average number of H2O molecules escaping
from MgCl2·2H2O increases from 54.93 ± 6.76 to 71.66 ± 7.27 in the temper-
ature range of 300 K to 450 K as shown in Figure 5.12. Further, increment in
temperature leads to reduction in the number of H2O molecules escaping from
MgCl2·2H2O to 50.73 ± 5.85 at 500 K as shown in Figure 5.12. This reduction
in number of water molecules escaping from solid slab of MgCl2·2H2O could
be explained from the fact that existing water molecules present in the vacuum
region are pushing them back into the crystal. The effect of temperature on the
dehydration of MgCl2·H2O and MgCl2·2H2O is similar to experiments [45].

HCl formation

The HCl formation is investigated at various temperatures (300 K, 350 K, 400
K, 450 K, and 500 K). The first HCl molecule is observed from the 2D periodic
slab of MgCl2·H2O at 350 K after 136.25 ps. To narrow down the onset tem-
perature of HCl formation, MD simulations are carried out at the interval of
10 K between 300 K - 350 K. The onset of HCl formation is observed at 340
K after 318.75 ps in MgCl2·H2O as shown in Figure 5.13 b. After dehydra-
tion/hydrolysis, the crystal slab elongates along the vacuum direction as some
of MgCl2 and H2O came out on the surface. The onset of HCl formation is ex-
perimentally [184] observed in the temperature range of 343 K - 353 K, which is
in good agreement with the present ReaxFF study. The hydrolysis kinetics of
the MgCl2·H2O is shown in Figure 5.13 c at different temperatures (350 K - 500
K) up to 1000 ps. The number of HCl molecules keeps on increasing with tem-
perature. The hydrolysis rate estimated from the linear fits keeps on increasing
with temperature as shown in Figure 5.13 c. The hydrolysis rate at 500 K is 2.8
times faster when compared to the rate at 350 K. Hydrolysis is not observed in
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Figure 5.11: Dehydration kinetics of MgCl2·H2O in a 2D-periodic slab of
26.8 Å×21.8 Å×1000 Å up to 1 ns using Reax-MD simulations. The solid lines rep-
resent the kinetics from Reax-MD simulations while the dashed lines of the same color
represent a linear fit to estimate the dehydration rate. NT is average number of H2O
molecules escaping from the slab at temperature T.
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Figure 5.12: Dehydration kinetics of MgCl2·2H2O in a 2D-periodic slab of
44.3 Å×1000 Å×21.9 Å up to 1 ns using Reax-MD simulations. NT is average num-
ber of H2O molecules escaping from the slab at temperature T.
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Figure 5.13: Side view of MgCl2·H2O in a 2D-periodic slab of
26.8 Å×21.8 Å×1000 Å used in Reax-MD simulations performed at 340 K (a) Ini-
tial configuration at t = 0 sec (b) Intermediate configuration at t = 350 ps. The red dotted
circle represents the area where first HCl formations occur. MgCl2·H2O is represented
using the ball-and-stick model. Color scheme: Mg = grey, O = red, H = white, and Cl
= green (c) Hydrolysis kinetics of MgCl2·H2O up to 1 ns. The solid line represents the
kinetics from Reax-MD simulation while the dashed line of the same color represents
the linear fits to estimate the hydrolysis rate. NT is average number of HCl molecules
escaping from the slab at temperature T.

MgCl2·2H2O in the temperature range of 300 K - 500 K.

Effect of the temperature on the H2O transport

The diffusion of H2O through a crystalline structure of the solid salt hydrate
is a complex phenomena as the H2O molecules resulting from dehydration
reaction have to diffuse to the surface in order to dehydrate. The diffusivity
of H2O is computed from Reax-MD simulations after 250 ps of equilibration
time and 125 ps of production time at various temperatures (300 K, 350 K, 400
K, 450 K, and 500 K). The diffusion coefficient of H2O in MgCl2·H2O is 7.18 ×
10−11 m2/sec at 300 K. The reported diffusion coefficients in the present study
are well converged with VAF interval.

The diffusion coefficient can also be obtained from Einstein’s equation. The
mean square displacement (MSD) of H2O molecules through the 2D-periodic
slab of MgCl2·H2O at 300 K is shown in Figure 5.14. The diffusion coefficient of
H2O in MgCl2·H2O obtained using the Einstein’s equation is 7.6×10−11 m2/sec
at 300 K. There is a discrepancy of 5.38 % between the diffusion coefficient ob-
tained from Einstein’s equation and GK method. This difference can be ex-
plained by the fact that in the GK method the diffusivity of H2O through the
slab is accounted while in Einstein’s equation the diffusivity of H2O present in
vacuum is also accounted (as shown in Figure 5.9). The diffusion coefficient
in GK method are obtained from velocity-time relationship of atoms while in
Einstein’s equation from unfolded trajectory of atoms. The reported diffusion
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coefficient in the present study are well converged with VAF interval.
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Figure 5.14: Mean square displacement versus time for O atoms in a 2D-periodic slab
of MgCl2·H2O (26.75 Å×21.80 Å×1000 Å) at 300 K.

To estimate the statistical error in the diffusion coefficient of H2O through
2D periodic slabs of MgCl2·H2O and MgCl2·2H2O, five repetitions of Reax-
MD simulations are performed with the same parameters at 300 K. The av-
erage diffusivity of H2O through MgCl2·H2O is 7.46 ± 0.77 × 10−11 m2/sec
and 1.14 ± 0.15 × 10−10 m2/sec for MgCl2·2H2O. The diffusion coefficients in
MgCl2·H2O and MgCl2·2H2O are 0.03 and 0.04 times the diffusion coefficient
of bulk water [198]. In the lack of experimental study for the diffusion of H2O
through MgCl2 hydrates, we compared with the H2O diffusivity through other
TCM epsomite (MgSO4·7H2O) [199]. Zhang et al. [199] have reported the same or-
der of magnitude for the diffusivity of H2O in the center of the MgSO4.7H2O.
Donkers et al. [200] have measured the diffusion coefficient of water in epsomite
using NMR. They reported the diffusion coefficient in range of 10−10 to 10−9

m2sec−1 in the temperature range of 293 K to 413 K. In the light of their experi-
mental and simulation results of water diffusion in other heat storage material
(MgSO4·7H2O), we can conclude that the present Reax-MD simulations could
mimic the water transport in MgCl2 hydrates.

To investigate the effect of the temperature, the diffusion coefficient of H2O
through 2D-periodic slabs of MgCl2·H2O and MgCl2·2H2O are obtained at var-
ious temperatures (300 K, 350 K, 400 K, 450 K, and 500 K). The rise in the
temperature increased the thermal energy of H2O molecules and enhanced
the water transport as shown in Table 5.2. The diffusion coefficient of H2O
through 2D-periodic slabs at various temperatures follow the Arrhenius equa-
tion (D(T)=D0*e−[E/RT ]) with parameters given in Table 5.3. The activation en-
ergy and pre-exponential factor for H2O diffusion in MgCl2·H2O is higher than
MgCl2·2H2O, thus the net effect of the temperature on diffusion coefficient of
H2O through MgCl2·H2O is similar to MgCl2·2H2O. We have fitted the data on
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Temperature Diffusivity in MgCl2·H2O Diffusivity in MgCl2·2H2O
T , K m2 sec−1 m2 sec−1

300 6.99 × 10−11 1.16 × 10−10

350 7.02 × 10−11 3.18 × 10−10

400 9.13 × 10−11 9.54 × 10−10

450 6.95 × 10−10 2.78 × 10−9

500 4.47 × 10−9 6.66 × 10−9

Table 5.2: The diffusion coefficient of water through 2D-periodic slabs at different tem-
perature after 375 ps.

water-transport through the epsomite in the temperature range of 293 K to 413
K [200]. The diffusion coefficient follows the Arrhenius equation. The activation
energy and pre-exponential factor are 5.7× 10−4 m2/sec and 42.6 kcal/mol.
Thus, the strength of Mg-O bond in epsomite lies between the strength of Mg-
O bond present in MgCl2·H2O and MgCl2·2H2O.

Material Pre exponential factor Activation Energy
Do m2 sec−1 kJ mol−1

MgCl2·H2O 7.72 × 10−2 69.28
MgCl2·2H2O 1.55×10−5 32.22

Table 5.3: Arrhenius parameters for H2O diffusion through 2D-periodic slabs of
MgCl2·H2O and MgCl2·2H2O.

5.4 Conclusions

To gain more insight into the reaction kinetics of MgCl2 hydrates on molec-
ular level, the development of a new reactive force field (ReaxFF) is desir-
able. This force field is trained against an extensive set of quantum mechanics
data. ReaxFF is optimized against a training set consisting of bond dissoci-
ation curve, angle bending curve, enthalpy change in hydrolysis and dehy-
dration reactions and equation of state (EOS). A single-parameter search al-
gorithm in combination with a Metropolis Monte Carlo algorithm is used. The
optimized force field is able to reproduce the energy terms along with the com-
putationally challenging EOS of solid crystals. Bulk moduli of MgCl2·H2O and
MgCl2·2H2O obtained from DFT and Reax simulations are in close agreement
(∼ 4 % deviation). ReaxFF parameters from the present study represent vari-
ous chemical bonds like Mg-O, Mg-Cl, and O-H which are in agreement with
the DFT and experimental structures.

Barriers of 19.55 kcal/mol and 29.61 kcal/mol for proton transfer in
MgCl2·2H2O and MgCl2·2H2O surrounded by a neighbor H2O molecule are
obtained from DFT calculations. The ReaxFF parameters are able to repro-
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duce the barrier obtained from DFT calculations for the proton transfer in
MgCl2·2H2O (20.27 kcal/mol) and MgCl2·2H2O surrounded by a neighbor
H2O molecule (26.54 kcal/mol). ReaxFF is also able to reproduce the reaction
path for the proton transfer. This explains the lower hydrolysis in the higher
hydrates (tetra and hexa) of MgCl2 as the neighboring H2O molecule in higher
hydrates increases the barrier for proton transfer and inhibits the hydrolysis.
The radial distribution functions for Mg-O, O-H, and Mg-Cl pairs confirm that
the optimized force field is able to capture the bonded and non-bonded inter-
actions in the MgCl2 hydrates.

Reax-MD simulations have been carried out on 2D periodic slabs of
MgCl2·H2O and MgCl2·2H2O to investigate the dehydration and hydrolysis
kinetics at various temperatures (300 K - 500 K). The average number of H2O
molecules escaping from the MgCl2·H2O slab (after 1 ns) increased from 21.38
± 4.45 to 75.43 ± 9.08 in the temperature range of 300 K to 500 K. The dehy-
dration rate increased 3.1 times in the same temperature range for MgCl2·H2O.
The onset temperature of HCl formation in MgCl2·H2O is observed to be 340
K, which is in agreement with experiments. Increasing the temperature from
350 K to 500 K, we observed that the average number of HCl molecules escap-
ing from the MgCl2·H2O slab (after 1 ns) increased from 12.29 ± 4.51 to 33.99
± 4.85. The hydrolysis rate increased 2.8 times in the same temperature range
for MgCl2·H2O. Increasing the temperatures from 300 K to 450 K, the average
number of H2O molecules escaping from the MgCl2·2H2O slab (after 1 ns) in-
creased from 54.93 ± 6.76 to 71.66 ± 7.27. Hydrolysis is not observed from the
MgCl2·2H2O slab in the temperature range of 300 K - 500 K.

The H2O transport through MgCl2·H2O and MgCl2·2H2O is investigated
using Reax-MD simulations. The diffusion coefficient of H2O through MgCl2
hydrates are reported from Green-Kubo method at various temperature rang-
ing from 300 K - 500 K. The diffusion coefficient of H2O in the present study
is of the same order of magnitude as the diffusion coefficient of H2O in
MgSO4·7H2O obtained both from MD simulations [199] and experiments [200].
The diffusion coefficient increases with temperature and follows the Arrhe-
nius law for MgCl2·H2O and MgCl2·2H2O. The diffusivity of H2O through
MgCl2·H2O at 500 K increases 64 times compared with diffusivity at 300 K.
Similarly, the diffusivity of H2O through MgCl2·2H2O at 500 K increased 57
times compared to the 300 K. The diffusivity trend suggests that by increasing
the temperature up to 500 K, the H2O transport (mass diffusion) can be im-
proved. These results demonstrate the ability of ReaxFF to explore the molecu-
lar reaction rate for dehydration/hydrolysis of MgCl2 hydrates along with the
water transport in the operational range of seasonal heat storage systems.
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Application of ReaxFF: Effect of
vacancy defect on diffusion

In this chapter, the reactive force field is trained. The effect of defects like
molecular vacancy of MgCl2·2H2O and underhydration layers on the H2O
transport through the MgCl2·2H2O slabs is considered using the reactive force
field at 300 K. The reactive force field is used to characterize the molecular va-
cancy defect. The effect of external H2O on the dehydration reaction is also
investigated at 300 K. The diffusion coefficient of H2O through perfect slabs
are investigated to compare the effect of external conditions.1

6.1 Introduction

MgCl2 hydrates have been investigated experimentally and computationally
as a promising TCM [23,28,182,202]. Costuas et al. [203] have computationally
shown that the structural defects in MgCl2 affect its chemical reactivity. Ram-
melberg et al. [30] have concluded from TGA/DCS measurements that the stor-
age capacity of MgCl2 hydrates decreases after many charging/discharging
cycles. The deterioration in storage capacity of salt hydrates might be due
to incomplete hydration layers or due to molecular vacancy defect present in
MgCl2 hydrates [45].

In the dehydration process, H2O produced by an intrinsic chemical reaction
has to diffuse from the reaction site to the surface. The diffusion path may vary
from a few atomic layers up to a few micrometer [47]. The energy taken up by
a salt hydrate is dependent on the extent of the dehydration. The extent of de-
hydration depends on the vapor transport inside the solid salt hydrate, which
depends on the energy absorbed inside the structure. The diffusive transport
of H2O molecules plays an important role in the dehydration rate as it may
become a rate determining step under certain operating conditions. External
vapor pressure, temperature, surface transformation and defect/cracks con-
siderably influence the performance of the salt hydrate based TCM. These fac-

1This chapter is based on the work published in: Pathak, A.D., Nedea, S., Zondag, H., Rindt, C.
and Smeulders, D., 2017. European Journal of Mechanics-B/Fluids [201].
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tors affect the reaction rate and the diffusion of H2O molecules inside the solid
hydrates. A non-reactive force field has been used to calculate the transport
properties of H2O in nanoporous materials [198]. However, the conventional
force field cannot capture chemical reactions (dehydration process) and trans-
port of H2O molecules produced from the dehydration process.

Among the hydrates of MgCl2, MgCl2·2H2O is a critical hydrate, as a hy-
drolysis reaction is frequently observed in this hydrate [182]. To capture the hy-
drolysis along with the dehydration reaction, an accurate ReaxFF is essential.
In the present study, we have enlightened the molecular perspective of H2O
transport inside MgCl2·2H2O under the aforementioned experimental condi-
tions.

Molecular Dynamics (MD) simulations using ReaxFF are carried out to ex-
plore the diffusion coefficient of H2O in MgCl2·2H2O. We performed Reax-
MD simulations to explore the influence of temperature, external vapor pres-
sure and various structural changes on the dehydration reaction of a 2D peri-
odic slab of MgCl2·2H2O. The effect of these various factors on the diffusion
coefficient is analyzed using a Velocity Auto-correlation Function (VAF). The
thermo-physical and optical properties of solid material depends on their Vi-
brational Density Of States (VDOS) [204]. In literature, VDOS have been used to
analyze the thermal transport in graphene, silicene, silicon, and to characterize
the vacancy defects [205–208]. In the present study, we use VDOS to characterize
the vacancy defects of MgCl2·2H2O molecules, present in a MgCl2·2H2O solid
slab, as calculated from the present Reax-MD simulations. The effect of these
molecular vacancy defect on the mass transport of H2O is also analyzed.

6.2 Theory and Computational details

6.2.1 Density Functional Theory calculations
The gaseous MgCl2 hydrates are relaxed in the framework of Density Func-
tional Theory (DFT) implemented in Amsterdam Density Functional (ADF)
program [68]. Chloride-based salt hydrates are investigated under similar DFT
formalism [28,152]. Mg-O and Mg-Cl bonds dissociate during the dehydration
and hydrolysis reaction of MgCl2·2H2O. The bond dissociation energies of Mg-
Cl bonds in MgCl2·H2O and MgCl2·2H2O are obtained by constrained geom-
etry optimization (Mg-Cl inter-atomic distance) from DFT calculations. Simi-
larly, Mg-O bond dissociation energies are obtained. The valance angle distor-
tion energy curves in MgCl2 hydrates like O-Mg-O, Cl-Mg-Cl, and H-O-Mg are
also obtained by constrained angle geometry optimization from DFT calcula-
tions. The condensed phase equation of state (EOS) of MgCl2, MgCl2·H2O, and
MgCl2·2H2O are obtained from DFT using VASP package. The data in training
set for this section is similar to the data presented in section 5.2.1.
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6.2.2 ReaxFF parametrization
ReaxFF description is already described in subsection 2.3.1. The potential en-
ergy surface of a ReaxFF can be defined by roughly 100 parameters per atom.
During the force field optimization, these parameters are optimized such that
the cumulative error between the DFT value in a training set and its corre-
sponding value from ReaxFF are minimized. The parametrization strategy
in this chapter is slightly different than chapter 5. We have used a single-
parameter search algorithm for force field optimization [101] while in previous
chapter, the MMC algorithm is used after the optimized results of the single
parameter search algorithm.

6.2.3 Diffusion constant
The equilibrium diffusion coefficient of H2O molecules inside the MgCl2·2H2O
crystal is obtained from the Green-Kubo (GK) formulation as described in sub-
section 2.5.4. The self diffusion coefficient of H2O converges faster using the
GK method over the Einstein’s equation [209]. Therefore, the GK method is pre-
ferred in this study. The diffusion coefficient of H2O through the 2D slab of
MgCl2·2H2O, is obtained in a spherical control volume as described in sec-
tion 5.2.3. The VDOS is obtained by taking Fourier transform of VAF.

6.3 Reproduction of DFT results using ReaxFF

The bond dissociation energies for Mg-Cl and Mg-O bonds of MgCl2·2H2O
have been obtained from DFT calculations. The value ∆ E is described as a
difference between the energy of a particular state and the energy of relaxed
structure. The parametrized ReaxFF is able to reproduce the Mg-O and Mg-Cl
bond dissociation energies obtained from DFT calculations as shown in Fig-
ure 6.1. In addition, ReaxFF is also able to capture the valance angle distor-
tion energies of O-Mg-O and Cl-Mg-Cl angles as shown in Figure 6.2. There
is slight discrepancy observed in the valance angle distortion energy obtained
from ReaxFF and DFT. The valance angle distortion energy is assigned to a low
weight for optimization as it has less importance in terms of energy.

In case of dehydration/hydrolysis reaction, the bond dissociation energy
and the energy change in EOS of the solid reactant have higher barrier than
the valance angle distortion energies, thus earlier one are assigned to higher
importance [103,181,210]. Nevertheless, ReaxFF is able to capture the shape of
valance angle distortion energies. Gas phase reaction enthalpies for dehydra-
tion and hydrolysis are included in the training set. At the end of the training
set, the equation of states (EOS) of MgCl2, MgCl2·H2O and MgCl2·2H2O are
included and ReaxFF parameters are re-optimized. The parameterized force
field is also able to predict the computationally challenging condensed phase
data (EOS) for MgCl2·2H2O as shown in Figure 6.3. The similar results are also
reported in chapter 5. It indicates that standalone the single parameter search
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algorithm is able to reproduce the results of the training set in a reasonable
agreement.
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Figure 6.1: Reproduction of the Mg-Cl and Mg-O bond dissociation energy profiles in
MgCl2·2H2O computed from DFT and ReaxFF.

6.4 MD simulations

In this study, we have performed MD simulations on 6×3×6 supercell of
MgCl2·2H2O. The supercell is prepared from the experimental crystallographic
information file [195]. A 2D periodic slab is prepared by creating a vacuum of
1000 Å and eliminating the periodicity in Y direction. The time step used in all
cases are 0.25 fs. The system is equilibrated for 106 (1M) time steps in all the
investigated conditions. Diffusion coefficient is obtained between 1.0 M to 1.5
M time steps.

The average diffusion coefficient of H2O though the solid MgCl2·2H2O is
1.24 ± 0.37 × 10−10 m2/sec. Donkers et al. [200] have experimentally measured
diffusion coefficient of H2O through epsomite (MgSO4·7H2O). They observed
diffusion coefficient varying from 10−9 to 10−10 m2/sec in the temperature
range of 295 K - 345 K. Zhang et al. [199] have reported similar magnitude of
H2O diffusion coefficient through epsomite slab. In the light of the experimen-
tal and the computational studies of H2O diffusion in the epsomite slab and
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Figure 6.2: Reproduction of the ∠O-Mg-O and the ∠ Cl-Mg-Cl valance angle distortion
energy profiles in MgCl2·2H2O computed from DFT and ReaxFF.

in the lack of experimental studies for MgCl2 hydrates, we conclude that the
present Reax-MD simulations predict satisfactorily the diffusion coefficient of
H2O through MgCl2·2H2O.

To estimate the statistical error in Reax-MD simulations, fives runs are car-
ried out on a 2D periodic slab of 6×3×6 MgCl2·2H2O at 300 K. The average
number of H2O molecules present in the solid MgCl2·2H2O is 366.38 ± 0.942

(85.6 % of initial concentration) after 500 ps simulation time. The average num-
ber of H2O molecules present in solid MgCl2·2H2O decreases to 356.12 ± 2.01
(83.2 % from initial concentration) after 875 ps simulation time.

6.4.1 Effect of system size on Diffusion
To estimate the effect of a system size and length of slab along the vacuum
on the diffusion coefficient of H2O, we performed Reax-MD simulations in
2D periodic slabs created from 6×3×6, 6×6×6, and 12×3×12 supercell. The
diffusion coefficient of H2O decreases from 1.24±0.37×10−10 m2/sec (6×3×6)
to 7.95±0.59×10−11 m2/sec (6×6×6) by two-fold increase in the diffusion

2This is the time average number of H2O molecules. However, the fractional number has no
physical significance in dehydration of the slab.

85



Chapter 6.

-5

 0

 5

 10

 15

 20

 25

 30

 35

 40

 180  200  220  240  260  280  300  320

ReaxFF
QM

E
 k

ca
l/m

ol

Volume

Figure 6.3: Reproduction of the EOS (compressed and stretched state) of MgCl2·2H2O
computed from DFT and ReaxFF.

path (along the vacuum, Y axis) and decreases to 8.25±1.09×10−11 m2/sec
(12×3×12) by two-fold increase along the X and Z axis at 300 K (see Table 6.1).
Thus, diffusion coefficient decreases by increasing the length of slab along the
vacuum and the system size.

6.4.2 Effect of external vapor pressure on the H2O transport
TCM based heat storage systems are designed for various external vapor pres-
sure as it varies with surrounding atmospheric conditions. Moreover, vapor
pressure increases with time during an improper air circulation in the dehydra-
tion process. External vapor pressure is one of a key variable which influences
the dehydration process. To accommodate the effect of corresponding pres-
sures on the slab of MgCl2·2H2O due to the external H2O pressure effect, we
placed 5,10,12,16,21 and 26 H2O molecules in the vacuum region of the 2D pe-
riodic slab of MgCl2·2H2O. The corresponding external vapor pressure varies
from 0.2 to 1.04 bar. The external H2O molecules inhibit the average num-
ber of H2O molecules escaping from the solid slab. The average number of
H2O molecules escaping from the solid slab decreases from 45.89 to 9.38 by in-
creasing external H2O molecules from 5 to 26 after 1.5 M time steps (375 ps) as

86



Effect of vacancy defect on diffusion

shown in Figure 6.4. The system is further prolonged up to 875 ps. The number
of H2O molecules monotonically decreased from 49.57 to 15.51. The external
H2O pressure inhibits the dehydration, thus the present Reax-MD simulations
are able to follow the Le-Chatelier principle [211].

Topley and Smith [212] observed an anomalous behavior in the rate of de-
hydration of crystalline salt hydrates with increasing vapor pressure. This is
known as the Topley and Smith effect. Lvov [213] has not reported the Topley-
Smith effect in MgCl2 salt hydrates. We have not observed significant abnor-
mal change in the average number of H2O molecules escaping from the solid
slab to the vacuum by increasing external H2O pressure. Thereby, no abnormal
change in the dehydration rate is observed by increasing external H2O pres-
sure. Hence, the Topley-Smith effect is not observed in the MgCl2·2H2O slab
from the present Reax-MD simulations under external vapor pressure condi-
tions. The diffusion coefficient increases from 25.4% to 83.1% under external
vapor pressure conditions when compared with the vacuum condition. The
diffusion coefficient of H2O through the solid slab does not follow monotonous
trend with the external vapor pressures but it increases in all the cases when
compared to the vacuum condition (Figure 6.4).

6.4.3 Crystal Defects
Experimentally, it has been observed that storage capacity decreases after
many repetitive charging-discharging cycles [30]. Under experimental operat-
ing conditions, molecular vacancy defects might be present in the solid salt
hydrate. Also, due to improper hydration, underhydration of edges, faces and
inner layers of salt hydrates might be present. We have simulated the conse-
quence of these defects on the diffusional constant of H2O using the Reax-MD
simulations. The concentration of vacancy is defined as the fraction of the num-
ber of removed MgCl2·2H2O molecules over the originally present number of
MgCl2·2H2O molecules (in %) in a perfect slab.

Molecular vacancy defect characterization

Molecular vacancy defect has been created by removing MgCl2·2H2O
molecules from the 2D periodic slab of MgCl2·2H2O (6×3×6) as shown in Fig-
ure 6.5. We have computed enthalpy change in the formation of the molecular
vacancy. The enthalpy change (∆EVac) is defined as:

∆EVac =
1
n
[EPS−EVac−n×EMgCl2·2H2O]. (6.1)

Where EPS and EVac are enthalpy of a perfect slab and a molecular vacancy
defected slab, respectively. EMgCl2·2H2O is enthalpy of a gaseous MgCl2·2H2O
molecule and n is the number of molecules. The enthalpy of molecular va-
cancy formation in the cases shown in Figures 6.5a and b are -31.2 kcal/mol of
MgCl2·2H2O and -41.5 kcal/mol of MgCl2·2H2O. Thus, molecular vacancy at
symmetric position (in center) has lower enthalpy of formation. VDOS is used
for a thorough characterization of these molecular vacancies, which enables a
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Figure 6.4: Number of H2O molecules leaving the 2D periodic slab of MgCl2·2H2O
(6×3×6) and diffusion coefficient of H2O through the slab at different external vapor
pressure for a total run time of 1.5 M steps (∆ t = 0.25 fs) using Reax-MD simulations at
300 K.

greater understanding of the fundamental features of these defects. We first
obtained the VDOS of the 6×3×6 perfect slab of MgCl2·2H2O, which serves as
the base spectrum for comparison with the molecular vacancy defected slabs.
We obtained the VDOS of two slabs having the molecular vacancy defect of the
same concentration (2.78 %) but at different locations. The molecular vacancy
at center and non-center positions are referred as “vacancy 1” and “vacancy
2”, respectively as shown in Figures 6.5a and 6.5b. The qualitative comparison
of the VDOS with the vibrational frequency of gaseous MgCl2·2H2O is used
for describing the peaks of the perfect and the vacancy defected crystal. The
VDOS of the perfect crystal and the molecular vacancy 1 (Figure 6.5a) and the
molecular vacancy 2 (Figure 6.5b) are shown in Figure 6.6.

For 0-50 THz frequency range, the 1st peak (A mode in Figure 6.6) in the
molecular vacancy 1 and the molecular vacancy 2 has a 14.3 % red shift in
comparison to the perfect crystal and VDOS is decreased in both cases. This
peak is found to be in agreement with the vibrational frequency obtained from
DFT [28] and represents the Mg-O bonds stretching. Thereby, the Mg-O bonds
might become elongated and softer near the vacancy site in the molecular va-
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Figure 6.5: Side view schematic representation of various defects present in
MgCl2·2H2O (a) and (b) molecular vacancy present in the center and adjacent to the
center of 6×3×6 slab, (c) and (d) molecular vacancy present in the center and adjacent to
the center of 6×6×6 slab. The MgCl2·2H2O molecules originally present in the dashed
red boxes have been removed to study influence of vacancy defects on H2O transport
in a MgCl2·2H2O slab. Color scheme: Mg = blue, Cl = green, O = red, and H = white.

cancy 1 and 2. The optimized geometry of the molecular vacancy 1 (Figure 6.7
a) has a 3.9 % elongation of the Mg-O bond near the vacancy site compared
with the perfect slab and supports the VDOS shift. The blue shift of 5.3% is ob-
served in the 2nd peak (B mode in Figure 6.6) for the molecular vacancy 1 and
no shift for the molecular vacancy 2. This peak is found to be in good agree-
ment (10.6 % deviation) with the vibrational frequency obtained from DFT [28]

and represents the Mg-Cl bond stretching. Thus, the Mg-Cl bonds present in
the molecular vacancy 1 near the vacancy site became short and stiffer. We
have observed a 4.1% reduction in the Mg-Cl bond length near the vacancy
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Figure 6.6: The molecular vacancy defect characterization using VDOS analysis on a
6×3×6 supercell of MgCl2·2H2O at 300 K.

site in the optimized geometry of the molecular vacancy 1 (Figure 6.7 a).
For 50-100 THz frequency range, two peaks are observed for the perfect

crystal while three peaks for the molecular vacancy 1 and 2. A new peak of
low intensity is observed for the molecular vacancy 1 and 2. The new peak
in the molecular vacancy 1 and 2 reflects reorientation of molecules near the
vacancy site. There is a 2.1% red shift observed in the 3rd peak (C mode in
Figure 6.6) for the molecular vacancy 1 and the molecular vacancy 2. This peak
represents the H-O-H angular vibration and these vibrations become soft near
the vacancy site. The no shift is observed in the 4th (D mode in Figure 6.6) peak
for the molecular vacancy 1 and 2, which represents the symmetric O-H bond
stretching and is found to be in good agreement (15.1 % deviation) with the
vibrational frequency of O-H bond obtained from DFT and experiments [28,214].
Thereby, O-H bond might remain unaltered for the molecular vacancy 1 and 2.

For 100-150 THz frequency range, the 5th peak (E mode in Figure 6.6), which
represents asymmetric stretching of O-H bonds, has a 0.73% blue shift in the
molecular vacancy 1 and the molecular vacancy 2. The E mode has been found
to be in close agreement (4.4 % deviation) with the vibrational frequency ob-
tained from DFT and experiments [28,214]. Thus, for the molecular vacancy 1
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and 2, asymmetric stretching of O-H bonds might hindered near the vacancy
site. This analysis suggests that the location of the vacancy site has less effect
on the VDOS and thereby on the phonon transport. The strongest phonon has
blue shift and the asymmetric motion of O-H bonds become stiffer near the
vacancy site. The optimized geometry of the molecular vacancy 1 (Figure 6.7
a) reveals that symmetry of O-H bonds of H2O molecules break down near the
vacancy site and O-H bond gets shorter by 3-4 % near the vacancy site. Thus,
reiterates the result obtained from the VDOS.

6.4.4 Effect of the molecular vacancy defect on the H2O trans-
port

To elaborate the effect of vacancy concentrations on the H2O transport, we have
created the molecular vacancy of MgCl2·2H2O molecules in various system
size of MgCl2·2H2O slabs as shown in Figures 6.5 and 6.8. We have created
2.78 % and 1.39 % vacancy concentration of MgCl2·2H2O molecules at the cen-
ter of 6×3×6 and 6×6×6 2D periodic slabs of MgCl2·2H2O as shown in Fig-
ures 6.5a and 6.5c, respectively. The slab rearrange itself near the vacancy site
as shown in Figure 6.7. Diffusivities of H2O are measured at 300 K. The diffu-
sion coefficient of H2O in the center vacancy and non-center vacancy locations
(refer Figure 6.5a and b) are 2.36 ± 0.4 × 10−10 m2/sec and 1.94± 0.9 × 10−10

m2/sec, respectively. The deviation in diffusion coefficient at the non-center
position is higher than at the center position. The molecular vacancy present
in the center enhances the diffusion coefficient by 108.06 % and 45.2% in 6×3×6
and 6×6×6 slabs with respect to the perfect slab. In addition, the vacancy con-
centration of 1.38%, 2.78%, and 4.16 % are created in the central region of a
12×3×12 2D periodic slab of MgCl2·2H2O as shown in Figure 6.8. The diffu-
sion coefficient enhancement in these cases are 86.7%, 33.4% and 56.2 % when
compared to diffusion coefficient through the perfect slab, respectively at 300
K.

To investigate the influence of the molecular vacancy location on the diffu-
sion coefficient, we created the same concentration of vacancy in the row adja-
cent to the center of slab as shown in Figures 6.5b and 6.5d. The diffusion co-
efficient enhancement, when compared to perfect crystal, are 11.3 % and 13.5%
for 6×3×6 and 6×6×6 slabs, respectively. The molecular vacancy present in
the center increases diffusion coefficient more than the vacancy present in ad-
jacent to center. Thus, location of vacancy affects the H2O transport through
the slab of MgCl2·2H2O.

The molecular vacancy of MgCl2·2H2O molecules along the Z axis creates
a void inside the slab and enhances the H2O diffusion close to the void. There-
fore, vacancy increases diffusion coefficient in all the cases. The diffusion co-
efficient in all the cases are presented in Table 6.1. To elucidate the effect of
vacancy concentration on the mass transport of H2O through various size of
MgCl2·2H2O slabs, the enhancement of diffusion coefficient with vacancy con-
centrations of MgCl2·2H2O molecules are shown in Figure 6.9. The percentage
enhancement in diffusion coefficient is dependent on the size of the system
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Figure 6.7: A snapshot taken from the Reax-MD simulations, demonstrating (a) the en-
ergy minimized structure of molecular vacancy present in the center of 6×3×6 slab (va-
cancy 1, see Figure 6.5 a) and (b) the slab after 1.5 M iterations at 300 K. The MgCl2·2H2O
molecules originally present in the dashed red boxes have been removed to study influ-
ence of vacancy defects on H2O transport in a MgCl2·2H2O slab. Color scheme: Mg =
blue, Cl = green, O = red, and H = white.
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(a) 1.38 % vacancy
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Figure 6.8: A schematic side view representation of various defects present in a
MgCl2·2H2O (12×3×12) slab. The MgCl2·2H2O molecules originally present in the
dashed red boxes have been removed to study influence of molecular vacancy defects
on H2O transport in the MgCl2·2H2O slab. Color scheme: Mg = blue, Cl = green, O =
red, and H = white.
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Crystal Condition Diffusivity (m2/sec)

6×3×6
Perfect crystal 1.24 × 10−10

Case a (Figure 6.5a) 2.58 × 10−10

Case b (Figure 6.5b) 1.38 × 10−10

6×6×6
Perfect crystal 7.92 × 10−11

case c (Figure 6.5c) 1.15 × 10−10

case d (Figure 6.5d) 8.99 × 10−11

12×3×12

Perfect crystal 9.22 × 10−11

Case a (Figure 6.8a) 1.72 × 10−10

Case b (Figure 6.8b) 1.23 × 10−10

Case c (Figure 6.8c) 1.44 × 10−10

Table 6.1: The effect of the molecular vacancy defect on H2O transport (diffusion coef-
ficient) through the solid slab of MgCl2·2H2O at 300 K.

and the length of slab along the vacuum. There is a non-monotonous trend
observed for enhancement in diffusion coefficient with concentration of the
vacancy site. After the meticulous examination of various cases of molecular
vacancy defects, we conclude that molecular vacancy does not affect the mass
transport of H2O by an order of magnitude.

6.4.5 Effect of underhydration layer on the H2O transport
After many repetitive charging/discharging cycles of MgCl2·2H2O solid crys-
tal some edges, faces and inner layers of MgCl2·2H2O may remain underhy-
drated as MgCl2·H2O in the hydration cycle [45]. In these layers, one layer of
H2O molecules is removed and MgCl2·H2O is present in place of MgCl2·2H2O.
The concentration of underhydration is defined as the fraction of the number of
removed H2O molecules over the originally present number of H2O molecules.
To mimic these circumstances, H2O molecules from the corner surface edge
(2.78 % underhydration, Figure 6.10a), from one top face (8.33 % underhydra-
tion, Figure 6.10b), and from mid-layer (16.67 % underhydration, Figure 6.10c)
have been removed from the 2D periodic slab of MgCl2·2H2O (6×3×6). The
diffusion coefficient of H2O through the solid slab is computed.

The diffusion coefficient of H2O through the MgCl2·2H2O slab under vari-
ous underhydration conditions are presented in Table 6.2. Two corner surface
edges of MgCl2·H2O molecules in a 2D MgCl2·2H2O slab do not strongly af-
fect the diffusion of H2O. The incomplete dehydration (MgCl2·H2O molecules)
in one face of the slab and in the mid-layer, reduces the barrier for inner H2O
molecules to come out and provide void space, thus increases diffusion coeffi-
cient. The diffusion coefficient of H2O through the underhydrated system (one
face or mid-layer of MgCl2·H2O) is higher than the perfect crystal MgCl2·2H2O
as shown in Table 6.2.

After examining the diffusion coefficients through various underhydration
conditions, we conclude that these defects do not significantly decrease the
diffusion coefficient of H2O transport in the dehydration process at 300 K
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Figure 6.9: The effect of the molecular vacancy concentrations present in the center on
diffusivity enhancement of H2O through the solid slab of MgCl2·2H2O obtained from
Reax-MD simulations at 300 K.

Defect % underhydration Diffusivity (m2/sec)
Perfect crystal 0 % 1.24 × 10−10

Two edge of MgCl2·H2O 2.78 % 7.05 × 10−11

(Figure 6.10a)
One face of MgCl2·H2O 8.33 % 2.29 × 10−10

(Figure 6.10b)
Mid-layer of MgCl2·H2O 16.67 % 2.17 × 10−10

Figure 6.10c

Table 6.2: The diffusion coefficient of H2O through the 2D periodic slab of MgCl2·2H2O
under different underhydration conditions for a total run time of 1.5 M steps using VAFs
at 300 K.
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(a) 2.78 % underhydration

(b) 8.33 % underhydration

(c) 16.67 % underhydration
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Figure 6.10: A schematic side view representation of various underhydration conditions
investigated in the present study on a 6×3×6 MgCl2·2H2O slab. The H2O molecules
originally present in the rectangular boxes (dashed red lines) have been removed to
study influence of underhydration conditions on H2O transport in the MgCl2·2H2O
slab. Color scheme: Mg = blue, Cl = green, O = red, and H = white.
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6.5 Conclusions

The objective of this study is to investigate H2O transport through a 2D peri-
odic slab of MgCl2·2H2O using Reax-MD simulations under various defects
(molecular vacancy and underhydration layer) and external vapor pressure
conditions at 300 K. The presence of external H2O vapor pressure inhibits the
dehydration process and increases the diffusion coefficient through the solid
slab by 25.4% to 83.1 % in comparison with vacuum conditions. By remov-
ing MgCl2·2H2O molecules from the 2D periodic slab of MgCl2·2H2O (along
the Z-axis), molecular vacancies are created to investigate their effect on H2O
transport. These vacancies are characterized by VDOS, which could be used
as a signature of defects present in MgCl2·2H2O. The location of the molec-
ular defects does not strongly affect the VDOS. We also investigated the ef-
fect of length of slab along the vacuum, size of slab, vacancy concentration
of MgCl2·2H2O molecules and vacancy location on the diffusion of H2O. The
diffusion coefficient increases with molecular vacancy in all the cases. The dif-
fusion coefficient decreases by 36.3 % by two-fold increase in the length of slab
along the vacuum. The molecular vacancy present in the central zone enhances
diffusion more than the molecular vacancy present in the zone adjacent to the
center. The relation between the concentration of vacancy and diffusion co-
efficient is non-monotonous. The diffusion coefficient increases with incom-
plete hydration at the surface and at the mid-layer of the 2D periodic slab of
MgCl2·2H2O at 300 K. For all the defects, diffusion coefficients decrease the
barrier for H2O transport less than an order of magnitude, and therefore, these
various defects could not significantly affect the H2O transport through the salt
hydrate.

97



Chapter 6.

98



Applications of ReaxFF: Mass and
Heat transport

Following chapters 5 and 6, the newly developed force field is extended for
the characterization of MgCl2·4H2O and MgCl2·6H2O. In order to give clear
recommendations for a design of a MgCl2 based storage system, comprehen-
sive data of thermo-physical properties of various hydrates are essential. In
this chapter, reactive force field based molecular dynamics simulations are car-
ried out to obtain the diffusion coefficient of H2O through MgCl2·4H2O and
MgCl2·6H2O. These diffusion coefficients are compared with the diffusion co-
efficients of H2O through the mono- and dihydrate states of MgCl2 obtained
from chapter 5. The spatial diffusivity of H2O including grain surface is cal-
culated and compared among various hydration states. Furthermore, a study
of the thermal conductivity in MgCl2·nH2O is presented using Reactive Force
Field (ReaxFF) based molecular dynamics simulations.

7.1 Introduction

In the charging/discharging cycle (dehydration/hydration) of thermo-
chemical materials (TCMs), the H2O transport through MgCl2·nH2O affects
the overall reaction rate and therefore affects the rate of heat absorption and
desorption from a reactor. In the dehydration reaction, the detached H2O
molecule travels from the reaction site to the surface of the salt hydrates. In
the hydration reaction, the external H2O molecule travels from the surface to
the reaction site. Thus, the heat absorption and desorption rate depend on
the reaction rate along with mass transport of H2O through MgCl2·nH2O (n =
1,2,4,6). Therefore, it is important to calculate the diffusion coefficient of H2O
through MgCl2·nH2O to gain insight into these phenomena.

In the charging/discharging cycle of a TCM based heat storage system, heat
flows from the surrounding environment into the material and vice-versa. In
order to achieve a fast charging/discharging cycle, high rates of heat transfer in
and out of the material are required. In the development of a salt hydrate based
TCM heat storage system, the thermal characteristics of a reactor play an im-
portant role in the effective utilization of local thermal energy released from the
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hydration reactions [215]. The thermal transport affects the overall performance
of a storage system. The thermal characteristics like conductivity determine
the local temperature and overall temperature distribution, which affects both
the chemical reaction rate (kinetics) and the mass transport of H2O.

Most of the chloride based salt hydrates exhibit poor heat transfer proper-
ties due to the high porosity of the material [216]. The dehydration-hydration
cycle results in various hydration states of the MgCl2, which in general dif-
fer in the crystal structure. These different hydration states will have different
thermo-chemical and thermo-physical properties. Thus, careful investigation
of thermal conductivity for all the hydrates will provide insight into the ther-
mal behavior of the reactor, which ultimately will influence the system perfor-
mance. In sight into the thermal conductivity of each hydration state of MgCl2
is necessary for an accurate dynamic heat transfer analysis of a heat storage
system. However, to the best of our knowledge, there have been no computa-
tional studies on the thermal conductivity prediction for all MgCl2 hydrates.

Reax-MD simulations can provide insight into the heat transport of a
salt hydrate based reactive system, which can be used for nano-scale engi-
neering. Reax-MD simulations using steady-state Non-Equilibrium Molecu-
lar Dynamics (NEMD) are performed to calculate the thermal conductivity
of MgCl2·nH2O (n = 0,1,2,4,6). Also, the effect of anisotropy of MgCl2·6H2O
on the thermal conductivity is examined. The size of cross-sectional area and
length of the system along the heat flow direction affect the thermal conductiv-
ity at molecular level [217,218]. To obtain comprehensible results for bulk thermal
conductivity, the size effect in cross-sectional area and in the heat flow direc-
tion is investigated. The computed bulk thermal conductivities are compared
with existing experimental results [216,219].

Mixtures of CaCl2 and MgCl2 hydrates are used to improve the perfor-
mance of a TCM based storage system [153]. To investigate the physical mixtures
of CaCl2 and MgCl2 hydrates, it is essential to compare the thermal conductiv-
ity of the components using the same methodology and on the same scale.
CaCl2 hydrates are potential heat storage materials and are used as both TCM
and PCM. The thermal conductivity plays a vital role in heat transfer in both
forms of heat storage. A comparison of obtained thermal conductivities with
another potential TCM, CaCl2·2H2O [220] is done.

We have validated the NEMD methodology for simple well-defined crys-
tals (Pt and Ni) in chapter 2. We have also developed the force field for
MgCl2·nH2O (n = 0,1,2) in the previous chapter 5. In this chapter, we have
extended the newly developed force field for MgCl2·4H2O and MgCl2·6H2O.
Thereafter, we have computed thermal conductivities of all the MgCl2 hy-
drates and CaCl2·2H2O using the newly developed force field and NEMD
method. The crystal structures of MgCl2·nH2O (n = 0,1,2,4,6) are shown in
Figures 7.1,7.2 and 7.3. The orientation of Mg-Cl bonds along with the lattice
constants change with the hydration state. The role of the orientation of Mg-
Cl bonds in these hydrates may have a significant influence on the thermo-
physical properties along with hydration state.
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(b)

(a)

Figure 7.1: The crystal structures of (a) MgCl2 [125], (b) MgCl2·H2O [194] are shown. The
unit cell is presented on the left side, the supercell in the middle, and the lattice con-
stants on the right side. Color scheme: Mg = green, Cl = grey, O = red, and H = white.

7.2 Force Field parametrization

To predict the thermal properties and H2O transport through the solid
MgCl2·4H2O and MgCl2·6H2O, the equation of state (EOS) of the solid crys-
tal is essential. The optimized force field, which is able to describe the reaction
kinetics and H2O transport accurately for MgCl2·H2O and MgCl2·2H2O, is fur-
ther optimized with a condensed phase EOS of MgCl2·4H2O and MgCl2·6H2O
obtained from DFT in VASP [191]. The parameterized force field is able to repro-
duce the EOS for MgCl2·4H2O and MgCl2·6H2O quite accurately as shown in
Figures 7.4 and 7.5.

The bulk modulus is obtained from fitting the Birch-Murnaghan EOS with
the EOS obtained from DFT and ReaxFF. The bulk moduli (Bo) and its first
order derivative with respect to pressure (B′o) are obtained from ReaxFF and
are found to be in good agreement with DFT results for MgCl2·4H2O and
MgCl2·6H2O as shown in Table 7.1.
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(a)

(b)

Figure 7.2: The crystal structures of (a) MgCl2·2H2O [195], (b) MgCl2·4H2O [221] are
shown. The unit cell is shown on the left side, the supercell in the middle, and the
lattice constants on the right side. Color scheme: Mg = green, Cl = grey, O = red, and H
= white.

Figure 7.3: The crystal structure of MgCl2·6H2O [222] is shown. The unit cell is shown
on the left side, the supercell in the middle, and the lattice constants on the right side.
Color scheme: Mg = green, Cl = grey, O = red, and H = white.

MgCl2·4H2O MgCl2·6H2O
ReaxFF DFT ReaxFF DFT

Bo(GPa) 18.96 19.91 17.54 17.44
B′o 5.11 4.57 7.76 7.55

Table 7.1: Comparison of computed elastic properties of MgCl2·4H2O and MgCl2·6H2O
from DFT and ReaxFF. 102
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Figure 7.4: Comparison of the EOS for MgCl2·4H2O obtained from DFT and ReaxFF.
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Figure 7.5: Comparison of the EOS for MgCl2·6H2O obtained from DFT and ReaxFF.

7.3 Diffusivity of H2O through MgCl2·nH2O (n =
1,2,4,6)

In this section, we have computed the diffusion coefficient of H2O through
various hydrates of MgCl2 from the MD simulations based on the newly de-
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veloped reactive force field. To simulate the dehydration of MgCl2 hydrates,
2D periodic slabs are created from the experimental crystal structures [125], [194]

(see Figures 7.1, 7.2 and 7.3) with a vacuum in one direction. The selection
of the non-periodic direction is chosen along the Mg-O bond for mono- and
di-hydrate as the Mg-O bond is weaker than the Mg-Cl bond. For tetra- and
hexa-hydrates, the choice is arbitrary. To consider the temperature effect, MD
simulations are carried out at 300 K, 350 K, 400 K, 450 K, and 500 K for all hy-
drates of MgCl2·nH2O (n = 1,2,4,6). These 2D periodic slabs are equilibrated
for 250 ps. Thereafter, the diffusion coefficient of H2O is computed between
the time interval of 250 ps and 375 ps.

The diffusion coefficient is computed from the Velocity Autocorrelation
Function (VAF) using the Green-Kubo (GK) method as described in previous
chapters 5 and 6. The VAF obtained from a 125 ps (250 ps-375 ps) molecular
dynamics trajectory over 10000 frames is used with a sampling frequency of
0.0125 ps. We have analyzed the convergence limit of the diffusion coefficient
with respect to the number of frames used in the VAF calculations. We found
that a minimum of 5000 frames is required to converge the diffusion coefficient
with respect to the number of frames used (see Figure B.4 of Appendix B). We
have used 10,000 frames to compute diffusion coefficient. To investigate the
surface effects on the diffusion coefficient of H2O, we have calculated the dif-
fusivity in different regions of the MgCl2·nH2O crystals.

Dehydration occurs in all hydrates at all temperatures from 300 K to 500 K.
The 2D periodic slabs of all hydrates after being exposed to 500 K for 375 ps are
shown in Figure 7.6. We observe that the ordering of molecules (crystallinity)
decreases with increasing hydration state at 500 K. This could indicate forma-
tion of an amorphous state at a higher temperature as observed in Figures 7.6
a-d.

7.3.1 Bulk diffusivity
We have computed the diffusivity of H2O through MgCl2·nH2O (n = 4,6) in a
spherical control volume of radius R in such a way that the crystal slab resides
completely in the sphere and the center of mass of this slab is chosen as the
center of the sphere (see section 5.2.3). We calculated these so called bulk dif-
fusivities at different temperatures (300 K-500 K). To complete the study, these
diffusivities are compared with the diffusivities in MgCl2·nH2O (n = 1,2) which
are already presented in chapter 5 [181].

The VAF interval affects the convergence of the diffusion coefficient. We
have varied the VAF intervals and observed that 18,000 VAF intervals are suffi-
cient to converge the diffusion coefficient for both hydrates (n = 4,6) as shown
in Figure 7.7. To consider the diffusivity convergence with time, the diffusion
coefficient of H2O through the MgCl2·4H2O is computed for various time inter-
vals (250 ps - 375 ps, 500 ps - 625 ps, 625 ps - 750 ps, 750 ps - 875 ps, and 875 ps
- 1000 ps) of 125 ps MD trajectory at a constant VAF (18000). From Figure 7.7 a,
it turns out that the diffusion coefficient is already converged to a steady-state
value in the time interval of 250 ps - 375 ps.
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Figure 7.6: The schematic representation of 2D periodic MgCl2·nH2O (n = 1,2,4,6) slabs
obtained from Reax-MD simulations after being exposed to 500 K for 375 ps. (a),
MgCl2·H2O (n = 1). (b), MgCl2·2H2O (n = 2). (c), MgCl2·4H2O (n = 4). (d), MgCl2·6H2O
(n = 6). A vacuum of 1000 Å is present in one direction. The dashed spherical control
volume (between radius R1 and R2) around the center of mass (COM) indicates the shell
in which the diffusivity is computed. Color scheme: Mg = green, Cl = grey, O = red, and
H = white.

The diffusion coefficient of H2O through the MgCl2·nH2O (n = 1,2,4,6) is
computed and presented in Table 7.2. It increases with temperature in all
the cases. To complement these results, the diffusion coefficients through
MgCl2·nH2O (n = 1,2) (from chapter 5) are also tabulated. We observed that
the diffusion coefficient of H2O through all hydrates increases in the same or-
der from 10−11 m2/sec to 10−9 m2/sec as temperature increases from 300 K to
500 K. Donkers et al. [200] have reported a similar experimentally measured dif-
fusivity of H2O through epsomite (MgSO4·7H2O) varying from 10−10 to 10−9

m2/sec in the temperature range of 295 K - 345 K.
A standard deviation (SD) in the diffusion coefficient of H2O through

MgCl2·nH2O is estimated from five independent runs on the same system
at 300 K. The SDs are 0.77×10−11 m2/sec, 1.5×10−11 m2/sec, 0.89×10−11

m2/sec and 3.7×10−11 m2/sec for MgCl2·H2O, MgCl2·2H2O, MgCl2·4H2O and
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MgCl2·6H2O, respectively. The SDs increase with the hydration state. The Mg-
O bond length increases with the hydration state. Thus, weakly bonded H2O in
higher hydration state causes large standard deviations in diffusion coefficient
of H2O.

To quantify the effect of temperature on the H2O transport, the diffusion
coefficients are often modeled by fitting to an Arrhenius activation law. The
fitting results of the computed diffusion coefficients with temperature to the
Arrhenius equation are shown in Figure 7.8. The resulting Arrhenius param-
eters are given in Table 7.3. The correlation coefficient (r2) indicates a high
correlation (r2 > 0.95) between the Arrhenius fit and the diffusion coefficient
obtained from Reax-MD simulations. The diffusivity coefficient is decreasing
with the hydration state, exception being the diffusivity of MgCl2·2H2O, which
has a different behavior. The crystal structure is playing a dominant role in the
diffusion through MgCl2·2H2O. Also, there is a crossover between the diffu-
sion coefficients of MgCl2·H2O and MgCl2·4H2O at a temperature above 460
K. At room temperature (300 K) MgCl2·2H2O has the highest diffusion coeffi-
cient while MgCl2·6H2O has the lowest one. This trend is the same at higher
temperatures (500 K). This indicates that the crystal structure of salt hydrates
also play a role in mass transport of H2O.
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Figure 7.7: Convergence of the diffusion coefficient of H2O with the number of VAF
intervals used in the GK method. (a), MgCl2·4H2O, the effect of various time inter-
vals used to compute diffusivity where a yellow line indicates the earliest time interval
(250 ps - 375 ps) and a dark red line the latest time-interval (875 ps - 1000 ps). (b),
MgCl2·6H2O.

7.3.2 Surface diffusivity
Transport properties of materials are often different near a surface than in the
bulk. In chapter 5, we have obtained the density distribution of H2O molecules
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Temp.
[K]

D [m2s−1]
MgCl2·H2O

D [m2s−1]
MgCl2·2H2O

D [m2s−1]
MgCl2·4H2O

D [m2s−1]
MgCl2·6H2O

300 6.99×10−11 1.16×10−10 4.92×10−11 4.01×10−11

350 7.02×10−11 3.18×10−10 8.14×10−11 6.69×10−11

400 9.13×10−11 9.54×10−10 2.62×10−10 1.09×10−10

450 6.95×10−10 2.78×10−9 9.34×10−10 2.10×10−10

500 4.47×10−9 6.66×10−9 2.74×10−9 7.85×10−10

Table 7.2: Diffusion coefficient of H2O through MgCl2·nH2O (n = 1,2,4,6) at various
temperatures.

MgCl2·H2O MgCl2·2H2O MgCl2·4H2O MgCl2·6H2O
D0 [m2/s] 7.72×10−2 1.55×10−5 3.81×10−5 2.46×10−5

EA [kJ/mol] 69.28 32.22 39.67 43.07
r2 0.9993 0.9996 0.9993 0.9772

Table 7.3: Arrhenius activation law parameters for diffusivity of H2O through
MgCl2·nH2O (n = 1,2,4,6). D0 is the pre-exponential factor, EA is the activation energy
and r2 is the correlation coefficient for the fitting.

300 320 340 360 380 400 420 440 460 480 500
Temperature

0

1

2

3

4

5

6

7

D
iff

us
iv

ity
 [m

2 /s
]

× 10-9

MgCl2.H2O

MgCl2.2H2O

MgCl2.4H2O

MgCl2.6H2O

Figure 7.8: Fitting of the Arrhenius activation law to the computed bulk diffusivities
of H2O through MgCl2·nH2O. The � represents the computed diffusivity values from
Reax-MD simulations.

escaping from the MgCl2·2H2O slab in vacuum. We have observed that H2O
molecules reside close to the surface. The diffusion of H2O at a surface of salt
hydrate inhibits the overall dehydration rate. Thus, surface effects play an im-
portant role in the dehydration process. To study the surface effects on H2O
transport through MgCl2·nH2O (n = 1,2,4 and 6), the diffusion coefficient is
computed at different zones between the center of mass (COM) of the crys-
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tals, till a distance larger than the slab length along the vacuum direction. For
these computations, zones are created with a thickness of 5 Å as presented in
Figure 7.6, where R1 and R2 indicate the inner and outer radius of the shell,
respectively. The smallest inner radius of the sphere is 3 Å. The inner radius
is uniformly increased by 3 Å in the adjacent shell. The diffusion coefficient of
the region in which a surface lies is reported as surface diffusivity.

The spatial diffusivities of H2O though MgCl2·nH2O for n = 1,2,4,6 are plot-
ted in Figures 7.9a,b and Figures 7.10a,b, at temperatures of 300 K, 350 K, 400
K, 450 K and 500 K. The horizontal axis corresponds to the distance from the
COM of the crystal to the center of the spherical shell ( R1+R2

2 ). The diffusion
coefficients are compared with self-diffusivity (dashed lines) of pure H2O at
saturated vapor pressure measured by the proton spin echo method [223]. This
comparison enables us to understand the magnitude of the hindrance in H2O
transport due to the impregnation in the porous structure of MgCl2·nH2O. The
spatial diffusion coefficient of dehydrated H2O molecules in vacuum is higher
than the self-diffusivity of pure H2O at saturated vapor pressure. The spatial
diffusion coefficients of H2O through MgCl2·nH2O (in the bulk) at all temper-
atures are always lower than the self diffusion coefficient of H2O at 350 K.

We observed that the spatial diffusivity at lower temperatures shows a
steeper gradient than at higher temperatures, indicating a sharp and well-
defined boundary between the crystal and the vacuum space at lower temper-
atures (see Figures 7.9a,b and Figures 7.10a,b). As the temperature increases,
the diffusivity increases in all the zones along with overall diffusivity for all hy-
drates. The diffusivity increases significantly for all hydrates at temperatures
above 450 K. The dehydration increases with temperature, thus the number of
dehydrated H2O molecules increases in the vacuum region. The dehydrated
H2O molecules in vacuum increase vapor pressure and thus cause repulsion
for upcoming H2O molecules from the solid MgCl2·nH2O. Therefore, the posi-
tion of the layer of H2O molecules accumulating on the surface enlarges with
temperature for MgCl2·nH2O (n = 1,2) (see inset Figures 7.9a,b).
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Figure 7.9: Spatial diffusion coefficient of H2O through a slab consisting of (a) 3×6×6
supercells of MgCl2·H2O, (b) 6× 6× 6 supercells of MgCl2·2H2O at different tempera-
tures. r is the distance from the center of the spherical shell ( R1+R2

2 ) to the COM. The
slab is periodic in X- and Y-directions. Vacuum is created along the Z-direction. The
black dashed lines indicate the self-diffusivity of pure H2O at different temperatures
and at saturated vapor pressure [223]. The standard deviation of the diffusion coefficient
is also shown at a temperature of 300 K. The inset figure represents diffusivity of H2O
through the slab. The black vertical line represents the initial position of the surface.
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At higher temperatures (450 K and 500 K), the influence of surface effects
is extended over a larger region. In this boundary region, the spatial diffu-
sion coefficient is similar to the bulk diffusion coefficient for MgCl2·nH2O (n
= 1,2), as shown in Figures 7.9a,b. Thus, the surface hinders H2O transport
at these temperatures. This is also reconfirmed by the density distribution of
H2O molecules in MgCl2·2H2O (refer Figure 5.9), which shows that there is an
accumulation of H2O near the surface even at 300 K. Surface hindrance is in-
tensified at higher temperatures. The spatial diffusion coefficient through bulk
MgCl2·4H2O is higher than at the surface for a temperature above 450 K. Thus,
the surface hinders H2O transport and might affect the dehydration process of
MgCl2·4H2O as shown in Figure 7.10a. However, a monotonically increasing
diffusion coefficient through MgCl2·6H2O with increasing distance from the
center is observed as shown in Figure 7.10b. Therefore, the H2O diffusion coef-
ficient is the lowest at the surface of MgCl2·6H2O. We have also computed the
standard deviation for the diffusion coefficient of MgCl2·nH2O at 300 K (see
Figures 7.9a,b and Figures 7.10a,b). These standard deviations are small in the
bulk and increase towards the surface.
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Figure 7.10: Spatial diffusion coefficient of H2O through a slab consisting of (a) 3×6×3
supercells of MgCl2·4H2O, (b) 4× 4× 4 supercells of MgCl2·6H2O at different temper-
atures. r is the distance from the center of the spherical shell ( R1+R2

2 ) to the COM. The
slab is periodic in X- and Z-directions. Vacuum is created along the Y-direction. The
black dashed lines indicate the self-diffusivity of pure water at different temperatures
and at saturated vapor pressure [223]. The standard deviation of the diffusion coefficient
is also shown at a temperature of 300 K. The inset figure represents diffusivity of H2O
through the slab. The black vertical line represents the initial position of the surface.
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7.4 Thermal conductivity of MgCl2·nH2O (n =
0,1,2,4,6)

The thermal conductivity is computed from Reax-MD simulations, which are
carried out up to 250 ps (1 M iterations) with a time steps of 0.25 fs. The
methodology described in section 2.5.3, consists of using a 3×3×8 supercell
of MgCl2·6H2O as shown in Figure 7.11, including a heat source and a heat
sink of size 3×3×2. The red and green regions represent hot and cold zones
respectively, which are attached to a strongly coupled thermostat (τ = 100 fs).
The sandwiched zone between the heat source and the heat sink is attached to
a weakly coupled thermostat (τ = 105 fs) at 300 K. Most of the studied systems
attain thermal equilibrium up to 250 ps. However, when the studied systems
(MgCl2) are not fully thermally equilibrated up to 250 ps, the simulations are
extended up to 500 ps. After equilibration, the temperature gradient and en-
ergy flux are computed in the weakly coupled zone over 125 ps (250 ps - 375
ps). The initial configuration of the energy minimized crystal is shown in Fig-
ure 7.11a, and the final thermally equilibrated system is shown in Figure 7.11b.
The final energy configuration remains in crystalline phase, thus validates the
force field. The corresponding temperature profile and energy profile of the
MgCl2·6H2O supercell are given in Figure 7.12.

(a) Initial configuration (b) Equilibrated configuration

Figure 7.11: MgCl2·6H2O (3× 3×8) periodic supercell used for Reax-MD based SS-
NEMD calculations including a heat source and sink (3×3×2) represented by red and
blue regions, respectively.

7.4.1 Error estimation
A standard deviation obtained from independent Reax-MD simulation runs
provides an error estimation of the thermal conductivity values. To get in-
sight into the precision of the thermal conductivity determined from Reax-MD
based SS-NEMD computations, four independent runs are executed on the
same system using the same parameters. The calculated thermal conductiv-
ity of a MgCl2·6H2O supercell (3×3×8, see Figure 7.11) for the four cases is
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Figure 7.12: Typical (a) temperature profile of system and (b) energy profile of 3×3×8
MgCl2·6H2O supercell obtained from Reax-MD simulations after thermal equilibration.

given in Table 7.4. There are two type of errors associated with the conductiv-
ity results. The first type of error is due to the linear fitting of the temperature
profile and the energy flux. A maximum error of 6.5% is reported for this type
of error. The second type of statistical error is due to the random nature (initial
velocity) of Reax-MD simulations.

The first type of error is smaller than the second type of error. The mean
value of the thermal conductivity for the MgCl2·6H2O supercell computed
from four independent runs (see Table 7.4) is 1.11 ± 0.15 W/mK. We could
expect a similar order of error for other MgCl2 hydrates from this error estima-
tion. The inaccuracy in the thermal conductivity calculated from the SS-NEMD
simulations can be reduced by simulating over a longer time period or over a
larger system.

Crystal Conductivity
[W/mK]

3×3×8 0.90±0.04
3×3×8 1.23±0.07
3×3×8 1.21±0.08
3×3×8 1.10±0.06

Table 7.4: The thermal conductivity of a 3×3×8 MgCl2·6H2O supercell obtained from
four independent SS-NEMD simulations. The error included in the individual thermal
conductivity is due to fitting of the temperature gradient (first type).

7.4.2 Length dependent thermal conductivity
In the benchmark study on Pt and Ni (chapter 2), we observed that the ther-
mal conductivity scales with the length of the simulated molecular system.
SS-NEMD simulations of different system sizes of Pt and Ni are required to
extrapolate to the infinite size thermal conductivities, which is equal to the
theoretical thermal conductivity of a bulk material. A similar size effect is ob-
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served in carbon nano-tubes [117]. To estimate the effect of the length scale in the
heat flow direction (weakly coupled region, L) on the thermal conductivity, we
simulated MgCl2·H2O and MgCl2·6H2O slabs with different lengths. We have
considered the lowest and highest hydration state (n = 1 and 6) to investigate
the length dependent thermal conductivity. The selection of these hydration
states is an arbitrary choice. The size of the heat source and the heat sink (Lc)
is kept constant while the size of the sandwiched region (L) is increased.

The computed thermal conductivities for the different systems (Lc/L) are
given in Table 7.5. The system size of the MgCl2·H2O system does not signifi-
cantly influence the thermal conductivity (see Table 7.5a). The mean free paths
(MFPs) of the heat carrier (phonons) are responsible for heat conduction [224].
Therefore, the mean free path of a heat carrier in MgCl2·H2O could be smaller
than the smallest heat transfer length of the SS-NEMD systems. Extrapolation
to infinite size (L∞), is thereby not possible, moreover not needed. MgCl2·6H2O
does show an increase in the thermal conductivity with increasing system size
(see Table 7.5b). The computed thermal conductivity converges to around 4
W/mK. Thus, the Lc/L ratio plays an important role in the thermal conduc-
tivity calculation of MgCl2·6H2O. The mean free path of the heat carrier in
MgCl2·H2O is shorter than smallest chosen system size, while in MgCl2·6H2O
the mean free path is comparable to the smallest chosen system size in SS-
NEMD calculations.

Size Conductivity
[W/mK]

Lc/L

4×6×4 0.3±0.0 1
4×6×8 0.6±0.1 1/3

4×6×10 0.4±0.6 1/4

(a) MgCl2·H2O

Size Conductivity
[W/mK]

Lc/L

3×3×8 1.0±0.1 1
3×3×10 5.5±0.7 2/3
3×3×12 3.9±0.5 2/4
3×3×14 3.3±0.5 2/6

(b) MgCl2·6H2O

Table 7.5: Computed thermal conductivities of different sized of MgCl2·H2O and
MgCl2·6H2O systems. Lc/L is the ratio of the length of the strongly coupled heat
source/sink (Lc) over the length of the weakly coupled sandwiched region (L).

7.4.3 Cross-sectional area effect
The size of the cross-sectional area perpendicular to the direction of the heat
flow may affect the thermal conductivity values calculated from the SS-NEMD
simulations. In the case of a Pt system, we observed that the size of the cross-
sectional area has a minimal effect on the computed thermal conductivity (see
section 3.2.2). A similar result is reported in the study of Zhou et al. [225] for
the thermal conductivity of Gallium Nitride. From the previous section 7.4.2,
we have observed that the thermal conductivity of MgCl2·6H2O increases sig-
nificantly with the length of the weakly coupled sandwiched region (L). No
such effect is observed for MgCl2·H2O. Thus, it is essential to understand
the effect of the size of the cross-sectional area on the thermal conductivity
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Figure 7.13: Computed
thermal conductivity of
MgCl2·H2O and MgCl2·6H2O
for different system lengths
along the direction of heat
flow.

of MgCl2·6H2O. This also acts as an additional case for the validation of the
ReaxFF based SS-NEMD method for MgCl2·6H2O. We have not observed a sig-
nificant change in thermal conductivity for different sizes of the cross-sectional
areas as shown in Table 7.6. The effect of the size of the cross-sectional area on
the thermal conductivity of MgCl2·6H2O remains within the accuracy limit of
the SS-NEMD simulations. Thus, it can be concluded that the effect of cross-
sectional area size is minimal.

System Thermal conductivity Cross-section area
[W/mK] [Å2]

3x3x8 1.0±0.1 395.3
4x4x8 0.8±0.1 702.7
6x6x8 0.9±0.1 1581.1

Table 7.6: Computed thermal conductivity for MgCl2·6H2O crystal with varying cross-
sectional area. The error included in the individual thermal conductivity is due to fitting
of temperature gradient (first type).

7.4.4 Thermal conductivity of anhydrous MgCl2

The unit cell of anhydrous Magnesium Chloride (MgCl2) is non-orthogonal.
The ReaxFF package can deal efficiently with an orthogonal unit cell. A differ-
ent approach is used to compute the thermal conductivity of a MgCl2 crystal.
The non-orthogonality is circumvented by applying a vacuum in Y-direction,
as shown in Figure 7.14a. The 2D periodic simulation box is orthogonal with
periodicity in X and Z directions and vacuum in Y direction. The vacuum

115



Chapter 7.

causes slab elongation due to the strain effects in Y direction. The elongation
results in an amorphous configuration during the simulation as shown in Fig-
ure 7.14a. The amorphous phase could be due to artificial boundary condition
imposed by ReaxFF.

To confirm the structural change during the MD simulations, we have plot-
ted the RDF of an energy minimized (initial) crystal and its final configuration
after a 125 ps Reax-MD simulation of a MgCl2 slab as shown in Figure 7.15. The
red solid line represents the initial crystalline state of the system, while the blue
solid line represents the final configuration. The sharp peaks of the red line in-
dicate a high ordering, thus represents a solid crystalline phase. The first sharp
peak of the blue line is shifted towards the right, which indicates an expansion
of the slab compared to the initial energy minimized structure (Figure 7.14a).
The second and third peak observed for the crystalline phase merge into a flat
peak, which indicates an elongation along the vacuum direction introduced in
the amorphous phase of the MgCl2 slab.

The temperature profile of the MgCl2 system is shown in Figure 7.14b. The
computed thermal conductivity using SS-NEMD is 0.28 W/mK. Considering
the artificial phase of MgCl2 from simulations to be real, it is essential to inves-
tigate the effect of an amorphous phase on the thermal conductivity. France-
Lanord et al. [226] reported a 28% increase in conductivity for crystalline Si, com-
pared to amorphous Si. Park et al. [227] also observed a decrease in thermal
conductivity by increasing the amorphous portion of a Si crystal. Therefore, a
higher thermal conductivity is expected for a crystalline MgCl2 slab compared
to the amorphous state (0.28 W/mK). The mean free path of the heat carrier
in the amorphous structures is shorter than in the crystalline structures, due to
the increased scattering events by the defects. This explains the lower thermal
conductivity in the amorphous phase.

7.4.5 Thermal conductivity of MgCl2·nH2O
We have computed the thermal conductivities of all the hydrates from SS-
NEMD using Reax-MD simulations. The 3D periodic supercell of MgCl2 hy-
drates (see Figures 7.1, 7.2 and 7.3) is used for the thermal conductivity calcu-
lations. The thermal conductivities of MgCl2·nH2O (n = 0,1,2,4,6) are given in
Table 7.7. We observe that the thermal conductivity increases with the hydra-
tion state of MgCl2. Due to the lack of sufficient experimental data for MgCl2,
only a comparison can be made with the thermo-physical data for a similar ma-
terial, CaCl2 [216,219]. The thermal conductivities of CaCl2 pellets and powders
are 0.1 W/mK and 0.4 W/mK, respectively [216], which is in the same range as
the thermal conductivity of MgCl2. The thermal conductivity of CaCl2 may
vary three times depending on the size of the sample chosen.

The experimental thermal conductivity of liquid MgCl2·6H2O at 393 K is 0.6
W/mK and of solid MgCl2·6H2O at 363 K is 0.7 W/mK [219]. These experimen-
tal values are ∼ 5-6 times lower than the value from our results. The thermal
conductivity in the present study is computed for a perfect crystal without any
defects, explaining the higher conductivity observed than resulting from ex-
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Figure 7.14: Schematic representation of the MgCl2 slab with vacuum in Y direction
used for SS-NEMD calculations. (a), Left, the initial constructed 10×16×2 MgCl2 slab;
middle, the reorganized slab after energy minimization step; right, the final configura-
tion of the slab obtained from Reax-MD simulation. The red and blue regions indicate
the heat source and sink (strongly coupled zone), respectively. The green region indi-
cates the weakly coupled zone. (b), The temperature profile of the system after thermal
equilibrium, where the green line represents the weakly coupled part and the red and
blue lines represent the strongly coupled parts (heat source and sink).
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Figure 7.15: The RDF of Mg-Mg pair in the MgCl2 slab for the energy minimized struc-
ture (crystalline phase, red line) and for the final structure after Reax-MD simulations
(amorphous phase, blue line).
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periments, where defects are always present. Moreover, in the experiments,
the thermal conductivity may vary 3-4 times depending on the size of the sam-
ple [216]. Thus, we can argue that the present results are in agreement with the
experimental result [219]. Further, we have observed (Section 7.4.2) that the SS-
NEMD for MgCl2·6H2O is less converged than for the other hydrates. Thus, a
larger system size and a longer simulation time may lead to a lower thermal
conductivity value. A similar thermal conductivity value (k = 1.1 W/mK) is
reported for CaCl2·6H2O [219].

Hydrate Conductivity
[W/mK]

MgCl2 0.3±0.04
MgCl2·H2O 0.4±0.06
MgCl2·2H2O 0.6±0.08
MgCl2·4H2O 1.7±0.2
MgCl2·6H2O 4±0.6

Table 7.7: Thermal conductivity along with statistical error of MgCl2·nH2O systems
obtained from Reax-MD simulations using NEMD method.

7.4.6 Thermal conductivity in different directions
Magnesium Chloride hydrates are anisotropic crystals and the thermal con-
ductivity of these crystals may differ in different directions [228,229]. Therefore,
a study is done, where the orientations of the SS-NEMD simulations are var-
ied over a MgCl2·6H2O crystal, and the thermal conductivity is computed in
X-, Y- and Z-direction. We have observed that the thermal conductivity of
MgCl2·6H2O varies with the heat transfer path for the system (section 7.4.2),
so the length of the heat transfer path for the different directions is kept the
same. The thermal conductivities of MgCl2·6H2O for different directions are
given in Table 7.8. We observed that the thermal conductivity in Y-direction
is ∼40% higher when compared to the thermal conductivities in X- and Z-
directions. To come up with a plausible reason for the higher thermal conduc-
tivity in Y-direction, we examined the crystal structure from various orienta-
tions as shown in Figure 7.16. We found that the Mg-Cl bond is situated in the
XZ plane, with an angle of ∼45°, and perpendicular to the Y-direction. Thus,
the absence of Mg-Cl along the path of heat flow increases the thermal conduc-
tion. To support this conclusion on the preferred direction of heat flow, addi-
tional MD simulations on various system sizes are needed. The Green-Kubo
MD method will be more suitable to investigate the influence of anisotropy,
which permits the thermal conductivity calculations in all directions with one
simulation.
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Direction Crystal Conductivity
[W/mK]

kx 8x3x3 0.9±0.1
ky 3x8x3 and 3x10x3 1.6±0.2
kz 3x3x8 1.0±0.1

Table 7.8: Thermal conductivity of MgCl2·6H2O for different directions.

(a) XY-plane (b) YZ-plane

Figure 7.16: MgCl2·6H2O crystal in XY- and YZ-plane. The box represents the unit-cell
and the blue arrow indicates the direction of the Mg-Cl bonds. Color scheme: Mg =
green, Cl = grey, O = red, and H = white.

Figure 7.17: The crystal structure of CaCl2·2H2O [170] is shown. The unit cell is shown
on the left side, the supercell on the middle, and the lattice constants on the right side.
Color scheme: Ca = blue, Cl = grey, O = red, and H = white.

7.5 Thermal conductivity of CaCl2·2H2O

In this section, the thermal conductivity of MgCl2 hydrates is compared
to the one for CaCl2 hydrates. Among CaCl2 hydrates, CaCl2·2H2O is a
promising material for thermo-chemical heat storage [20,220]. The motivation
of CaCl2·2H2O thermal characterization is to evaluate its comparative thermal
performance with the one for MgCl2 hydrates. We have trained a force field
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for CaCl2 hydrates. The newly developed ReaxFF is used in this section. A 3D
periodic supercell is created from an experimental CIF structure [170] as shown
in Figure 7.17. The 3D periodic supercell is equilibrated up to 500 ps (2 M it-
erations) in time steps of 0.25 fs. The temperature gradient and heat flux are
obtained in the weakly coupled zone over 125 ps (500 ps - 625 ps). We com-
puted the thermal conductivity of a CaCl2·2H2O 4a1×4a2×8a3 crystal includ-
ing a heat source and sink with sizes 1.5a3 using the SS-NEMD method. The
computed thermal conductivity for the CaCl2·2H2O crystal is k = 0.5 W/mK.

Due to the lack of literature data on the thermal conductivity of
CaCl2·2H2O, we compared it with the thermal conductivity of other hydrates,
e.g. CaCl2 and CaCl2·6H2O. Wang et al. [216] reported thermal conductivities
in the range of 0.31-0.39 W/mK for CaCl2 powders. The thermo-physical
data of Lane et al. [219] reported a thermal conductivity of 1.09 W/mK for
solid CaCl2·6H2O. The computed thermal conductivity of CaCl2·2H2O using
SS-NEMD lies between the experimental thermal conductivity for the lowest
and highest hydration states. Our study on MgCl2 (Section 7.4.5) suggests
that there will be an increase in thermal conductivity with increasing hydra-
tion state. Thus, the computed thermal conductivity of CaCl2·2H2O using SS-
NEMD, is in excellent agreement with the experiments. Both salt hydrates
(CaCl2 and MgCl2) have comparable thermal conductivities and they suffer
from poor thermal conduction. Physical mixing of CaCl2 hydrates with MgCl2
hydrates will not improve the thermal conduction.

7.6 Conclusions

In-silico characterization of MgCl2·nH2O (n = 0,1,2,4,6) is the underlying mo-
tivation for this study using the newly developed force field. The force field
used in previous chapters is parametrized and validated up to MgCl2·2H2O.
This force field is extended for MgCl2·4H2O and MgCl2·6H2O. The force field
is able to reproduce the computationally challenging equation of state for tetra-
and hexa-hydrate of MgCl2. Bulk moduli of MgCl2·4H2O and MgCl2·6H2O ob-
tained from DFT and ReaxFF simulations are in close agreement (maximum 4.7
% deviation). After successfully validating the elastic properties of all crystals,
the newly developed force field is used to calculate the bulk diffusivity of H2O
through MgCl2·4H2O and MgCl2·6H2O, the surface diffusivity through all hy-
drates, and the thermal conductivity of MgCl2 hydrates.

Reactive force field based MD simulations are carried out on a 2D peri-
odic slab of MgCl2·nH2O to gain insight into the H2O transport through dif-
ferent zones by calculating diffusion coefficients at various temperatures (300
K - 500 K). The diffusion coefficients of H2O through the 2D periodic slabs of
MgCl2·nH2O (n = 4 and 6) at temperatures ranging from 300 K to 500 K fall
in the range of 10−11 to 10−9 m2/s. The diffusion coefficient increases with
temperature and follows the Arrhenius equation. The diffusion coefficients
through tetra- and hexa-hydrates of MgCl2 are comparable with the diffusion
coefficients through mono- and di-hydrates [181]. The surface effects on the dif-
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fusion coefficient are studied by analyzing the spatial diffusivity through the
2D periodic slab of MgCl2·nH2O. Above the surface, the diffusivity of H2O in-
creases rapidly, indicating evaporating H2O molecules. For mono-, di-, and
tetra-hydrates of MgCl2 at temperatures above 450 K, the computed diffusion
coefficients in the slab (bulk) are observed to be similar to the diffusion coef-
ficient at the surface, indicating surface effects affect the dehydration reaction.
In MgCl2·6H2O, surface effects play a minimal role in H2O transport. The or-
dering of the crystal decreases at temperatures above 450 K, thus which could
indicate formation of an amorphous state.

A 3D periodic supercell of MgCl2·nH2O (n = 1,2,4 and 6) is used to com-
pute the thermal conductivity from the SS-NEMD simulation using the newly
developed force field. The length dependent thermal conductivity effects are
minimal for MgCl2·H2O indicating that the mean free path of the heat carrier
is shorter than the system size. On the other hand MgCl2·6H2O shows a length
dependent effect. The computed thermal conductivity from the present calcu-
lations ranges from 0.3-4 W/mK for MgCl2·nH2O. The thermal conductivity
increases with the hydration state. The thermal conductivity values obtained
from the present calculations are of the same order of magnitude as reported in
the literature for MgCl2·6H2O [219]. These results suggests that the newly devel-
oped force field does not only describe the interatomic interactions (potentials
energy surface) for the lower hydrates (n = 1,2) [181], but also for the higher
hydrates (n = 4,6) with a reasonable accuracy. Furthermore, the MgCl2·nH2O
crystals have an anisotropy, suggesting a preferred direction for thermal con-
ductivity [228,229]. A study on the thermal conductivity in different directions
shows a ∼40% higher thermal conductivity in Y-direction compared to X-, and
Z-directions.

To compare the thermal conductivity of MgCl2·nH2O, we have obtained the
thermal conductivity of CaCl2·2H2O. The computed thermal conductivity of
CaCl2·2H2O from Reax-MD (0.5 w/mK) is in agreement with the experimen-
tally observed thermal conductivity (0.4 W/mK) [216,219] for CaCl2. It is con-
cluded that the newly developed reactive force field [181] computes the thermal
conductivities with reasonable accuracy, showing good agreement with exper-
imental values for MgCl2 hydrates and CaCl2.2H2O. The thermal conductivity
of MgCl2·nH2O is similar to CaCl2·2H2O, thus physical mixing of these salt
hydrates will not improve the thermal performance of a storage system.

121



Chapter 7.

122



Chemical Mixture of CaCl2 and MgCl2
hydrates

In this chapter, Density Functional Theory calculations are performed to study
the effect of chemical mixing of MgCl2 and CaCl2 hydrates. The ground state
structure, Bader charge, bonding indicators and Gibbs free energy of each hy-
drates are obtained. The equilibrium curves of chemical mixtures are com-
pared with their elementary components1.

8.1 Introduction

Doping and mixing are two approaches to improve the durability of TCMs.
Doping of halides in salt hydrates is used to improve their dehydration kinet-
ics and retard hydrolysis [38]. Doping of various salts like chlorides, acetates,
sulphates, and nitrates has been investigated in order to assess their effect on
dehydration temperature of Mg(OH)2 and Ca(OH)2. Among these dopants,
nitrates are found to be effective in decreasing the dehydration temperature
and accelerating the dehydration kinetics of hydroxides [231]. The selection of
the dopant can be made either by using a scientific approach or by chemical
intuition [232]. However, doping of salt hydrates has not been investigated to
date in a systematic way.

Mixing of salt hydrates to improve their performance and stability is the
other emerging approach [153,233–235]. A mixture of MgSO4 and MgCl2 hydrates
has experimentally been shown to improve the hydration rate and enhance the
temperature lift when compared with their elementary components (MgSO4
and MgCl2 hydrates) [234]. Rammelberg [153] et al. have also observed experi-
mentally that a mixture of CaCl2 and MgCl2 hydrates shows improved kinetics
and better stability than their elementary MgCl2 and CaCl2 hydrates.

A mixture of salt hydrates can occur either at grain level (physical mix-
ture) or at a molecular level (chemical mixture) or as combination of both. If
the mixture modifies the molecular structure of the salt, it is called chemical

1This chapter is based on the work published in: Pathak, A.D., Nedea, S., Zondag, H., Rindt, C.
and Smeulders, D., 2016. Journal of Physics: Conference Series [230].
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mixture/double salt. CaCl2 and MgCl2 salts can form two types of chem-
ical mixtures in the molar ratio of 1:2 (CM1, CaCl2·2MgCl2) and 2:1 (CM2,
2CaCl2·MgCl2) as shown in Figure 8.1 [236–238]. These chemical mixtures (CMs)
could exist in various hydrates, with hydration number (n) varying from 1 to
12. In the following text, the hydrates with n from 1 to 6 will be called lower
hydrates while the ones with n from 8 to 12 will be called higher hydrates. The
only experimentally investigated hydrate of these chemical mixtures is Tachy-
hydrite (CaMg2Cl6·12H2O). This is a hygroscopic material, naturally found
in evaporite deposits and cretaceous potash formations [239,240]. The other hy-
drates of CM1 or CM2 are still to be experimentally explored.

The operating principle of the hydrated chemical mixture can be expressed
as:

CaaMgbCl6 ·nH2O+heat


CaaMgbCl6 · (n−2)H2O+2H2O
[a, b = 1, 2; a + b = 3; n = 2, 4, 6, 8, 10, 12]. (8.1)

Hydrolysis, an irreversible competitive side reaction alongside with dehydra-
tion, can be expressed as:

CaaMgbCl6 ·nH2O+heat→
CaaMgbCl5OH+ (n-1)H2O + HCl. (8.2)

Computational models have been used to investigate the physical, dynamic
and equilibrium properties of various salt hydrates from atomic to continuum
level [27,28,32,70,181,241]. However, for the chemical mixtures a computational sys-
tematic investigation is presently still missing. A first-principles Density Func-
tional Theory (DFT) based study can be a good choice for a systematic molec-
ular level understanding of the chemical salt hydrate mixtures.

In this study, we present the DFT optimized geometries of the chemical mix-
tures of CaCl2 and MgCl2. The relative stability of their hydrates is assessed by
DFT. We have systematically investigated the structural properties and atomic
charges for all hydrates. Further, we have estimated their binding, dehydration
and hydrolysis enthalpies. The bonding strengths of Ca/Mg-Cl and Ca/Mg-O
pairs have been quantified by various bond indicators like Bond Order, Elec-
tron Density at the Bond Critical Points and Crystal Orbital Hamiltonian Pop-
ulation analysis. We have also obtained the harmonic frequencies of all the
chemical mixture hydrates. Based on these values we estimated the Gibbs free
energy (G) of each molecule. Subsequently, we have obtained the equilibrium
product concentration of dehydration and hydrolysis reactions under various
conditions of temperature and pressure. The equilibrium curves of the chem-
ical mixtures are compared with their elementary salt hydrates over a wide
range of operating conditions. The onset temperatures for hydrolysis (HCl for-
mation) of all hydrates of the salt mixtures are also obtained and compared
with those of the elementary salt hydrates of same n.
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8.2 Theory and Computational details

First-principles DFT calculations are performed using Perdew-Wang exchange
and correlation functional (PW91) [66], as implemented in the Amsterdam Den-
sity Functional (ADF) program [68]. The exchange-correlation energy is calcu-
lated under the generalized gradient approximation (GGA) using a double-
polarized triple-ζ basis set [63]. The GGA-DFT method at the PW91 or PBE
level is known to reproduce accurately the structural, magnetic, thermal and
thermodynamic properties of Mg and Ca based salt hydrates [27,28,32,70,152].

In the present study, the molecular structures of the chemical mixtures
CaaMgbCl6·nH2O [a, b = 1,2; a + b = 3; n = 0,2,4,6,8,10,12] are fully optimized in
GGA-DFT. The harmonic frequencies of the optimized geometries are obtained
in order to estimate the vibrational, rotational, and translational contributions
to the energy. The enthalpy change in the reversible dehydration reactions (re-
fer Eq. 8.1) of the chemical mixtures per mole of H2O can be expressed as:

EDehyd = 0.5× [ECaaMgbCl6·(n−2)H2O +2×EH2O−ECaaMgbCl6·nH2O]

[a, b = 1,2; a + b = 3; n = 2,4,6,8,10,12]. (8.3)

The enthalpy change in the irreversible side reaction (hydrolysis, refer Eq. 8.2)
of the chemical mixture can be expressed as:

EHydro = ECaaMgbCl5OH + (n − 1) × EH2O + EHCl − ECaaMgbCl6·nH2O. (8.4)

Similarly, the enthalpy change in binding of n water molecules to the anhy-
drous salt mixture can be obtained from:

EBind = ECaaMgbCl6 +(n)×EH2O−ECaaMgbCl6·nH2O. (8.5)

Here E is the electronic ground state energy of an optimized molecule. The
Gibbs free energy calculation is described in chapter 4. ∆G of the thermal de-
composition can be expressed as:

∆G = ∑Gprod−∑Greac, (8.6)

where Gprod and Greac are the product and the reactant Gibbs free energy, re-
spectively. The equilibrium concentration can be estimated by setting ∆G to
zero. The state of matter (reactant/product) at given temperature (T ) and pres-
sure (p) is essential to estimate ∆G of a reaction. The products of thermolysis
reactions (dehydration/hydrolysis) such as H2O and HCl exist in the gaseous
phase in the operating conditions. CaMg2Cl6·12H2O is the only double salt
with a known crystal structure from experiments [239]. For the other hydrates
of the chemical mixture, the crystal structures are still unexplored. The solid
state crystal structure of a compound can be theoretically predicted from evo-
lutionary algorithms in the light of similar known structures [242]. However,
the CM1 and CM2 hydrates have five constituting atom types and may have
a few hundred atoms in their unit cell. Under these conditions the computa-
tional prediction of the solid state crystal structure is quite challenging. How-
ever, the ideal gas phase assumption has been used to assess the equilibrium
properties of the MgCl2 and CaCl2 hydrates, that were in agreement with the
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experiments [28,152]. Moreover, while the chemical mixture exists in solid phase
for solar applications, it might exist in gas phase for metallurgical applications.
Therefore, understanding the gas phase reactions can provide an important
insight into the effect of chemical mixing.

For MgCl2 hydrates, hydrolysis usually happens in the liquid phase of the
salt hydrates mixture [34] and equilibrium concentrations of MgCl2 hydrates
from thermolysis were previously successfully investigated using the ideal gas
phase assumption [28]. Since MgCl2 is one of the elementary salt hydrates, the
ideal gas assumption should hold true for the chemical mixture also. Thus,
∆G can be estimated by Gibbs free energy of the gaseous phase (Ggas) of the
reacting species. A first-principles equilibrium thermodynamic study of ther-
molysis of the chemical mixtures hydrates can qualitatively predict the effect
of chemical mixing when compared to their elementary salt hydrates, found
under the same simulation conditions. Furthermore, the results of this prelim-
inary study will determine the safety limits of these reactions in seasonal heat
storage systems.

Besides the investigation of electronic and thermodynamic properties, a
thorough analysis of the chemical bonding and interactions present in the stud-
ied systems has been performed. The bonding analysis has been performed
by examining the Bond Order (BO), Bader atomic charges, Electron Density
(ED) and Laplacian (L) values at the Bond Critical Points (BCPs), as well as the
Crystal Orbital Hamiltonian Population (COHP) and Crystal Orbital Overlap
Population (COOP) functions [243–254]. The Bader charges are a measure of the
electron occupation on an atom, and therefore offer information on the charge
transfer (e.g. on the ionic contributions to the chemical bond). The electron
density values at the BCP probe the covalent energy contribution to the chem-
ical bond. The Laplacian sign and values at the critical points offer further
indications on the covalency/ionicity character of a bond. Thus, when the L
value at the bond critical point is negative, the bond can be considered cova-
lent, while when it is positive the bond has mainly a close-shell character (e.g.
ionic bond, hydrogen bonding, van der Waals interactions).

Qualitative information on the bond characteristics can be additionally ob-
tained from the COHP and COOP functions. The COHP function measures the
sign and magnitude of the bond order energy overlap between atomic orbitals
located on different atoms [252–254]. This enables the determination of the bond-
ing, anti-bonding or non-bonding character of the orbitals interaction, as well
as the strength of the interaction:

−COHPi j(E) = Hi j ∑
n

cn
i cn

jδ (E−En). (8.7)

Where Hi j is the Hamiltonian matrix element between atomic orbitals φi and φ j.
For positive values of -COHPi j(E) the electronic interactions between the two
atomic orbitals are of bonding type. Negative values of -COHPi j(E) describe an
anti-bonding type of interaction, while a zero value is associated with the non-
bonding interaction regime. The integrated value is equal to the contribution
to the bond energy of the interaction of atomic orbitals i and j, apart from a
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correction due to differences in electrostatic interactions [255].
The COOP function, defined by Hoffmann [256], is related to -COHPi j(E):

COOPi j(E) = Si j ∑
n

cn
i cn

jδ (E−En), (8.8)

Si j =< φi|φ j >, (8.9)

where Si j is the overlap of atomic orbitals φi and φ j. The values of COOPi j(E) are
also a measure of the bonding or anti-bonding character of an orbital fragment,
but the bond order density is now weighted by the atomic orbital overlap Si j
instead of the bond energy overlap Hi j.

8.3 Results and Discussion

8.3.1 Molecular structures of Chemical Mixture (CM1 & CM2)
CaCl2 and MgCl2 can form a chemical mixtures of molar ratio 1:2 or 2:1. These
chemical mixtures will be referred to as chemical mixture 1 (CM1, CaMg2Cl6)
and chemical mixture 2 (CM2, Ca2MgCl6) in the following sections. The
DFT/PW91 optimized geometries are shown in Figure 8.1. During the ge-
ometry optimization of these structures, no symmetry constrains have been
imposed, and the vibrational frequencies have been computed to validate the
found minima.

In the CM1 structure the Ca atom is situated in the center of the double salt,
with the two Mg atoms positioned at equal distance (3.00 Å) with respect to the
Ca atom. The Cl atoms position closer to the Mg atoms (2.28 Å) than to the Ca
atom (2.85 Å). Compared with the elementary salts, the interatomic distance
between Mg and Cl is 4.6% larger in the CM1 than in the MgCl2 elementary
salt, while the Ca-Cl interatomic distance is 16.3% larger in the CM1 than in the
CaCl2 elementary salt. The average Bader charge on Cl in CM1 is similar to that
of Cl in MgCl2, while the average Bader charge on Mg and Ca is similar to that
on their correspondent atoms from the elementary MgCl2 and CaCl2 salts (see
Figure 8.1). The coulombic interaction between Mg and Cl in CM1 is similar to
the Mg-Cl pair in MgCl2. The enthalpy of formation of CM1, if it forms from
its elementary salts (CaCl2 and MgCl2), is -65.5 kcal/mol. This suggests that
the formation of this chemical mixture is thermodynamically stable.

In the CM2 structure the Mg atom is the one situated in the center of the
double salt, with the two Ca atoms positioned at equal distance (3.10 Å) with
respect to the Mg atom. The Cl atoms are situated slightly closer to the Ca
atoms (2.51 Å) than to the Mg atom (2.58 Å). Compared with the elementary
salts, the interatomic distance between Ca and Cl is 2.4% larger in the CM2 than
in the CaCl2 elementary salt, while the Mg-Cl interatomic distance is 18.4%
larger in the CM2 than in the MgCl2 elementary salt. The average Bader charge
on Cl in CM2 is similar to that of Cl in CaCl2, while the average Bader charge
on Mg and Ca is, like for CM1, similar to their correspondent atoms from the
elementary MgCl2 and CaCl2 salts (see Figure 8.1). The enthalpy of forma-
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Figure 8.1: The optimized structures of the anhydrous elementary salts and chemical
mixtures of CaCl2 and MgCl2. Bond lengths < 2.5 Å and > 2.5 Å are represented as
continuous and broken lines, respectively. The Bader atomic charges are also displayed.

tion of CM2, if it forms from its elementary salts (CaCl2 and MgCl2), is -69.1
kcal/mol.

If H2O molecules are successively hydrated to the outer Mg and Ca atoms
of CM1 and CM2, each Mg/Ca atom present in the outer shell can accommo-
date up to 6 H2O molecules in the first hydration layer. Thus, for example, for
CM1 which has 2 outer Mg atoms, 12 hydrated states are possible. The opti-
mized structures of the hydrated CM1 are shown in Figure 8.2 (also see Figures
1 and 2 of Appendix E). Within these hydrated structures, the average inter-
atomic distance between Mg and O in CM1 is observed to vary slightly from
2.05 Å to 2.11 Å as the hydration number n varies from 1 to 12 (see Figure 8.4a).
This suggests that the Mg-O bond length is not significantly affected by the in-
crease in n for CM1 hydrates. The only known experimental crystalline phase,
that of CM1·12H2O, has Mg-O coordination lengths of 2.01 Å and 2.10 Å. Thus,
the found GGA-DFT optimized distances for the hydrate are in very good
agreement with the experimental crystal data [239]. Compared with the ele-
mentary hydrates, we notice that the interatomic distance of the Mg-O pair
in MgCl2 hydrates varies between 2.08 Å and 2.10 Å as n varies from 2 to 6
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(see Figure 8.4a). Thus, the Mg-O bond length in the lower hydrates of CM1 is
similar to that found in MgCl2 hydrates.

Depending on the hydration, the average Mg-Cl distance in CM1 varies
from 2.28 Å to 3.86 Å as n varies from 0 to 12 (see Figure 8.4c). The average
Mg-Cl interatomic distance increases more significantly (0.61 Å) by increasing
n from 6 to 8. Higher hydration numbers in CM1 (n>6) push the Cl atoms
further apart from the Mg atom. In MgCl2 hydrates, the average Mg-Cl inter-
atomic distance varies similarly from 2.18 Å to 3.76 Å as n varies from 0 to 6
(see Figure 8.4c). The Mg-Cl distances in CM1 and in MgCl2 are observed to
be similar up to the tetrahydrates. The Mg-Cl interatomic distance in hexahy-
drated state of Mg in CM1 (n = 12) and MgCl2 (n = 6) is similar.

In what concerns the Ca-Cl bonds, the central Ca atom is farther apart from
the Cl atoms when compared with the two Mg atoms in CM1. Therefore, the
Ca-Cl distance is observed to be less affected by hydration, as the Ca atom
is shielded by the six chlorine atoms. The average Ca-Cl distance in all the
hydrates of CM1 varies from 2.86 Å to 2.79 Å with n (Figure 8.2 and also Figures
1 and 2 of Appendix E).

Last, the optimized Ca-Mg distance in CM1 is found to increases from
3.00 Å to 4.64 Å as n increases from 0 to 12 (see Figure 8.4b). A sudden jump
(0.56 Å) in the Ca-Mg interatomic distance happens as one passes from the
lower hydrates to the higher ones (n increases from 6 to 8). A good agreement
is observed between the theoretically determined geometry of CM1·12H2O and
that obtained from the experiments [239].

The optimized structures of the hydrates of CM2 are shown in Figure 8.3
(see also Figures 3 and 4 of Appendix E). The average interatomic distance of
the Ca-O pair in CM2 varies from 2.40 Å to 3.04 Å as n increases from 1 to 12
(see Figure 8.4a). Thus, the hydration strength decreases with n in the CM2
hydrates. Particularly, we notice that successive hydration of the octahydrate
of CM2 significantly reduces the hydration strength, as the Ca-O distance in-
creases by 0.79 Å. The Ca-O interatomic distance in CaCl2 hydrate is similar to
the one in the CM2 hydrates of the same n.

The average Ca-Cl distance in CM2 gradually increases from 2.51 Å to
2.76 Å as n varies from 0 to 12 (see Figure 8.4c). The Ca-Cl interatomic dis-
tance in CM2 is 2.5-12.6% higher than the Ca-Cl distance in anhydrous CaCl2
(Figure 8.4c). The average Ca-Cl distance in CaCl2 gradually increases from
2.45 Å to 3.83 Å as n varies from 0 to 6. The Ca-Cl interatomic distance in the
hexahydrated state of Ca in CM2 (n = 12) and CaCl2 (n = 6) differs by 1.07 Å.
The hydrogen bonding between Cl and H2O in CM2 hydrates is responsible
for this difference.

The average Mg-Cl distance in all CM2 hydrates remains predominantly
unperturbed with n. The central Mg atom and the Ca atoms have similar inter-
atomic distance from the Cl atoms. The Ca-Mg interatomic distance gradually
increases from 3.10 Å to 3.41 Å with increasing n, as shown in Figure 8.4b. The
distance between the Cl and the central atom is predominantly unperturbed
in both CM1 and CM2 hydrates. In the dodecahydrate of CM1 and CM2, the
outer atoms (Mg/Ca) gets hydrated with 6 H2O molecules and form a dis-
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torted octahedral structure (as shown in Figures 8.2c and 8.3c). These two dis-
torted octahedron structures are connected via a bridge octahedral structure
made from the central atom (Mg/Ca) and the Cl atom.
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The Bader atomic charge on all the elemental atoms of CM1 and CM2 hy-
drates are shown in Figures 8.5 and 8.6. The electropositive charge on the Mg
and Ca atoms in CM1 increases from 1.634 to 1.726 and from 1.528 to 1.549
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as n increases from 0 to 12 (see Figures 8.2 and 8.5 and Figures 1 and 2 of
Appendix E). The electropositive charges on Ca and Mg atoms in CM2 hy-
drates increase from 1.464 to 1.570 and from 1.672 to 1.680, respectively (see
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Figures 8.3 and 8.5 and Figures 3 and 4 of Appendix E). Comparatively, the
electropositive charges on the Mg and Ca atoms in MgCl2 and CaCl2 hydrates
increase from 1.621 to 1.762 and from 1.553 to 1.631, as n increases from 0 to
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etry of the CM1 and CM2 hydrates as a function of hydration state.

6. The charge modification with n on Mg/Ca atoms of the elementary salt hy-
drates is larger than in the chemical mixtures, because in the earlier case there
is one Cl per Mg/Ca atom, while in the later case there are three Cl per Mg/Ca
atom.

The atomic charge on the outer atoms (Mg in CM1 and Ca in CM2) increases
more in comparison with the central atom (Ca in CM1 and Mg in CM2) after

133



Chapter 8.

0.54

0.56

0.58

0.6

0.62

 

 

CM1
CM2
CaCl2
MgCl2

2 4 6 8 10 12−1.25

−1.2

−1.15

−1.1

 

 

CM1
CM2
CaCl2
MgCl2

Hydration number (n)

B
ad

er
 a

to
m

ic
 c

ha
rg

e
B

ad
er

 a
to

m
ic

 c
ha

rg
e

H atom

O atom

Figure 8.6: The variation of the calculated Bader atomic charge for the optimized ge-
ometry of the CM1 and CM2 hydrates as a function of hydration state. The cyan and
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complete hydration. The outer atoms participate in the hydration process so
their atomic charge modifies more than that of the central atoms in both CM1
and CM2 hydrates. The hydration strength of the outer atoms (Mg/Ca-O) pro-
gressively decreases with increasing n in both CM1 and CM2 hydrates. The
electrostatic interactions play an important role in the hydration of the outer
atoms.

In the CM1 hydrates, the average electronegative charge on the Cl atoms is
continuously decreasing (from -0.814 to -0.726), while it continuously increase
(from -0.775 to -0.797) in the CM2 hydrates with increasing n from 2 to 12 (see
Figure 8.5). There is a sudden jump of 0.045 observed as n changes from 6 to
8 in the CM1 hydrates. Comparatively, in the elementary salts, the average
electronegative charge on the Cl atoms is continuously decreasing (from -0.781
to -0.760) in the MgCl2 hydrates and, as well, in the CaCl2 hydrates (from -0.776
to -0.696), when increasing n from 0 to 6. The Cl charge in the lower hydrates
of CM1 has a similar trend to the Cl charge in MgCl2 hydrates.

The charge on the H atoms decreases with the hydration number for both
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CM1 and CM2 hydrates, as shown in Figure 8.6. The magnitude of the atomic
charge on the H atoms in CM1 and CM2 hydrates is always higher than the
H charge of H2O, as shown by the cyan dotted line in Figure 8.6. In CM1, the
Mg atoms get hydrated, while in CM2, the Ca atoms get hydrated. Owing
to the electronic charge caused by the difference in their electronegativity, the
electronic charge on the H of the lower hydrates of CM1 is found to be higher
than the electronic charge on the H of the lower hydrates of CM2.

The magnitude of the atomic charge present on the O atoms in the CM1 and
in the CM2 hydrates is higher than the O charge present in the H2O molecule
(brown dotted line in Figure 8.6). We also observe that the O charge in CM1
increases in magnitude following the hydration, while it decreases for the CM2
hydrates. For the CM1 hydrates we also notice the presence of a small, but
sudden jump, for the O charge as n increases from 6 to 8.

The presence of a sudden jump in the O and Cl atomic charges, as well as in
the Mg-Cl and Mg-Ca distances, as n changes from 6 to 8, occurs because in the
CM1 hydrates up to hexahydrate, the H2O molecule is attached to the outer
region of the Mg atoms. Successive addition of two H2O molecules results
in their positioning in the inner region between Mg and Cl atoms (compare
Figures 1 and 2 from Appendix E). These H2O molecules push the Cl atoms,
and acts also on the central Ca atom. This seems to be the reason for the sudden
jump. In the CM2, the interatomic distance between the Ca-Cl and the Ca-O is
larger than the Mg-Cl and the Mg-O distance in the CM1. Thus, such a sudden
jump is not observed in the CM2 hydrates.

The atomic charge distribution on O, H, Mg and Ca suggests that the elec-
trostatic interactions are playing a major role in the stability and the hydration
of these hydrates.

As the main focus of the present study is to evaluate the effect of the chem-
ical mixing of CaCl2 and MgCl2 hydrates on the thermolysis, under various
operating conditions, and to compare this with the values obtained for the el-
ementary salt hydrates. In this direction, we have computed the vibrational
spectra for the chemical mixtures of the salt hydrates in order to further cal-
culate the Gibbs free energies. From the analysis of the vibrational spectra we
observe that the O-H pair contributes to the most energetic peak in the vibrat-
ing spectra of the chemical mixture. The theoretical spectra for the O-H sym-
metric bond stretching, for the O-H asymmetric stretching and for the H-O-H
angle bending obtained from the GGA-DFT spectrum in the various hydrates
of the chemical mixture is shown in Figure 8.7. We compared this with the
theoretical vibrational spectrum obtained for an isolated H2O molecule [257,258].
A careful examination of Figures 8.7a and b reveals that the vibration spec-
tra of the O-H bond stretching and the H-O-H angle bending of the chemical
mixture hydrates are somewhat different than the vibrational spectra of the
isolated H2O molecule. We observe a red-shift in the O-H bond stretching and
H-O-H angle bending, when comparing with the isolated H2O molecule for
all the chemical mixtures hydrates except CM1·2H2O. For CM1·2H2O, the lo-
cation of the O-H and H-O-H peaks is similar with that found in the isolated
H2O molecule, due to the lack of hydrogen bonds formation. The electrons of
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O atom shared in hydration and hydrogen bond formation impairs the O-H
bond strength, thus resulting in the red-shift of the O-H bonds present in the
chemical mixture hydrates. The extent of the red-shift depends on the strength
variation of the O-H bond, which is affected by hydration strength and the hy-
drogen bonding interactions in the chemical mixture hydrates. The strength
of the symmetric O-H bond in the CM2 hydrates is lower than that found in
CM1 (except octahydrate). There are few very strong O-H- -O and O-H- -Cl
type hydrogen bonds observed in higher hydrates in CM1 and CM2, thus few
of the peaks of the O-H bond get elongated and result in a large red-shift.
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Figure 8.7: GGA-DFT computed vibrational frequencies of O-H bond and H-O-H angle
present in various chemical mixture hydrates: (a) lower hydrates, (b) higher hydrates.
The vibrational spectra are compared with the spectra of an isolated H2O molecule,
marked with ◦ (H-O-H bending),4 (O-H symmetric stretching) and ∇ (O-H asymmet-
ric stretching).

8.3.2 Bonding indicators in CM1 & CM2 hydrates
To investigate the bonding proclivities between distinct atomic pairs, we have
calculated the integrated crystal orbital Hamiltonian population (ICOHP), the
electronic densities and Laplacians at the bond critical point (BCP, L) (see Fig-
ure 8.8 for a model of Bader topology) and the bond order (BO) for the CM1
and CM2 hydrates. The strength of Mg/Ca-Cl and Mg/Ca-O pairs describe
the dehydration, hydrolysis behavior and the stability of the chemical mix-
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tures. The ICOHP/ICOOP, BCP/L and bond order of the lower hydrates are
given in Table 8.1. The "Mg/Ca-O" in Table 8.1 refers to the Mg-O pair in CM1
hydrates and to the Ca-O pair in CM2 hydrates. The Bader topological analysis
of the higher hydrates of the chemical mixture is computationally demanding.
Thus, the Bader topological analysis (BCP/L) is only carried out for the lower
hydrates.

The bond order of the Mg-Cl pair in CM1 hydrates keeps decreasing with
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Molecule BO BO ED ED ICOOP ICOOP
(Bond pair) /L /L /ICOHP /ICOHP

CM1 CM2 CM1 CM2 CM1 CM2
Anhyd(Ca-Cl) 0.197 0.368 0.163/1.939 0.332/3.615 0.00/-0.553 0.00(-0.905)
2W(Ca-Cl) 0.201 0.354 0.168/2.043 0.312/3.541 0.0/-0.564 0.00/-0.860
2W(Ca-Cl) 0.206 0.357 0.163/2.003 0.310/3.532 0.0/-0.564 0.00/-0.860
2W(Ca-Cl) 0.204 0.276 0.167/2.036 0.273/3.132 0.0/-0.570 0.02/-0.839
4W(Ca-Cl) 0.208 0.321 0.170/2.129 0.241/2.903 0.00/-0.617 0.00/-0.675
4W(Ca-Cl) 0.211 0.250 0.173/2.158 0.286/3.333 0.01/-0.632 0.01/-0.933
4W(Ca-Cl) 0.220 0.274 0.181/2.278 0.261/3.083 0.00/-0.653 0.02/-0.848
6W(Ca-Cl) 0.218 0.221 0.179/2.273 0.216/2.659 0.01/-0.692 0.02/-0.747
6W(Ca-Cl) 0.219 0.221 0.180/2.278 0.218/2.686 0.01/-0.693 0.02/-0.748
6W(Ca-Cl) 0.218 0.218 0.179/2.272 0.218/2.682 0.01/-0.698 0.02/-0.741

Anhyd(Mg-Cl) 0.414 0.204 0.312/5.211 0.163/2.415 0.07/-1.243 0.03/-0.683
2W(Mg-Cl) 0.385 0.214 0.295/4.981 0.169/2.533 0.08/-1.384 0.07/-0.927
2W(Mg-Cl) 0.381 0.212 0.290/4.873 0.171/2.567 0.06/-1.167 0.05/0.821
2W(Mg-Cl) 0.341 0.183 0.273/4.570 0.143/2.114 0.08/-1.394 0.04/-0.731
4W(Mg-Cl) 0.313 0.194 0.243/4.025 0.155/2.332 0.07/-1.197 0.06/-0.887
4W(Mg-Cl) 0.260 0.196 0.256/4.276 0.175/2.652 0.07/-1.094 0.04/-0.769
4W(Mg-Cl) 0.289 0.194 0.223/3.625 0.156/2.322 0.08/-1.303 0.05/-0.826
6W(Mg-Cl) 0.219 0.204 0.192/3.073 0.162/2.450 0.08/-1.082 0.04/-0.825
6W(Mg-Cl) 0.220 0.204 0.192/3.059 0.164/2.496 0.08/-1.047 0.04/-0.824
6W(Mg-Cl) 0.220 0.202 0.190/3.032 0.164/2.486 0.07/-1.021 0.04/-0.820

2W(Mg/Ca-O) 0.295 0.214 0.285/6.395 0.227/3.920 0.02/-0.821 0.0/-0.424
4W(Mg/Ca-O) 0.261 0.186 0.274/6.115 0.228/3.882 0.02/-0.739 0.00/-0.385
4W(Mg/Ca-O) 0.208 0.209 0.241/5.007 0.231/3.528 0.02/-0.583 0.00/-0.421
6W(Mg/Ca-O) 0.209 0.179 0.249/5.154 0.234/3.500 0.01/-0.570 0.00/-0.379
6W(Mg/Ca-O) 0.209 0.179 0.249/5.153 0.234/3.504 0.01/-0.583 0.00/-0.378
6W(Mg/Ca-O) 0.209 0.179 0.249/5.169 0.234/3.499 0.02/-0.621 0.00/-0.378

Table 8.1: Bond Order (BO), Electron Density (ED) and Laplacian (L) at Bond Critical
Points (BCPs), Integrated Crystal Orbital Hamilton Population (ICOHP) and Integrated
Crystal Orbital Overlap Population (ICOOP) values in lower hydrates of CM1 and CM2.
The results for the CM1 are depicted with green color, while the ones for the CM2 with
red color

n and reduces by 46.9 % as n increases from 0 to 6. The BCP follows the same
trend as it reduces by 38.8 % as n increases from 0 to 6 (see Table 8.1). This
suggests that the covalent contribution to the Mg-Cl bond strength is decreas-
ing with increasing hydration. The positive sign of the Laplacian suggests the
presence of an ionic bonding contribution, which is to be expected due to the
difference in electronegativity between Mg and Cl. With increase in hydration
the ionic bond strength is found to decrease by 41.3% as n increases from 0 to
6. Thus, the hydration of Mg reduces the bond strength with the Cl atoms.
As a consequence of the hydration of the Mg atoms, the Cl atoms are pushed
towards the central Ca in CM1, resulted in slightly increased strength for the
Ca-Cl bond with increase in n. This is confirmed by the increasing values of
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BO and BCP (≈ 10 %) and L (≈ 17 %) for the Ca-Cl bond as n grows from 0
to 6 in CM1 hydrates (refer Table 8.1). The hydration strength (Mg-O pair) in
CM1 hydrates is found to decrease with increasing n. The Mg-O bond order
drops-down 29.14% by increasing n from 2 to 6 (see Table 8.1). BCP and L for
Mg-O pairs also confirm the same trend and drops-down by 12.6 % and 19.3%,
respectively, with increasing n from 2 to 6.

The bond order of Ca-Cl pair in CM2 hydrates (the equivalent of the Mg-
Cl pair in CM1 hydrates) decreases with 40.2 % with increasing n from 0 to
6. This is similar with the 46.9 % decrease for the Mg-Cl pair in CM1. The
BCP and L also reduce by 34.6 % and 26.1 % for the Ca-Cl bond, as n increases
from 0 to 6. Thus, the higher hydration reduces the strength for the Ca-Cl
bond. As we found for Mg-Cl bond, the Ca-Cl bond has also a significant
ionic character, evident from the positive sign of L. As the size of Ca is larger
than that of Mg, Cl atoms get marginally pushed towards the central Mg atom
following the hydration of the Ca atoms in CM2. Hence, the strength of the
Mg-Cl bond remains unaltered with hydration. This is different from the CM1
case, where increase in hydration leads to increase in proximity for the Ca and
Cl atoms, and therefore to stronger Ca-Cl bonds. The hydration strength (Ca-O
pair) in CM2 hydrates decreases with increasing n. The Ca-O bond order and
Laplacian drop-down by 16.35% and by 10.7 %, respectively, with n increasing
from 2 to 6 (see Table 8.1).

In general, similar trends are observed for all the investigated bonds when
looking at their COHP plots and average ICOHP values (see Figure 8.9 and
Table E.1 of Appendix E). From the COHP plots of Mg-O (in CM1·6H2O) and
Ca-O (in CM2·6H2O), we can also distinguish the bonding, anti-bonding and
non-bonding domains associated with these bonds. We observed that the Mg-
O bond has more occupied bonding contributions than the Ca-O bond, the later
one having essentially equal bonding and anti-bonding contributions. This is
also confirmed by the ICOHP and ICOOP values2.

In order to compare the strength of Ca/Mg-Cl and Ca/Mg-O pairs between
the elementary hydrates and the chemical mixture hydrates we have calcu-
lated also the bond order, BCP and L for the CaCl2 and MgCl2 elementary
hydrates. The obtained values for the elementary salt hydrates are given in
Table E.2 of Appendix E. The bond order of Mg-Cl in anhydrous CM1 is 33.4
% lower than in anhydrous MgCl2. Similarly smaller values are obtained also
for the BCP and L of Mg-Cl in anhydrous CM1, when compared to the Mg-
Cl in anhydrous MgCl2 by 20.8% and by 23.5%, respectively. For the hydrate,
the bond order of Mg-Cl pair in CM1·2H2O is similar to that of MgCl2·2H2O.
The BCP and L of the Mg-Cl pair in CM1·2H2O are however slightly lower
(by 7%) than that of the MgCl2·2H2O. The bond order of the Mg-Cl pair in
CM1·4H2O is 21.2% higher than that in the MgCl2·4H2O, and in CM1·6H2O
is 44 times higher than that in the MgCl2·6H2O (see Table 8.1 and Table E.2
of Appendix E). The BCP and L of the Mg-Cl pair in CM1·4H2O are ≈ 10 %

2When comparing ICOHP values between different systems, care has to be taken as the refer-
ence values for the absolute number is not fixed
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higher than those in the MgCl2·4H2O. No ionic interaction is observed between
Mg-Cl pair in MgCl2·6H2O. The bond order of Mg-O in CM1 di-, tetra- and
hexa-hydrates is 18.5%, 22.8% and 16.1% higher than in the di-, tetra- and hexa-
hydrates of MgCl2, respectively. Similarly, the BCP of Mg-O in CM1 di-, tetra-
and hexa-hydrates are 6.3%, 11.5%, and 0.4% higher than in the di-, tetra- and
hexa-hydrates of MgCl2, respectively. The Laplacians match the same trends,
with the values for the Mg-O bond in the di-, tetra- and hexa-hydrate of CM1
being with 3.5%, 11.9% and 5.2% higher than in the corresponding hydrates of
MgCl2. Thus, comparative bond order analysis reveals that the strength of Mg-
Cl and Mg-O bonds in CM1 hydrates is stronger than in the MgCl2 hydrates.

The bond order of Ca-Cl in anhydrous and dihydrates of CM2 is 25.9 %,
and 10.6% lower than in the anhydrous and dihydrate of CaCl2, respectively.
The BCP of Ca-Cl in anhydrous and dihydrates of CM2 are also 12.40 %, and
4.1% lower than in the anhydrous and dihydrate of CaCl2, respectively. The
Laplcians follow the same trend showing a 14.8% and 5.2% smaller value than
in the anhydrous and dihydrate of CaCl2. The bond order, BCP and Laplacian
of Ca-Cl pair in CM2·4H2O are however 24.1%, 26.3% and 21.2% higher than
in the CaCl2·4H2O. The bond order of Ca-Cl pair in CM2·6H2O is 24.4 times
higher than in the CaCl2·6H2O (see Tables 8.1 and Table E.2 of Appendix E).

The bond order of Ca-O in CM2·2H2O is found to be 0.9% lower than in
the CaCl2·2H2O. The bond orders of Ca-O in CM2 tetra- and hexa-hydrates are
5.6% and 2.3% higher than in tetra- and hexa-hydrates of CaCl2, respectively.
Thus, comparative bond order analysis reveals that the strength of Ca-Cl and
Ca-O bond in CM2·2H2O is weaker than in CaCl2·2H2O hydrates. The Ca-Cl
and Ca-O bond in tetra- and hexa-hydrates of CM2 are however stronger than
tetra- and hexa-hydrates of CaCl2.

140



Chemical Mixture

2 4 6 8 10 12
0

100

200

300

400

 

 

CM1
CM1−PM
CM2
CM2−PM
CaCl2
MgCl2

2 4 6 8 10 120

50

100

150

200

250

 

 

CM1
CM2
CaCl2
MgCl2

0

5

10

15

20

25

30

 

 

CM1
CM2
CaCl2
MgCl2

E 
   

   
[k

ca
l/m

ol
]

Hydration number (n)

B
in

d
E 

   
   

 [k
ca

l/m
ol

]
 H

yd
ro

E 
   

   
  [

kc
al

/m
ol

]
D

eh
yd

(a)

(b)

Hydration number (n)

(c)

Figure 8.10: Enthalpy change during (a) dehydration per mole of H2O, (b) hydrolysis
and (c) binding of various chemical mixture hydrates per mole of salt studied. The
black and blue solid lines represent the enthalpy change in CaCl2 and MgCl2 hydrates,
respectively. The dotted line (-PM) represent the enthalpy change considering the phys-
ical mixture.

8.3.3 Enthalpy change in thermolysis
ydrolysis is usually observed in lower hydrates of MgCl2 hydrates
(MgCl2·H2O and MgCl2·2H2O) [36]. The proton transfer is an important step
in the hydrolysis of chloride-based hydrates [181]. To quantify the compara-
tive hydrolysis resistance among MgCl2 and CaCl2 hydrates, we have calcu-
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lated the enthalpy change in proton removal for CaCl2·2H2O and MgCl2·2H2O.
The enthalpy change is obtained by gradually increasing the O–H interatomic
distance. The enthalpy change of the proton dissociation in MgCl2·2H2O is
found to be 19.55 kcal/mol, and 33.73 kcal/mol in CaCl2·2H2O. The proton
transfer is thus less energy favorable in CaCl2·2H2O when compared with
MgCl2·2H2O. This suggests that CaCl2·2H2O is more resistant to hydrolysis
than MgCl2·2H2O. This reiterates our previous DFT results, which suggests
that CaCl2 hydrates are more hydrolysis resistant than MgCl2 hydrates [152].
This is the fundamental reason to explore the effect of chemical mixing of CaCl2
hydrates and MgCl2 hydrates on their hydrolysis resistance.

The enthalpy change in dehydration, hydrolysis, and binding of H2O to a
chemical mixture of salt, as defined by Eq. 8.3, 8.4 and 8.5 are shown in Fig-
ure 8.10. The dehydration enthalpy monotonically decreases with n till oc-
tahydrate then increases for decahydrate and decreases again for dodecahy-
drate in both CM1 and CM2 hydrates. This indicates that the dehydration pro-
cess becomes energetically favorable with the increase of n till octahydrate for
both CM1 and CM2 hydrate. In CM1 hydrates, H2O molecules are attached
to Mg, and therefore the change in the dehydration enthalpy with n is more
than for the Ca hydrated CM2 hydrates. From Figure 8.10a, we observed that
a crossover in dehydration enthalpy between CM1 and CM2 hydrates appears
for n = 6. The bonding indicator (ED) suggests that the hydration strength
of Mg-O is decreasing with n in CM1, while the hydration strength is only
marginally affected by the increase of n in CM2. This explains the crossover.
We also observe that the dehydration enthalpies for octa- and dodeca-hydrates
of CM1 are less than 10 kcal/mol. Thus, these hydrates are not stable at room
temperature. Comparing the dehydration enthalpy of chemical mixtures with
that of their elementary salt hydrates, we observed that the chemical mixtures
have larger enthalpies than the elementary hydrates (except for CaCl2·2H2O).

The enthalpy change in hydrolysis of CM1 and CM2 hydrates monoton-
ically increases with n as shown in Figure 8.10b. This indicates that the hy-
drolysis process becomes energetically more difficult with increasing n. The
hydrolysis enthalpy of CM1 lower hydrates is with ≈ 15 kcal/mol higher than
that of CM2 lower hydrates. We observe again a crossover in enthalpy change
of hydrolysis at n = 8 for CM1 and CM2 hydrates. The Mg-Cl distance and
Cl Bader charge have a crossover at hydration n = 8 for CM1 (see Figures 8.4c
and 8.5c). This might be a plausible reason for the crossing. Comparing the
hydrolysis enthalpy for CM1, CM2 and elemental hydrates, we notice that the
hydrolysis enthalpy of CM2 hydrates matches very close that of the MgCl2 hy-
drates.

The enthalpy change in binding of H2O to the salt mixture is found to in-
crease with n as shown in Figure 8.10c. The increase in the binding enthalpy
with successive hydration of the H2O molecules decreases with n for both CM1
and CM2 hydrates. The binding enthalpy of the monohydrate of CM2 is neg-
ative and close to 0 kcal/mol, thus binding of one H2O to CM2 is energeti-
cally unfavorable. Hydrolysis process becomes energetically challenging with
the increase in n. The binding enthalpy of CM1 lower hydrates is with ≈ 15
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kcal/mol higher than that of CM2 lower hydrates. A crossover in binding en-
thalpy is also observed for n = 8. The same reason of structural change at n
= 8 in CM1 hydrates is assumed to be the plausible cause. Comparing with
the elementary salt hydrates, the binding enthalpy of the chemical mixtures is
found to be higher (except for the CM2 monohydrate). The binding enthalpy
of the chemical mixture has been also compared with the binding enthalpy of
the physical mixture (-PM, dotted line in Figure 8.10c) of same stoichiometric
ratio. The binding enthalpy of the chemical mixture is lower than that of the
physical mixture. The lowering in binding enthalpy can be explained by the
fact that a fraction of binding enthalpy of physical mixture is utilized in chem-
ical rearrangement of salt to form the chemical mixture.

8.3.4 Thermodynamic study of Chemical Mixture
To explore the effect of chemical mixing on the thermolysis (dehydra-
tion/hydrolysis) of salt hydrate mixtures, we have obtained the equilibrium
compositions (partial pressure) of products formed during the thermolysis.
The equilibrium compositions are obtained from thermodynamics by equating
∆G to zero. The Gibbs free energy of each reactant and product are obtained
from atomistic GGA-DFT calculations [28,152]. In seasonal heat storage systems,
the typical operating temperature varies between 300 K - 500 K and the par-
tial pressure of water (pH2O) varies from 10−3 atm - 1 atm [17]. In the present
study, we have chosen the partial pressure of water (pH2O), the partial pressure
of HCl (pHCl) and the temperature (T ) as controlling variables while the partial
pressures of the salt hydrates are kept constant (1 atm).

Dehydration reaction of salt hydrates mixture

The water vapor pressure and reaction temperature affect the reversible en-
dothermic dehydration of the chemical mixture of MgCl2 and CaCl2 hydrates.
To understand their effect on the dehydration reaction of CM1 and CM2 hy-
drates, the equilibrium product compositions of dehydration are investigated
in the temperature range of 100 K to 600 K and an arbitrary water vapor pres-
sure (pH2O) in the range of 0.001 atm - 1 atm. This temperature range is cho-
sen to examine all the dehydration reactions of CM1 and CM2 hydrates for
seasonal heat storage. The dehydration characteristics of the elementary salt
hydrates of CaCl2 and MgCl2, under similar conditions and DFT formalism,
have been previously found to be in agreement with the corresponding exper-
iments [28,152].

The equilibrium temperature-vapor pressure obtained from the dehydra-
tion reactions of the higher hydrates of both CM1·nH2O and CM2·nH2O (n =
8,10,12) is shown in Figure 5a of Appendix E. The dodeca- and octa-hydrates
of CM1 dehydrate at very low temperature (<200 K), thus they are unstable at
room temperature. This behavior of CM1 hydrate is consistent with their low
change in dehydration enthalpy (<10 kcal/mol K) shown in Figure 8.10a. The
decahydrate of CM1 dehydrates in the temperature range of 290 K to 408 K.
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The higher hydrates of CM2 dehydrate in the temperature range of 297 K to
551 K as shown in Figure 5a of Appendix E. The higher hydrates of CM2 have
higher dehydration enthalpy (>10 kcal/mol K) than the CM1 higher hydrates,
as shown in Figure 8.10a.

The equilibrium product composition of lower hydrates of CM1·nH2O and
CM2·nH2O (n = 2, 4, 6) is shown in Figure 8.11. These equilibrium curves are
compared with their analogous for hydrates of CaCl2 and MgCl2 of same n.
The dehydration temperatures for hexa- and tetra-hydrate of CM1 and CM2
are higher than those of the hexa- and tetra-hydrates of CaCl2 and MgCl2.
The equilibrium partial vapor pressure (pH2O) of 1 atm is observed at 478 K
and 408 K for CM1·6H2O and CM2·6H2O, respectively. For the elementary
salt hydrates the equivalent temperature for CaCl2·6H2O and MgCl2·6H2O is
350 K and 390 K as shown in Figure 8.11a. For the tetrahydrate the equi-
librium temperature at pH2O of 1 atm is obtained at 576 K, 626 K, 490 K
and 374 K for CM1·4H2O, CM2·4H2O, CaCl2·4H2O and MgCl2·4H2O, respec-
tively. The equivalent temperatures for CM1·2H2O, CM2·2H2O, CaCl2·2H2O
and MgCl2·2H2O are 1106 K, 704 K, 895 K and 733 K, respectively.

The dehydration characteristics of the chemical mixture are different than
that of their elementary component salt hydrates and it depends on the hy-
dration strength. In the higher hydrates of the chemical mixture (n = 8-12),
CM2 dehydrates at a greater temperature than CM1, while in lower hydrates,
this is reversed (except for tetrahydrate). Chemical mixing increases the de-
hydration temperature range by 30 K, 72 K and 182 K for hexa-, tetra- and
di-hydrates of CM1, when compared with analogous elementary MgCl2 hy-
drates. It increases the dehydration temperature range by 63 K and decreases
by 123 K for hexa- and tetra-hydrate of CM2, when compared with analogous
elementary CaCl2 hydrates. The chemical mixing can be used therefore to in-
crease/decrease the temperature operation range of TCM based seasonal heat
storage systems. Based on the fact that the chemical mixing generally increases
the temperature interval for the dehydration, CM1·nH2O and CM2·nH2O can
be considered as better candidates than their elementary salts for efficient heat
storage, from the dehydration point of view.
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Figure 8.11: Equilibrium product concentrations for the dehydration reactions of lower
hydrates of CM1 and CM2 and their comparison with analogous CaCl2 and MgCl2
hydrates at various temperatures and constant partial pressure of hydrate, po = 1 atm.
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Hydrolysis reaction of salt hydrates

Hydrolysis is an undesirable side reaction in thermolysis of chloride-based
salt, which produces HCl and H2O. Hydrolysis starts at a higher temperature
than dehydration as the enthalpy change in hydrolysis is much higher than
the enthalpy change in dehydration, as depicted in Figure 8.10. The hydroly-
sis characteristics for the elementary salt hydrates of CaCl2 and MgCl2, under
similar DFT formalism, have been investigated previously and found to be in
good agreement with the experiments [28,152]. To understand the effect of tem-
perature and partial pressure of the products (pHCl , pH2O) on hydrolysis, we
have varied the concentrations of either of the reaction products while keep-
ing the concentration of the other product fixed. The equilibrium temperature
is varied from 300 K-800 K at constant HCl pressure (0.001 atm). To mimic a
very slow hydrolysis rate, low fixed HCl pressure (pHCl = 0.001 atm) is chosen,
which gives low HCl pressure gradient. Such low concentrations of HCl could
be chosen as the safety limit for the seasonal heat storage system.

The equilibrium hydrolysis curve of higher hydrates of chemical mixture
(CM1/CM2·nH2O, n = 8,10,12) at fixed pHCl and fixed pH2O is depicted in Fig-
ure 5b and c of Appendix E, respectively. The onset temperature of hydrolysis
to attain pH2O of 0.001 atm at fixed HCl pressure (pHCl = 0.001 atm) is 315 K,
351 K and 366 K for dodeca-, deca- and octa-hydrate of CM1, respectively, as
shown in Figure 5b. The corresponding temperatures for CM2 hydrates are
382 K, 380 K and 381 K. The temperature to attain pHCl of 0.001 atm are 345 K,
384 K and 400 K at fixed pH2O of 0.01 atm for dodeca-, deca- and octa-hydrate
of CM1 (see Figure 5c of Appendix E). The corresponding temperatures for
the analogous CM2 hydrates are 421.5 K, 418.8 K and 419.5 K. The dodeca-
and octa-hydrates of CM1 are not stable at room temperature, so their hydrol-
ysis behavior can be ignored. The onset temperature of hydrolysis is greater in
higher hydrates of CM2 than in CM1 hydrates, in both investigated conditions
(at constant pHCl and pH2O).

The hydrolysis of lower hydrates of chemical mixture (CM1/CM2·nH2O,
n = 2, 4, 6) is investigated under fixed pHCl and fixed pH2O as depicted in Fig-
ures 8.12 and 8.13, respectively. Their hydrolysis curve is compared with the
analogous for the elementary salt hydrate of same n. The hydrolysis tempera-
ture to obtained pH2O of 0.001 atm at fixed HCl pressure (pHCl = 0.001 atm) is 469
K, 403 K, 396 K and 423 K for hexahydrate of CM1, CM2, CaCl2 and MgCl2, re-
spectively (refer Figure 8.12). The equivalent temperatures for the tetrahydrate
of CM1, CM2, CaCl2 and MgCl2 are 538 K, 464 K, 475 K and 446 K, respec-
tively. For the dihydrate of CM1, CM2, CaCl2 and MgCl2 the corresponding
computed temperatures are 684 K, 513 K, 618 K and 653 K, respectively. The
onset temperature of HCl formation pressure of 0.001 atm at fixed pH2O of 0.01
atm are 512 K, 438 K, 433 K and 423 K for hexahydrate of CM1, CM2, CaCl2
and MgCl2, respectively (refer Figure 8.13). The equivalent temperatures for
the tetrahydrate of CM1, CM2, CaCl2 and MgCl2 are 584 K, 505 K, 516 K and
483 K, respectively. For the dihydrate of CM1, CM2, CaCl2 and MgCl2 the ob-
tained temperatures are of 723 K, 547 K, 653 K and 689 K, respectively. The
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onset of hydrolysis temperature clearly indicates that the hydrolysis resistance
of the CM1 lower hydrates is greater than that of the CM2 hydrates. The hy-
drolysis resistance of the chemical mixture is also observed to be higher when
compared with their elementary salt hydrates (except for CM2·2H2O).

The gradient for all the equilibrium dehydration and hydrolysis curves is
presented in Tables 3 and 4 of Appendix E. The gradient of CM1 higher hy-
drates is larger than that of CM2 higher hydrates, and therefore CM2 higher
hydrates offer a wider range of operational window when compared with CM1
higher hydrates. In lower hydrates (except CM2·2H2O), the gradient of the
chemical mixture is lower than that of the elementary salt hydrates, and thus
the chemical mixing increases the window of operation. In hydrolysis, the gra-
dient at fixed pH2O is always greater than at fixed pHCl . Thus, at any fixed pH2O
a small window of pHCl could be observed, while at any fixed pHCl a large
window of pH2O could be observed. In the operating range of the TCM for
solar application, hydrolysis in MgCl2 hydrates can be significantly reduced
by chemical mixing. By optimizing the chemical mixing ratio, the undesirable
side reaction can be reduced, which will improve the durability of the storage
cycle. Additionally, chemical mixing also increases the operation window of
thermolysis reactions.
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Figure 8.12: Equilibrium product concentrations for the hydrolysis reactions of lower
hydrates of CM1 and CM2 at various temperatures and constant partial pressure of
hydrate, po = 1 atm and pHCl = 0.001 atm.
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Figure 8.13: Equilibrium product concentrations for the hydrolysis reactions of lower
hydrates of CM1 and CM2 at various temperatures and constant partial pressure of
hydrate, po = 1 atm and pH2O = 0.01 atm.
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8.4 Conclusions

Chemical mixing is an emerging approach to improve the durability of ther-
mochemical heat storage materials. Our aim is to enhance hydrolysis re-
sistance by chemical mixing of chloride-based salt hydrates. We have car-
ried out GGA-DFT calculations to obtain the optimized structure of various
chemical mixture hydrates (CaMg2Cl6 (CM1)/Ca2MgCl6 (CM2)·nH2O, n =
0,2,4,6,8,10,12), as well as their Bader atomic charges and vibrational frequen-
cies. The present calculations reveal that the enthalpy change for proton re-
moval, which is an important step in hydrolysis, from CaCl2·2H2O is 72.5 %
higher than from MgCl2·2H2O. Thus, CaCl2·2H2O has higher hydrolysis resis-
tance than MgCl2·2H2O, which confirms our previous DFT results [152]. The
enthalpies of formation of CM1 and CM2 from their elementary salts are -65.5
kcal/mol and -69.1 kcal/mol. Therefore CM2 is 3.6 kcal/mol more stable than
CM1.

The vibrational frequency analysis reveals that a red-shift in the O-H bonds
of the chemical mixtures is observed when comparing with the spectra of an
isolated H2O molecule. The extent of the O-H bond weakening depends on
the hydration strength and hydrogen bonding in the chemical mixtures. The
Bader topological based bonding indicators reveal that the hydration strength
of the outer atoms (Mg in CM1 and Ca in CM2) continuously decreases with
increasing n.

To assess the possibility of higher hydrates formation, we compared the
Mg/Ca-Cl bond order in chemical mixtures and elementary salt hydrates. The
bond order of Mg-Cl drops from 0.414 to 0.220 in CM1 hydrates, and from
0.622 to 0.005 in MgCl2 hydrates as n varies from 0 to 6. Similarly, the bond
order of Ca-Cl drops from 0.368 to 0.220 in CM2 hydrates, and from 0.497 to
0.009 in CaCl2 hydrates as n varies from 0 to 6. As a consequence, CM1 and
CM2 can even form higher hydrates (n>6), whereas the elementary salt hy-
drates of CaCl2 and MgCl2 can not. The atomic charge distribution reveals that
the stability and the hydration strength of the chemical mixture hydrates are
dominated by electrostatic interactions.

The hydrolysis enthalpy of CM1 lower hydrates (n < 6) is ≈ 15 kcal/mol
higher than that of CM2 lower hydrates. Comparing chemical mixing with
physical mixing, we observe that the chemical mixing lowers the binding en-
thalpy with respect to the physical ones.

Structural properties, electronic ground state energies and harmonic fre-
quencies are used to quantify the Gibbs free energy of each reactant and prod-
uct at a given temperature (T ) and pressure (p). The thermodynamic approach
is used to derive the equilibrium product composition of thermolysis at vari-
ous T and p conditions for the chemical mixture hydrates. The calculated effect
of temperature on the thermolysis of the investigated chemical mixtures is ob-
served to be similar to the experimental/theoretical thermolysis results for the
CaCl2 and MgCl2 hydrates [34,155]. The dehydration enthalpies of CM1·12H2O,
CM1·8H2O and CM2·H2O are found to be less than 10 kcal/mol K, and their
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dehydration starts at sub-zero temperatures, indicating that they are not stable
at room temperature. The higher hydrates of CM2 dehydrate in the tempera-
ture range of 297 K to 551 K, and CM1·10H2O in the temperature range of 290
K to 408 K. The rise in the dehydration temperature due to chemical mixing
at pH2O = 1 atm is from 18 K to 128 K and from 136 K to 252 K in hexa- and
tetra-hydrate of CM1 and CM2, respectively, when compared with their ele-
mentary salt hydrates of same n. In CM1·2H2O the dehydration temperature
is increased by 211 K, while in CM2·2H2O decreased by 191 K. Thus, the chem-
ical composition and hydration number of the chemical mixture can be used to
tune the dehydration temperature region.

The competing hydrolysis reactions of CM1/CM2·nH2O are investigated
under constant pHCl and pH2O. The onset temperature of HCl formation (hy-
drolysis) is obtained at very low HCl pressure (pHCl = 0.001 atm) under dif-
ferent temperature and water vapor pressure conditions. The onset of hy-
drolysis (pHCl = 0.001 atm at constant pH2O = 0.01 atm) in higher hydrates of
CM2 is above 419 K, while for CM1·10H2O is 384 K. The hydrolysis trend for
lower hydrates is opposite to higher hydrates. The rise in onset of hydroly-
sis temperature for hexa-, tetra- and di-hydrates of CM1 is 79 K, 68 K and 70
K when compared to the CaCl2 hydrates of same n, under similar conditions.
The CM2·6H2O increases the onset of hydrolysis temperature by 5 K, when
compared with CaCl2·6H2O. The tetra- and di-hydrate of CM2 decrease the
onset of the hydrolysis temperature by 11 K and 106 K, when compared with
the tetra- and di-hydrate of CaCl2. Thus, the chemical mixing improves the
hydrolysis resistance in all the cases, except for CM2·4H2O and CM2·2H2O.

In higher hydrates, CM2 has a smaller gradient of equilibrium dehydra-
tion/hydrolysis curves when compared with CM1 (Figure 5 and Table 3 of
Appendix E). Further, for the lower hydrates of the studied chemical mix-
tures, the gradients of the equilibrium dehydration/ hydrolysis curves are al-
ways smaller than that for the elementary salt hydrates with same n, except
CM2·2H2O (Figure 8.11, 8.12 and 8.13, and Table 4 of Appendix E). Therefore,
the chemical mixing not only improves the hydrolysis resistance but also in-
creases the window of operation.

Given the lack of experimental studies on the chemical mixtures, it can be
concluded from the present study that the chemical mixtures of CaCl2 hydrates
with MgCl2 are potentially good candidates for long term seasonal heat stor-
age. It is expected that these hydrates can improve the hydrolysis resistance
compared to MgCl2 hydrates and therefore enhance the durability of the sys-
tem.
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Conclusions and Outlook

9.1 Accomplishments and Conclusions

In the present research, in-silico characterization is carried out to develop
thermo-chemical materials (TCMs) using reactive force field based Molecular
Dynamics (MD) simulations. Salt hydrates are identified from the literature
as potential candidates to be used as thermo-chemical heat storage in the built
environment. This thesis is limited to chloride based salt hydrates (CaCl2 and
MgCl2 hydrates) and their chemical mixtures. Chloride-based salt hydrates are
chosen due to their availability, fast kinetics, and high storage capacity. How-
ever, they suffer from an irreversible hydrolysis reaction (HCl production), and
poor mass and heat transport. These issues can reduce the durability and ther-
mal power output of a storage system. The aim of this thesis is to gain a better
understanding of the material characteristics of chloride-based salt hydrates.
Therefore, the thermo-physical and chemical properties of MgCl2 and CaCl2
hydrates are studied using Density Functional Theory (DFT) and MD simula-
tions.

Thermolysis of CaCl2 hydrates and MgCl2 hydrates A GGA-DFT study is
used to investigate the various gaseous structures of CaCl2 hydrates and to
understand the relative stability of their conformers. A wide network of in-
tramolecular homonuclear (OHO type) and heteronuclear (OHCl) hydrogen
bonds can be identified in CaCl2 hydrates. These hydrogen bonds are respon-
sible for the formation of many conformers and they are characterized by the
Bond Valence sum rule. The product concentrations of thermolysis (dehydra-
tion/hydrolysis) are obtained using Gibbs free energy over a wide range of
temperature and pressure conditions. The slope of the dehydration curve (va-
por pressure vs temperature) and the dehydration temperature in CaCl2 hy-
drates are similar to experimental values [155,180]. Comparing these results to
those of MgCl2 hydrates, we find that CaCl2 hydrates are more resistant against
hydrolysis in the temperature range of 273 K - 800 K. The onset temperature
of hydrolysis, which is a crucial design parameter for CaCl2 hydrates, is ob-
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tained. Specifically, the present study reveals that the onset temperatures of
HCl formation for MgCl2 hydrates are lower than for CaCl2 hydrates except
for monohydrates.

Reactive force field for MgCl2 hydrates A reactive force field is param-
eterized to study the thermolysis kinetics and in-silico characterization of
MgCl2·nH2O (n = 0,1,2,4,6). The ReaxFF parameters have been derived by
training against quantum mechanical data obtained from DFT calculations. A
single-parameter search algorithm in combination with a Metropolis Monte
Carlo algorithm is successfully used for the ReaxFF parameterization. The
newly developed force field is validated by examining the elastic properties
of MgCl2 hydrates. The bulk moduli of MgCl2 hydrates obtained from ReaxFF
are in close agreement with the bulk moduli obtained from DFT. To further
validate the force field, the proton transfer reaction barrier in MgCl2·2H2O is
computed, which is an important step for the hydrolysis reaction. A barrier of
20.24 kcal/mol is obtained, which is in good agreement with the value of 19.55
kcal/mol from DFT.

MD simulations using the newly developed ReaxFF on 2D-periodic slabs of
MgCl2·H2O and MgCl2·2H2O show that the dehydration rate increases more
rapidly with temperature in MgCl2·H2O than in MgCl2·2H2O, in the tempera-
ture range 300 K - 500 K. HCl formation is observed at 340 K for MgCl2·H2O,
and no HCl formation is observed for MgCl2·2H2O. In-silico characterization
of mass transport properties are carried out using Reax-MD simulations on
2D periodic slabs of MgCl2·nH2O (n = 1,2,4,6). The computed diffusion co-
efficients reveal that the diffusion of H2O through MgCl2·2H2O is faster than
through MgCl2·H2O. The diffusion coefficients of H2O through MgCl2·4H2O
is faster than through MgCl2·6H2O. Thus, H2O transport may become a rate-
limiting step in mono- and hexa-hydrate.

The effects of temperature, vapor pressure and defects (molecular vacancy
and under-hydration layer) on H2O transport are studied. An increase of the
diffusion coefficient from 10−11 m2/s to 10−9 m2/s is observed as the temper-
ature increases from 300 K to 500 K for MgCl2·nH2O. The temperature depen-
dence of the diffusion coefficient of H2O through MgCl2·nH2O obeys the ex-
ponential Arrhenius law.

The surface effects on H2O transport are studied for all hydrates by ana-
lyzing the diffusivity in various zones of the simulation box. The effect of tem-
perature on surface diffusion becomes more prominent at higher temperatures.
The effect of external vapor pressure on the dehydration of MgCl2·2H2O is sim-
ulated by introducing H2O molecules in the vacuum region of the simulation
box. The external H2O molecules in the vacuum region slow down the dehy-
dration process. The non-monotonic H2O pressure effect on the dehydration
(the Topley-Smith effect) is not found for MgCl2·2H2O. A maximum increase
of 83% in the diffusion coefficient of H2O through MgCl2·2H2O is observed
in the presence of external H2O molecules, increasing the external vapor pres-
sure. The molecular vacancy of MgCl2·2H2O present is characterized using
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vibration density of states. The O-H bonds near a vacancy site shorten by 3%-
4%. A more than two fold increase in the diffusion coefficient of H2O through
MgCl2·2H2O is observed when 2.78 % molecular vacancy of MgCl2·2H2O is
present in the 2D slab prepared from 6×3×6 supercell.

Furthermore, a thermal characterization of MgCl2·nH2O (n = 0,1,2,4,6) is
carried out by computing the thermal conductivity from ReaxFF based Non-
Equilibrium Molecular Dynamics (NEMD) simulations. At a temperature of
300◦C, the computed thermal conductivities of MgCl2·nH2O range from 0.3
W/mK to 4.0 W/mK, where the higher values are typical for the higher hy-
drates. These thermal conductivity values are of the same order as reported
in the literature for MgCl2·6H2O [219]. The preferred direction of heat flow is
investigated for MgCl2·6H2O. The thermal conductivity along the Y-direction
(⊥ to the Mg-Cl bond) is ∼ 40% higher than the conductivity along the X-, and
Z-directions. The alignment of the Mg-Cl bond could be a plausible reason for
the anisotropy. The thermal conductivity of CaCl2·2H2O is also computed from
ReaxFF based NEMD simulations. The thermal conductivity from the present
study (0.5 W/mK) is comparable with the experimental thermal conductivity
of CaCl2 (0.4 W/mK) [216]. The present study confirms that CaCl2·2H2O also
suffers from poor thermal conduction like MgCl2·nH2O. Thus, physical mix-
ing of these salt hydrates will probably not improve the thermal performance.

Chemical mixtures GGA-DFT calculations are carried out on chemical mix-
tures of CaCl2 and MgCl2 hydrates. The enthalpy change during proton for-
mation for MgCl2·2H2O is 14.2 kcal/mol lower than for CaCl2·2H2O. Proton
formation is an important intermediate step in hydrolysis. This is a strong indi-
cator that hydrolysis in MgCl2 hydrates can be minimized by chemical mixing.
We have computed and analyzed structures, charge distributions, bonding in-
dicators and harmonic frequencies of various chemical mixtures hydrates. The
equilibrium concentrations of the dehydration and hydrolysis reaction are as-
sessed over a wide range of operating conditions and compared with their ele-
mentary salt hydrates counter parts. We observe that chemical mixing leads to
a maximum increase of the onset hydrolysis temperature of 79 K. The hydroly-
sis resistance depends however on the precise chemical composition. Chemical
mixing of CaCl2 and MgCl2 hydrates extends the maximum dehydration tem-
perature by 182 K (CaMg2Cl6·2H2O) and lowers the binding enthalpy with
respect to the physical mixture for TCM based heat storage systems by 65
kcal/mol approximately.

Multi-scale modeling of temperature at solid interface Continuum models
can be used to design or improve the performance of salt hydrate based stor-
age systems. Reax-MD simulations are carried out to understand the temper-
ature discontinuity across the solid interfaces of homogeneous (Pt-Pt), hetero-
geneous (Pt-Ni) and heterogeneous reactive materials (Si-SiO2). We found that
a temperature jump is observed at the solid interface between heterogeneous
materials (Pt-Ni interface). No such jump is observed at the solid interface be-
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tween homogeneous materials (Pt-Pt interface). We have upscaled the results
from Reax-MD simulations to the continuum level using phenomenological
theory (PT) and observe a close agreement between them. This indicates that
Reax-MD simulations can be used to investigate these interfaces at the con-
tinuum level. The interfaces between different reactive gas/solid with another
solid phase would provide an interesting feature in heat shield design. Further,
this multi-scale model can be used in heat storage systems. In heat storage
systems, temperature jumps at the interface of different salt hydrates can be
estimated by molecular level Reax-MD and extended using phenomenological
theory. These temperature jumps can identify the hot spots inside the storage
system.

9.2 Recommendations

The outcome of this research has the ability to bridge the crucial dimensional
gap between the atomic and molecular scale research of salt hydrates. A large
number of interesting aspects of salt hydrates are identified in this research.
Most of them are investigated, while few are still unexplored due to time con-
straints. Based on the foundational research of this thesis, other potential ex-
tensive studies can be carried out for salt hydrate based TCM storage systems.
Some of these possible directions are given in this section:

1. We have obtained the equilibrium product concentrations of thermolysis
reactions using the Gibbs free energy of the molecular structures of salt
hydrates and their chemical mixture. However, in experimental condi-
tions, these reactions occur in the solid state of these salt hydrates. These
equilibrium concentration curves could be used for a screening of a po-
tential candidate (salt hydrate) and serve as a safety limit for preventing
hydrolysis. Although, it is recommended to calculate the equilibrium
concentration curves of the thermolysis reactions by taking into account
the solid state of these hydrates. In the case of a chemical mixture, the
solid phase structure of the proposed salt hydrate is unknown exper-
imentally. The crystal structure of a chemical mixture hydrate can be
theoretically predicted from evolutionary algorithms [242]. The solid crys-
talline structure may provide interesting insight into the reaction kinetics.
It could also felicitate us to perform in-silico characterization of chemical
mixture salt hydrates. The physical properties of the solid state chemi-
cal mixture can be compared with elementary salt hydrates to quantify
the effect of chemical mixing. Moreover, equilibrium products concen-
trations from these solid state Gibbs free energy would be more realistic.

Our present study on chemical mixtures reveals that the hydrolysis resis-
tance of chemical mixtures is higher than their elementary salt hydrates.
Chemical mixing opens the door for many interesting characteristics of
MgCl2 hydrates doped with CaCl2. Various properties of salt hydrates
can be tuned by doping. A reliable reactive force field trained against all
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elemental interactions present in salt hydrate and dopant could be used
to design the optimum concentration of doping. The optimum doped salt
hydrate may have better properties than their elementary salt hydrate.

2. To the best of our knowledge, very little research has been done on
the mass transport and thermal conductivity of MgCl2 and CaCl2 hy-
drates. We have obtained the diffusion coefficient of H2O through salt
hydrates and thermal conductivity using Reax-MD simulations. It is rec-
ommended to compare the results with more accurate atomic scale sim-
ulations like DFT-MD. Atomic scale methods (DFT) are computationally
expensive, they are not based on any assumptions. DFT-MD (ab-initio)
calculations can be performed on small size slabs of MgCl2 hydrates to
obtain the diffusion coefficient. This will act as a verification of our re-
sults.

3. The upscaling of atomic level results to molecular level results followed
by continuum level is the key aspect of multi-scale modeling. Integration
of material properties and reaction rates obtained from molecular sim-
ulations can be used to upscale results into micro-scale via higher level
models (e.g. Mampel model [259]). This model assumes that reactions take
place by nucleation and growth on the grain level: the nucleation sites, ei-
ther for hydration or dehydration, are formed on the outer surface of the
grains after which they grow inward with rates that must be determined.
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Phenomenological-Theory (PT)

In the context of building up a macroscopic theory of gas-surface interactions
targeting the hypersonic reentry flows, Giordano et al. [121] have considered a
numerical test case for the heat transfer between two solids (k = 1,2) in phys-
ical contact, which may or may not form a physical interface. They have dis-
cussed the corresponding boundary conditions from a physical perspective. In
the case as sketched in Figure A.1, they have remarked the lack of a physical
principle justifying the standard temperature-continuity boundary condition:

T1(P, t)−T2(P, t) = 0, (A.1)

accompanying the other boundary condition expressing heat-flux continuity:

n1 · JU,1(P, t)+n2 · JU,2(P, t) = 0, (A.2)

and well founded on the energy conservation principle. Consistently in their
analysis, they have released Equation A.1 and, as a replacement, have intro-
duced forth tension (force per unit area) continuity:

n1 · τU,1(P, t)+n2 · τU,2(P, t) = 0, (A.3)

Phenomenological-Theory (PT) is founded on momentum conservation and,
therefore, should represent a more physically motivated and significant
boundary condition. In Equation A.3, τk is the stress tensor in solid k. As a
matter of fact, if proper consideration is taken that stresses in solids depend
not only on deformation but also on local temperature [260,261]:

τk = τk (Tk,deformation field), (A.4)

then one understands right away how Equation A.3 provides the additional
condition governing the establishment of a temperature difference T1(P, t)−
T2(P, t) at the separation surface between the solids. From a theoretical point
of view, the temperature jump existence is flawless because it is guaranteed
by the principle of momentum conservation in the same physically legitimate
manner as the occurrence of the temperature profile slope jump is guaranteed
by the principle of energy conservation; but, of course, temperature jump con-
firmation via an alternative and, above all, independent way is desirable and
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beneficial to remove residual doubts.
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Figure A.1: Macroscopic configuration for heat transfer analysis between solids in con-
tact.

We consider the heat-transfer test case in planar configuration without in-
terface dealt with in [121] and sketched in Figure A.1; we give here a brief sum-
mary regarding governing equations and initial/boundary conditions and re-
fer further readers interested in more details to the original paper [121]. With
reference to Figure A.1, we assume

• adiabatic vertical walls(
∂Tk

∂x

)
x=±a

=
(

∂Tk

∂ z

)
z=±a

= 0 (A.5)

• uniform initial temperature

Tk(x,y,z,0) = T i (A.6)

• uniform temperature at the top of solid 1 increasing linearly in time,
within a finite interval T , from the initial value T i to a final value T f

T1(x,+a,z, t) =


T i t < 0

T i +(T f −T i)
t
T

0≤ t ≤ T

T f T < t

(A.7)
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• uniform temperature at the bottom of solid 2 kept at the initial value

T2(x,−a,z, t) = T i (A.8)

This set of initial/boundary conditions Equations A.5,A.6, A.7 and A.8 deter-
mines a one-dimensional unsteady heat transfer in the Y direction governed
by the standard diffusion equation

ρkck
∂Tk

∂ t
= λk

∂ 2Tk

∂y2 (A.9)

based on Fourier law. In Equation A.9

ρk density of solid k (=1,2)
ck specific heat
λk thermal conductivity

These physical properties are considered constant. The boundary conditions at
the separation surface Equations A.2 and A.3 become respectively

λ1

(
∂T1

∂y

)
y=0+
−λ2

(
∂T2

∂y

)
y=0−

= 0 (A.10)

β1[T1(0+, t)−T i]−β2[T2(0−, t)−T i]' 0 (A.11)

Equations A.11 follows from the assumption that, in both solids, the stress ten-
sor Equation A.4 is linearised with respect to temperature and the elastic part is
neglected for the sake of introducing simplicity in the numerical calculations;
more details are provided in [121]. The thermal-stress coefficients βk

[260] are also
considered constant. Equation A.11 indicates clearly that temperature continu-
ity Equation A.1 settles in only in the particular case when the thermal-stress
coefficients of the solids are equal (β1 = β2).
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Parameter studies for Reax-MD
simulations

In this appendix, the parameters, which are tuned to obtain conversed and ac-
curate results from Reax-MD simulations, are given. The optimal bin-size and
the sampling frequency of statistical data for converged temperature profiles,
damping constants, and the optimum number of frames needed for diffusivity
calculations are investigated.

B.1 Optimal bin-size

It is important to choose an appropriate bin-size for temperature calculation. A
very small bin gives a high fluctuations in the temperature profile and a very
large bin gives discontinuous temperature profile. The temperature profiles
using various bin-sizes of a MgCl2 SS-NEMD system with periodic boundaries
are shown in Figures B.1a,b,c, and d. The bin-size is varied from one atomic
layer to six atomic layers (LN = [5.9− 35]Å). We observe that a bin-size of two
atomic layers is optimal for a smooth temperature profile of MgCl2. A larger
bin-size does not significantly improve the temperature profile, and critical in-
formation about the local temperature variation could not be capture. In the
study of Heino and Pistolainen [262], they have also chosen bin-size of three
atomic layers for temperature calculation from MD simulations. Small bin-
size introduces unnecessary fluctuations. The fluctuations could be avoid with
larger cross-sectional area or simulating over a long time. However, it costs
computational power.

B.2 Statistical data needed for converged tempera-
ture profiles

Each frame in MD simulations contain a different set of positions and velocities
for the particles, thus describe a microstate of the system. In this section, the
number of frames required to converge the macrostate is investigated. Reax-
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Figure B.1: Effect of different bin-sizes on temperature profile with bin-sizes of (a) Six
atomic layers, (b) Three atomic layers, (c) Two atomic layers, (d) One atomic layers.

MD simulations are carried out on a MgCl2·2H2O crystal (see Figure B.2a) kept
at 350 K for 5×105 iterations. The trajectory is sampled at every 50 iterations.
The average temperature (solid black line) and the entire temperature zone
(grey) of the system are shown in Figure B.2b.

The temperature profiles averaged over 1, 5, 10, 50, 100, 500, 1000, 5000, and
10000 frames are plotted in Figure B.3. For the averaging the selected frames
are dived equally over the in total 10000 data file. From this figure one can
conclude that at least 1000 frames to a converged temperature of system to the
set temperature (350 K). More frames can provide better temperature profiles,
but they are computationally expensive.
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Figure B.2: Temperature profile of system kept at 350 K(a) Considered MgCl2·6H2O
crystal, (b) Temperature zone (grey) which contain all observed temperatures, the black
solid line represent the average temperature of all frames.
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Figure B.3: (a) Temperature profiles of MgCl2·2H2O averaged over 1-10000 frames, (b)
the RMSE of the different averaged lines to the imposed 350 K temperature line.

B.3 Damping constant of thermostat study

We have investigated the effect of damping constant on the temperature evo-
lution in a 5× 5× 5 Pt crystal. A very high value of damping constant is not
able to control the temperature, and a low damping constant create instability
in the system. To investigate these different strengths of coupling, the damp-
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τ [fs] Time (r2>0.99) [ps]
50 12.5

1×102 18.75
1×103 12.50
5×103 31.25
1×104 43.75
5×104 181.25
1×105 406.25

Table B.1: Time needed to attain (r2 > 0.99) the Maxwell-Boltzmann distribution of
particles velocities.

ing constant is varied from 50 fs - 104fs. The average temperature of the crystal
is shown over time using various damping constants in Figure B.5a. For the
systems with high value of damping constant (5× 104fs and 1× 105fs), the sim-
ulated temperature is far from the set temperature (300 K) system after 0.25 ns.
These simulations are prolonged to 0.5 ns as shown in Table B.1.

The Berendsen thermostat controls the temperature by rescaling the veloc-
ity. The velocity distribution of the Pt atoms in the crystal is compared with
the Maxwell-Boltzmann distribution at a set temperature (300 K). The velocity
distribution is Figure B.4. The correlation coefficient (r2) between the veloci-
ties, and the Maxwell-Boltzmann distribution is given according the following
equation:

r2 = 1− ∑
n
i=1(yi− fi)

2

∑
n
i=1(yi− ȳ)2 , (B.1)

where the upper half of the numerator represents the residual error of summed
squares, with fi as predicted value from the Maxwell-Boltzmann distribution,
and the lower half of the numerator represents the total sum of squares, with ȳ
as the average of the observations. The results of this comparison at different
times is shown in Figure B.5a. In Table B.1, the times are shown when velocity
distribution reaches close (r2 > 0.99) to the Maxwell-Boltzmann distribution.

From these results, one can conclude that the lower damping constant, the
system attains the set temperature in a very short time. For damping constants
higher than 5× 104 fs, the coupling is weak, and it takes a long time to reach
desired temperature. Damping constant of 1000 fs or lower represent a very
strong coupling. As a consequence, we used 100 fs for a strong coupling, and
105 fs for weak coupling.

B.4 Number of frames needed for diffusivity calcu-
lation

The diffusivity is computed using the GK relation. We have examined the num-
ber of frames (MD trajectory) required to the converse the diffusion coefficient.
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Figure B.4: Example of velocity distribution of Pt crystal, after equilibration, with a
damping constant τ = 10,000 fs. Compared with the Maxwell-Boltzmann distribution.
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Figure B.5: Effect of damping constants (ranging from 50 fs - 105fs) on the Pt crystal
(a) The average temperature with various damping constants, and (b) Time required to
attain (r2>0.99) the Maxwell-Boltzmann distribution for the velocities.
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Reax-MD simulations are carried out for a MgCl2·4H2O system up to 5× 105

iterations and trajectory is stored after every 50 iterations. The diffusion coeffi-
cient is computed using frames ranging from 1000 to 10000. We observed that
at least 5000 frames are needed to converse the diffusion coefficients as shown
in Figure B.6.
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Figure B.6: Number of frames needed for diffusivity computation of MgCl2·4H2O at
300 K.
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Hydrogen bond in Chloride based
hydrates

Hydrogen bond is an intermolecular intermediate strength bond occurs be-
tween hydrogen and surrounded atoms of different electro-negativity. The
strength of hydrogen bond should be higher then London dispersion or dipole
interaction and non-bonded H· · ·Y distance should be much closer than the
sum of van der Waals radius. Hydrogen bond can occurs with electro-positive
atoms (B-H-B) as well as electro-negative atoms such as O-H· · ·H, N-H· · ·Cl, H-
F· · ·H etc. This later type of bondings are know as "π" hydrogen bond, which
involves interaction of positively charged hydrogen with highly electronega-
tive atoms having lone pair of electron in their outer shell. The hydrogen bond
energy consists of electrostatic and exchange repulsion energy, the polariza-
tion and charge-transfer energy. The hydrogen bond energy is function of rY−H ,
rY ···H and rY ···Y in YHY hydrogen bonded systems [177]. CaCl2 hydrates has both
types heteronuclear OHCl and homonuclear OHO hydrogen bond. Table C.1
consists of extensive list structural property of hydrogen bond in present sys-
tem.
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Molecule X O-H H- -X O-X ∠ O-H- -X
in Å in Å in Å in ◦

CaCl2.1H2O(Fig 4.3c) Cl 0.99 2.24 2.98 130.17
CaCl2.2H2O 2((Fig 4.4a)) Cl 1.00 2.20 2.97 133.66
CaCl2.2H2O 2 (Fig 4.4a) Cl 1.00 2.20 2.98 133.54
CaCl2.4H2O 1 (α phase)(Fig 4.5a) Cl 0.99 2.21 3.01 137.47
CaCl2.4H2O 1 (α phase) (Fig 4.5a) Cl 0.99 2.21 3.01 136.14
CaCl2.4H2O 1 (α phase) (Fig 4.5a) Cl 0.99 2.18 2.99 137.33
CaCl2.4H2O 1 (α phase)(Fig 4.5a) Cl 0.99 2.24 2.98 130.65
CaCl2.4H2O 2 (β phase)(Fig 4.5b) Cl 1.00 2.17 2.99 138.10
CaCl2.4H2O 2 (β phase) (Fig 4.5b) Cl 0.99 2.31 3.06 131.91
CaCl2.4H2O 2 (β phase) (Fig 4.5b) Cl 1.00 2.17 2.97 136.62
CaCl2.4H2O 2 (β phase)(Fig 4.5b) Cl 0.98 2.44 3.13 126.45
CaCl2.4H2O 3 (γ phase)(Fig 4.5c) Cl 1.05 1.82 2.86 166.89
CaCl2.4H2O 3 (γ phase)(Fig 4.5c) Cl 1.05 1.82 2.86 166.85
CaCl2.4H2O 3 (γ phase)(Fig 4.5c) Cl 1.05 1.82 2.86 166.89
CaCl2.4H2O 3 (γ phase)(Fig 4.5c) Cl 1.05 1.82 2.86 166.85
CaCl2.6H2O 1 (Fig 4.6a) Cl 1.00 2.09 3.04 157.77
CaCl2.6H2O 1 (Fig 4.6a) Cl 0.99 2.13 3.08 159.73
CaCl2.6H2O 1 (Fig 4.6a) Cl 0.98 2.39 3.11 130.19
CaCl2.6H2O 1 (Fig 4.6a) Cl 0.98 2.48 3.15 126.00
CaCl2.6H2O 1 (Fig 4.6a) Cl 1.00 2.16 3.00 140.42
CaCl2.6H2O 1 (Fig 4.6b) Cl 1.01 2.01 2.98 159.43
CaCl2.6H2O 1 (Fig 4.6b) Cl 1.01 2.00 2.97 159.48
CaCl2.6H2O 1 (Fig 4.6b) Cl 1.01 2.00 2.97 159.96
CaCl2.6H2O 1 (Fig 4.6b) Cl 1.01 2.00 2.97 159.47
CaCl2.6H2O 1 (Fig 4.6b) Cl 1.01 2.00 2.97 159.43
CaCl2.6H2O 1 (Fig 4.6b) Cl 1.01 2.00 2.97 159.45
CaCl2.6H2O 2 (Fig 4.6c) Cl 1.00 2.07 3.00 154.24
CaCl2.6H2O 2 (Fig4.6c) Cl 1.02 1.96 2.96 163.50
CaCl2.6H2O 2 (Fig 4.6c) Cl 1.01 1.99 2.96 160.83
CaCl2.6H2O 2 (Fig 4.6c) Cl 1.00 2.16 2.99 139.54
CaCl2.6H2O 2 (Fig 4.6c) Cl 1.00 2.09 2.93 141.74
CaCl2.6H2O 1 (Fig 4.6c) O 1.01 1.64 2.63 165.40
CaCl2.6H2O 1 (Fig 4.6c) O 0.98 1.95 2.83 147.66
CaCl2.6H2O 1 (Fig 4.6c) O 0.98 1.90 2.80 149.38
CaCl2.6H2O 2 (Fig 4.6c) O 0.98 1.87 2.67 135.92

Table C.1: Hydrogen bond parameters of Calcium Chloride hydrate and its conforma-
tions
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Force Field for MgCl2 hydrates

The force field which was rigorously parametrized using the single parameter
search algorithm and the Metropolis Monte Carlo algorithm is presented. The
first line of the ffield-input file contains a force field identifier. It follows a
description of the format and meaning of the force field parameters in each of
these sections. The force field file contains the force field parameters in seven
sections:

• First section contains total 39 general parameters, which are usually same
for each force field.

• Second section is atomic parameters section. There parameters are gen-
erally transferable.

• Third section contains bond parameter. These parameters may vary be-
tween the same pairs in two different force fields depending of the chem-
ical environment.

• Fourth section contains off-diagonal parameters, which also depends on
the chemical environment.

• Fifth, six and seven sections contain valence angle, torsion angle and hy-
drogen bond parameters. These parameters needs to trained depending
on chemical system chosen.
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Reactive MD-force field for MgCl 2  hydrates  
   39          ! Number of general parameters  
   50.0000 !Overcoordination parameter  
    9.5469  !Overcoordination parameter  
  26.5405  !Valency angle conjugation parameter  
    1.7224  !Triple bond stabilisation parameter  
    6.8702  !Triple bond stabilisation parameter  
  60.4850  !C2-correction  
    1.0588  !Undercoordination parameter  
    4.6000  !Triple bond stabilisation parameter  
  12.1176  !Undercoordination parameter  
  13.3056  !Undercoordination parameter  
 -70.5044  !Triple bond stabilization energy  
    0.0000  !Lower Taper-radius  
  10.0000  !Upper Taper-radius  
    2.8793  !Not used  
  33.8667  !Valency undercoordination  
    6.0891  !Valency angle/lone pair parameter  
    1.0563  !Valency angle  
    2.0384  !Valency angle parameter  
    6.1431  !Not used  
    6.9290  !Double bond/angle parameter  
    0.3989  !Double bond/angle parameter: overcoord  
    3.9954  !Double bond/angle parameter: overcoord  
   -2.4837  !Not used  
    5.7796  !Torsion/BO parameter  
  10.0000  !Torsion overcoordination  
    1.9487  !Torsion overcoordination  
   -1.2327  !Conjugation 0 (not used)  
    2.1645  !Conjugation  
    1.5591  !vdWaals shielding  
    0.1000  !Cutoff for bond order (*100)  
    2.1365  !Valency angle conjugation parameter  
    0.6991  !Overcoordination parameter  
  50.0000  !Overcoordination parameter  
    1.8512  !Valency/lone pair parameter  
    0.5000  !Not used  
  20.0000  !Not used  
    5.0000  !Molecular energy (not used)  
    0.0000  !Molecular energy (not used)  
    2.6962  !Valency angle conjugation parameter  
  6    ! Nr of atoms; cov.r; valency;a.m;Rvdw;Evdw;gammaEEM;cov.r2;#  
            alfa;gammavdW;valency;Eunder;Eover;chiEEM;etaEEM;n.u.  
            cov r3;Elp;Heat inc.;n.u.;n.u.;n.u.;n.u.  
            ov/un;val1;n.u.;val3,vval4  
 C  1.3817   4.0000  12.0000   1.8903   0.1838   0.9000   1.1341   4.0000 
      9.7559   2.1346   4.0000  34.9350  79.5548   5.9666   7.0000   0.0000 
      1.2114   0.0000 202.5551   8.9539  34.9289  13.5366   0.8563   0.0000 
     -2.8983   2.5000   1.0564   4.0000   2.9663   0.0000   0.0000   0.0000 
 H   0.8930   1.0000   1.0080   1.3550   0.0930   0.8203  -0.1000   1.0000 
      8.2230  33.2894   1.0000   0.0000 121.1250   3.7248   9.6093   1.0000 
     -0.1000   0.0000  61.6606   3.0408   2.4197   0.0003   1.0698   0.0000 
    -19.4571   4.2733   1.0338   1.0000   2.8793   0.0000   0.0000   0.0000 
 O   1.2450   2.0000  15.9990   2.3890   0.1000   1.0898   1.0548   6.0000 
      9.7300  13.8449   4.0000  37.5000 116.0768   8.5000   8.3122   2.0000 
      0.9049   0.4056  59.0626   3.5027   0.7640   0.0021   0.9745   0.0000 
     -3.5500   2.9000   1.0493   4.0000   2.9225   0.0000   0.0000   0.0000 
 Mg  0.0001   2.0000  24.3050   2.2494   0.1830   0.4805   1.0000   2.0000 
     10.8448   4.4030   3.0000  38.0000   0.0000   0.1595   6.1918   0.0000 
     -1.3000   0.0000  34.5160  49.9248   0.3370   0.0000   0.0000   0.0000 
    -16.6849   2.3663   1.0564   6.0000   2.9663   0.0000   0.0000   0.0000 
 Cl  0.0010   1.0000  35.4500   3.0207   0.0568   0.3640  -1.0000   7.0000 
     10.5008  10.1330   1.0000   0.0000   0.0000  10.0000   6.0403   2.0000 
     -1.0000   0.0100  35.1770   6.2293   5.2294   0.1542   0.8563   0.0000 
    -10.2080   2.9867   1.0338   6.2998   2.5791   0.0000   0.0000   0.0000 
 X   -0.1000   2.0000   1.0080   2.0000   0.0000   1.0000  -0.1000   6.0000 
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     10.0000   2.5000   4.0000   0.0000   0.0000   8.5000   1.5000   0.0000 
     -0.1000   0.0000 127.6226   8.7410  13.3640   0.6690   0.9745   0.0000 
    -11.0000   2.7466   1.0338   6.2998   2.8793   0.0000   0.0000   0.0000 
 13      ! Nr of bonds; Edis1;LPpen;n.u.;pbe1;pbo5;13corr;pbo6  
                         pbe2;pbo3;pbo4;n.u.;pbo1;pbo2;ovcorr  
  1  1 158.2004  99.1897  78.0000  -0.7738  -0.4550   1.0000  37.6117   0.4147 
         0.4590  -0.1000   9.1628   1.0000  -0.0777   6.7268   1.0000   0.0000 
  1  2 169.4760   0.0000   0.0000  -0.6083   0.0000   1.0000   6.0000   0.7652 
         5.2290   1.0000   0.0000   1.0000  -0.0500   6.9136   0.0000   0.0000 
  2  2 153.3934   0.0000   0.0000  -0.4600   0.0000   1.0000   6.0000   0.7300 
         6.2500   1.0000   0.0000   1.0000  -0.0790   6.0552   0.0000   0.0000 
  1  3 158.6946 107.4583  23.3136  -0.4240  -0.1743   1.0000  10.8209   1.0000 
         0.5322  -0.3113   7.0000   1.0000  -0.1447   5.2450   0.0000   0.0000 
  3  3 142.2858 145.0000  50.8293   0.2506  -0.1000   1.0000  29.7503   0.6051 
         0.3451  -0.1055   9.0000   1.0000  -0.1225   5.5000   1.0000   0.0000 
  2  3 160.0000   0.0000   0.0000  -0.5725   0.0000   1.0000   6.0000   0.5626 
         1.1150   1.0000   0.0000   1.0000  -0.0920   4.2790   0.0000   0.0000 
  2  4   0.0000   0.0000   0.0000   0.5000  -0.2000   0.0000  16.0000   0.5000 
         1.0001  -0.2000  15.0000   1.0000  -0.1000  15.0000   0.0000   0.0000 
  3  4 109.5861   0.0000   0.0000   0.8993  -0.3000   1.0000  36.0000   0.1051 
         1.3361  -0.2500  12.0000   1.0000  -0.1932   5.0033   1.0000  24.4461 
  4  4   0.0000   0.0000   0.0000   0.5000  -0.2000   0.0000  16.0000   0.5000 
         1.0001  -0.2000  15.0000   1.0000  -0.1000  15.0000   0.0000   0.0000 
  2  5 150.6697   0.0000   0.0000  -0.6499  -0.2000   0.0000  16.0000   0.8645 
         3.8414  -0.2000  15.0000   1.0000  -0.2000   6.8063   0.0000   0.0000 
  3  5   0.0000   0.0000   0.0000   0.5000  -0.2000   0.0000  16.0000   0.5000 
         1.0001  -0.2000  15.0000   1.0000  -0.1000  15.0000   0.0000   0.0000 
  4  5  91.4485   0.0000   0.0000   0.5718  -0.2000   0.0000  16.0000   0.1109 
         1.1204  -0.2000  15.0000   1.0000  -0.0970   5.0023   0.0000   0.0000 
  5  5   0.0000   0.0000   0.0000   0.5000  -0.2000   0.0000  16.0000   0.5000 
         1.0001  -0.2000  15.0000   1.0000  -0.1000  15.0000   0.0000   0.0000 
  8    ! Nr of off-diagonal terms; Ediss;Ro;gamma;rsigma;rpi;rpi2  
  1  2   0.1239   1.4004   9.8467   1.1210  -1.0000  -1.0000 
  2  3   0.0283   1.2885  10.9190   0.9215  -1.0000  -1.0000 
  1  3   0.1156   1.8520   9.8317   1.2854   1.1352   1.0706 
  2  4   0.0200   1.4000   9.0000   0.0001  -1.0000  -1.0000 
  3  4   0.3323   1.5467  11.9577   1.4385  -1.0000  -1.0000 
  2  5   0.1695   1.6156   9.7834   1.4740  -1.0000  -1.0000 
  3  5   0.1491   2.3500  10.1159  -1.0000  -1.0000  -1.0000 
  4  5   0.2823   1.7792  11.9433   1.4635  -1.0000  -1.0000 
 33    ! Nr of angles;at1;at2;at3;Thetao,o;ka;kb;pv1;pv2;val(bo)  
  1  1  1  59.0573  30.7029   0.7606   0.0000   0.7180   6.2933   1.1244 
  1  1  2  65.7758  14.5234   6.2481   0.0000   0.5665   0.0000   1.6255 
  2  1  2  70.2607  25.2202   3.7312   0.0000   0.0050   0.0000   2.7500 
  1  2  2   0.0000   0.0000   6.0000   0.0000   0.0000   0.0000   1.0400 
  1  2  1   0.0000   3.4110   7.7350   0.0000   0.0000   0.0000   1.0400 
  2  2  2   0.0000  27.9213   5.8635   0.0000   0.0000   0.0000   1.0400 
  1  1  3  49.6811   7.1713   4.3889   0.0000   0.7171  10.2661   1.0463 
  3  1  3  77.7473  40.1718   2.9802 -25.3063   1.6170 -46.1315   2.2503 
  2  1  3  65.0000  13.8815   5.0583   0.0000   0.4985   0.0000   1.4900 
  1  3  1  73.5312  44.7275   0.7354   0.0000   3.0000   0.0000   1.0684 
  1  3  3  79.4761  36.3701   1.8943   0.0000   0.7351  67.6777   3.0000 
  3  3  3  80.7324  30.4554   0.9953   0.0000   1.6310  50.0000   1.0783 
  1  3  2  70.1880  20.9562   0.3864   0.0000   0.0050   0.0000   1.6924 
  2  3  3  75.6935  50.0000   2.0000   0.0000   1.0000   0.0000   1.1680 
  2  3  2  85.8000   9.8453   2.2720   0.0000   2.8635   0.0000   1.5800 
  1  2  3   0.0000  25.0000   3.0000   0.0000   1.0000   0.0000   1.0400 
  1  2  4   0.0000   0.0019   6.0000   0.0000   0.0000   0.0000   1.0400 
  3  2  3   0.0000  15.0000   2.8900   0.0000   0.0000   0.0000   2.8774 
  2  2  3   0.0000   8.5744   3.0000   0.0000   0.0000   0.0000   1.0421 
  2  4  2   0.0000  49.8261   0.2093   0.0000   2.0870   0.0000   2.2895 
  2  2  4   0.0000  40.0366   3.1505   0.0000   1.1296   0.0000   1.1110 
  4  2  4   0.0000   0.5047   0.8000   0.0000   0.8933   0.0000   4.6650 
  2  4  4   0.0000   8.7037   0.0827   0.0000   3.5597   0.0000   1.1198 
  3  4  3  27.8956  19.9350   7.9300   0.0000   0.3049   0.0000   1.1618 
  4  3  4  63.5380  23.5645   8.1273   0.0000   3.9792   0.0000   1.0423 
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  2  3  4  32.9219  14.1941   7.3195   0.0000   2.7588   0.0000   1.2741 
  2  4  3   0.0000  35.0000   0.3447   0.0000   1.0000   0.0000   1.9494 
  3  3  4  70.0000  20.0000   1.0000   0.0000   1.0000   0.0000   1.2500 
  3  2  5   0.0000   0.5102   0.0100   0.0000   0.0000   0.0000   1.3399 
  5  2  5   0.0000   5.0000   1.0000   0.0000   1.0000   0.0000   1.2500 
  4  5  4   4.2970   4.6210   7.7031   0.0000   1.0000   0.0000   4.4723 
  5  4  5  16.1306  12.6705   4.1910   0.0000   1.0000   0.0000   1.0779 
  3  4  5   5.7741  14.7336   1.0487   0.0000   1.0000   0.0000   1.0000 
 29    ! Nr of torsions;at1;at2;at3;at4;;V1;V2;V3;V2(BO);vconj;n.u;n  
  1  1  1  1  -0.2500  34.7453   0.0288  -6.3507  -1.6000   0.0000   0.0000 
  1  1  1  2  -0.2500  29.2131   0.2945  -4.9581  -2.1802   0.0000   0.0000 
  2  1  1  2  -0.2500  31.2081   0.4539  -4.8923  -2.2677   0.0000   0.0000 
  1  1  1  3  -0.3495  22.2142  -0.2959  -2.5000  -1.9066   0.0000   0.0000 
  2  1  1  3   0.0646  24.3195   0.6259  -3.9603  -1.0000   0.0000   0.0000 
  3  1  1  3  -0.5456   5.5756   0.8433  -5.1924  -1.0180   0.0000   0.0000 
  1  1  3  1   1.7555  27.9267   0.0072  -2.6533  -1.0000   0.0000   0.0000 
  1  1  3  2  -1.4358  36.7830  -1.0000  -8.1821  -1.0000   0.0000   0.0000 
  2  1  3  1  -1.3959  34.5053   0.7200  -2.5714  -2.1641   0.0000   0.0000 
  2  1  3  2  -2.5000  70.0597   1.0000  -3.5539  -2.9929   0.0000   0.0000 
  1  1  3  3   0.6852  11.2819  -0.4784  -2.5000  -2.1085   0.0000   0.0000 
  2  1  3  3   0.1933  80.0000   1.0000  -4.0590  -3.0000   0.0000   0.0000 
  3  1  3  1  -1.9889  76.4820  -0.1796  -3.8301  -3.0000   0.0000   0.0000 
  3  1  3  2   0.2160  72.7707  -0.7087  -4.2100  -3.0000   0.0000   0.0000 
  3  1  3  3  -2.5000  71.0772   0.2542  -3.1631  -3.0000   0.0000   0.0000 
  1  3  3  1   2.5000  -0.6002   1.0000  -3.4297  -2.8858   0.0000   0.0000 
  1  3  3  2  -2.5000  -3.3822   0.7004  -5.4467  -2.9586   0.0000   0.0000 
  2  3  3  2   2.5000  -4.0000   0.9000  -2.5000  -1.0000   0.0000   0.0000 
  1  3  3  3   1.2329  -4.0000   1.0000  -2.5000  -1.7479   0.0000   0.0000 
  2  3  3  3   0.8302  -4.0000  -0.7763  -2.5000  -1.0000   0.0000   0.0000 
  3  3  3  3  -2.5000  -4.0000   1.0000  -2.5000  -1.0000   0.0000   0.0000 
  0  1  2  0   0.0000   0.0000   0.0000   0.0000   0.0000   0.0000   0.0000 
  0  2  2  0   0.0000   0.0000   0.0000   0.0000   0.0000   0.0000   0.0000 
  0  2  3  0   0.0000   0.1000   0.0200  -2.5415   0.0000   0.0000   0.0000 
  0  1  1  0   0.0000  50.0000   0.3000  -4.0000  -2.0000   0.0000   0.0000 
  0  3  3  0   0.5511  25.4150   1.1330  -5.1903  -1.0000   0.0000   0.0000 
  1  1  3  3  -2.0000  73.0530   1.5000  -9.0000  -2.0000   0.0000   0.0000 
  1  3  3  1   0.0002  80.0000  -1.5000  -2.5000  -2.0000   0.0000   0.0000 
  3  1  3  3  -1.8835  20.0000   1.5000  -9.0000  -2.0000   0.0000   0.0000 
  3    ! Nr of hydrogen bonds;at1;at2;at3;Rhb;Dehb;vhb1  
  3  2  3   2.1200  -3.5800   1.4500  19.5000 
  3  2  5   1.8833  -3.6250   1.4500  19.5000 
  5  2  3   1.8487  -0.0100   1.4500  19.5000 
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Figure D.1: Comparison of the ∠O-Mg-O and ∠H-O-Mg bending curves of
MgCl2·2H2O obtained from DFT and ReaxFF.
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Figure D.2: Comparison of the ∠O-Mg-Cl bending curves of MgCl2 hydrates obtained
from DFT and ReaxFF.
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obtained from DFT and ReaxFF.
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Figure D.4: Comparison of barriers for proton transfer in the MgCl2·2H2O + H2O sys-
tem obtained from DFT and ReaxFF.
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and broken lines, respectively. Blue broken lines represent intra-molecular hydrogen
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Figure E.4: The molecular structure of several higher hydrates of CM2 obtained from the
GGA-DFT. Bond lengths < 2.5 Å and > 2.5 Å are represented as continuous and broken
lines, respectively. Blue broken lines represent intra-molecular hydrogen bond lengths
(in Å). The Bader atomic charges are also displayed.
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ICOOP/ICOHP ICOOP/ICOHP
Molecule Bond pair CM1 CM2
8W Ca-Cl 0.02/-0.785 0.02/-0.669
8W Ca-Cl 0.02/-0.825 0.03/-0.864
8W Ca-Cl 0.02/-0.652 0.02/-0.637
10W Ca-Cl 0.02/-0.782 0.02/-0.669
10W Ca-Cl 0.02/-0.765 0.01/-0.726
10W Ca-Cl 0.01/-0.689 0.04/-0.908
12W Ca-Cl 0.02/-0.717 0.02/-0.775
12W Ca-Cl 0.02/-0.717 0.02/-0.778
12W Ca-Cl 0.02/-0.718 0.02/-0.776
8W Mg-Cl 0.01/-0.082 0.04/-0.825
8W Mg-Cl 0.01/-0.098 0.04/-0.733
8W Mg-Cl 0.07/-1.244 0.05/-0.856
10W Mg-Cl 0.01/-0.055 0.04/-0.788
10W Mg-Cl 0.07/-1.144 0.05/-0.927
10W Mg-Cl 0.01/-0.052 0.05/-0.889
12W Mg-Cl 0.00/-0.030) 0.05/-0.884
12W Mg-Cl 0.00/-0.029) 0.05/-0.888
12W Mg-Cl 0.00/-0.031 0.05/-0.889
8W Mg/Ca-O 0.04/-0.879 0.00/-0.366
8W Mg/Ca-O 0.03/-0.782 0.00/-0.345
8W Mg/Ca-O 0.03/-0.740 0.00/-0.364
8W Mg/Ca-O 0.03/-0.789 0.00/-0.423
10W Mg/Ca-O 0.04/-0.793 0.00/-0.025
10W Mg/Ca-O 0.03/-0.734 0.00/-0.373
10W Mg/Ca-O 0.02/-0.627 0.00/-0.554
10W Mg/Ca-O 0.03/-0.786 0.00/-0.527
10W Mg/Ca-O 0.02/-0.648 0.00/-0.028
12W Mg/Ca-O 0.04/-0.862 0.00/-0.530
12W Mg/Ca-O 0.04/-0.851 0.00/-0.524
12W Mg/Ca-O 0.04/-0.859 0.00/-0.519
12W Mg/Ca-O 0.04/-0.862 0.00/-0.022
12W Mg/Ca-O 0.03/-0.717 0.00/-0.023
12W Mg/Ca-O 0.03/-0.707 0.00/-0.020

Table E.1: Integrated crystal orbital Hamilton population (ICOHP) and Integrated crys-
tal orbital overlap population (ICOOP) values in higher hydrates of CM1 and CM2. The
results for the CM1 are depicted with green color, while the ones for the CM2 with red
color
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BO BO BCP/L BCP/L
Bond pair n MgCl2 CaCl2 MgCl2 CaCl2
Mg-Cl/Ca-Cl 0 0.622 0.497 0.394/6.810 0.379/4.242
Mg-Cl/Ca-Cl 2 0.371 0.368 0.310/5.164 0.311/3.590
Mg-Cl/Ca-Cl 4 0.237 0.227 0.220/3.586 0.208/2.563
Mg-Cl/Ca-Cl 6 0.005 0.009
Mg-O/Ca-O 2 0.249 0.216 0.268/6.176 0.249/4.151
Mg-O/Ca-O 4 0.191 0.187 0.231/4.966 0.224/3.733
Mg-O/Ca-O 6 0.180 0.175 0.248/5.439 0.248/3.968
H-Cl 2 0.115 0.183/1.557
H-Cl 4 0.096 0.125 0.168/1.666 0.200/1.644
H-Cl 6 0.172 0.175 0.291/1.647 0.283/1.636

Table E.2: Bond order (BO), Bond critical point (BCP), and Laplacian (L) values in
MgCl2 and CaCl2 hydrates. The results for the MgCl2 are depicted with blue color,
while the ones for the CaCl2 with black color

n CM1 CM2
Dehydration 12 0.055 0.019
Dehydration 10 0.026 0.020
Dehydration 8 0.019 0.015
Hydro(Cont. HCl) 12 0.027 0.020
Hydro(Cont. HCl) 10 0.024 0.020
Hydro(Cont. HCl) 8 0.024 0.021
Hydro (Cont. H2O) 12 0.330 0.254
Hydro (Cont. H2O) 10 0.247 0.212
Hydro (Cont. H2O) 8 0.191 0.166

Table E.3: Gradient of various equilibrium curves in thermolysis of higher hydrates of
chemical mixture. The results for the CM1 are depicted with green color, while the ones
for the CM2 with red color

n CM1 CM2 CaCl2 MgCl2
Dehydration 6 0.022 0.031 0.028 0.030
Dehydration 4 0.017 0.014 0.028 0.020
Dehydration 2 0.007 0.012 0.012 0.008
Hydro (Cont. H2O) 6 0.106 0.131 0.123 0.133
Hydro (Cont. H2O) 4 0.059 0.067 0.067 0.075
Hydro (Cont. H2O) 2 0.024 0.034 0.026 0.025
Hydro (Cont. HCl) 6 0.019 0.023 0.022 0.024
Hydro (Cont. HCl) 4 0.018 0.020 0.020 0.023
Hydro (Cont. HCl) 2 0.023 0.032 0.025 0.023

Table E.4: Gradient of various equilibrium curves in thermolysis of lower hydrates of
chemical mixture. The results for the CM1 are depicted with green color, for the CM2
with red color, for CaCl2 with black color, and for the MgCl2 with blue color
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Figure E.5: Equilibrium product concentrations for the thermolysis (dehydra-
tion/hydrolysis) of the higher hydrates of CM1 and CM2 at various temperatures and
constant partial pressure of hydrate, po = 1 atm.
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Summary

In silico characterization of chloride-based salt hydrates for
thermochemical heat storage: A multi-scale study
Renewable energy is an essential component of modern civilization as it de-
creases the fossil fuel dependency and also, decreases the harmful greenhouse
effect. Solar energy is an attractive source of renewable energy. Energy con-
sumption for providing thermal comfort in the built environment is volumi-
nous. Solar energy could be harvested to supply this energy demand. The
mismatch of solar demand and supply on seasonal basis is one of the major
challenges for its widespread application. Thermochemical materials (TCMs)
are used to store solar energy on seasonal basis. Salt hydrates are one class
of material used as TCM. They store solar energy in chemical form via a re-
versible dehydration/hydration reaction. Chloride based salt hydrates (CaCl2
and MgCl2) are potential candidate for seasonal heat storage. However, as a
side reaction to dehydration, hydrolysis (HCl formation) may occur in chlo-
ride based salt hydrates (specially in MgCl2 hydrates), affecting the durability
of the storage system.

For an efficient TMC based storage system, a systematic multiscale investi-
gation of material characteristic is essential, which provides insight of chemical
kinetics, mass and thermal transport. We have performed atomic scale Density
Functional Theory (DFT) calculations, which are upscaled to molecular level
via a Reactive force field (ReaxFF). The newly developed ReaxFF is used for
in-silico characterization of MgCl2 and CaCl2 hydrates.

On atomic scale, we performed a GGA-DFT level study to investigate the
various gaseous structures of MgCl2 and CaCl2 hydrates and to understand
the relative stability of their conformers. The hydration strength and relative
stability of conformers are dominated by electrostatic interactions. A wide net-
work of intramolecular homonuclear and heteronuclear hydrogen bonds is ob-
served in CaCl2 hydrates. Equilibrium product concentrations are obtained
during dehydration and hydrolysis reactions under various temperature and
pressure conditions. The trend of the dehydration curve with temperature in
CaCl2 hydrates is similar to the experiments. Comparing these results to those
of MgCl2 hydrates, we find that CaCl2 hydrates are more resistant towards
hydrolysis in the temperature range of 273 K - 800 K.

207



Summary

On molecular scale, we present the parameterization of a reactive force field
for MgCl2 hydrates to study the dehydration and hydrolysis kinetics of MgCl2
hydrates. The ReaxFF parameters have been derived by training against quan-
tum mechanics data obtained from DFT. The newly developed force field is
validated by examining the elastic properties of MgCl2 hydrates and the proton
transfer reaction barrier, which is important for the hydrolysis reaction. A bar-
rier of 20.24 kcal mol1 for the proton transfer in MgCl2·2H2O is obtained, which
is in good agreement with the barrier (19.55 kcal mol1) obtained from DFT.
Molecular dynamics simulations are performed using the newly developed
ReaxFF on 2D-periodic and 3D-periodic slabs of MgCl2 hydrates in the temper-
ature range 300-500 K. The diffusion coefficient of H2O, through MgCl2·H2O
is lower than through MgCl2·2H2O, and higher through MgCl2·4H2O when
compared with the diffusion coefficient through MgCl2·6H2O. Thus, it may
become a rate-limiting step in mono- and hexahydrate. The computed ther-
mal conductivity of MgCl2 hydrates ranges from 0.4 ± 0.06 W/mK, till 4 ± 0.6
W/mK, with an increase in thermal conductivity for higher hydrates. These
results indicate the validity of the ReaxFF approach for studying MgCl2 hy-
drates and provide important atomistic-scale insight of reaction kinetics, H2O
transport and thermal transport in these materials.

Surface defects and dislocations show a huge impact on the hydration and
dehydration behavior. The effect of MgCl2·2H2O vacancy defects and under-
hydrations layers have been investigated using Reax-MD simulations. The va-
cancies of MgCl2·2H2O molecules are characterized using Vibrational Density
Of States. The vacancy concentrations of MgCl2·2H2O molecules have been
varied from 1.38% to 4.16%, which result in a diffusivity enhancement from
32.9% to 107.7% when compared with perfect slab. The under-hydration at the
surface and the mid-layer also increases the diffusivity. The effects of exter-
nal conditions (temperature and vapor pressure) on H2O transport have been
investigated using Reax-MD simulations. The diffusion coefficient increases
with temperature and follows the Arrhenius law for all MgCl2 hydrates. Ex-
ternal water molecules impede the dehydration and promote the diffusion of
water.

Experimentally, it has been observed that a mixture of CaCl2 and MgCl2
hydrates exhibits better durability than their elemental salt hydrates. Our DFT
results show that the enthalpy change during proton formation (an important
step in hydrolysis) of MgCl2·2H2O is 42 % lower than that of CaCl2·2H2O.
This might indicate that hydrolysis can be minimized by appropriate chemical
mixing with other salts. We performed GGA-DFT calculations on the chem-
ical mixture of CaCl2 and MgCl2 hydrates. We have analyzed the optimized
structure, charge distribution, bonding indicators and harmonic frequencies
of various chemical mixtures hydrates. We have evaluated the equilibrium
product concentration of dehydration/hydrolysis of the chemical mixture un-
der a wide range of operating conditions. We observed that chemical mixing
increases the onset of hydrolysis temperature up to 79 K thus increased the
higher resistance to hydrolysis than elemental salt hydrates, which depends
on the chemical composition. Chemical mixing of salt hydrates also widens
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the operating temperature range of TCM based heat storage systems.
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