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Abstract

Modelling the Chloride Process
for Titanium Dioxide Synthesis

Richard Henry West

This dissertation is about the gas-phase oxidation of titanium tetrachlo-
ride, used industrially to produce titanium dioxide particles:

TiCl4 + O2 → TiO2 + 2Cl2.

Thermochemical data for intermediate TixOyClz species are calculated
using quantum chemistry (mostly density functional theory) and statisti-
cal thermodynamics. By comparing results from three different density
functionals, isodesmic and isogyric reactions are shown to be very im-
portant for determining standard enthalpies of formation of these species.
The energy of TiOCl2, important both in the chemical mechanism and in
determining standard enthalpies of other species, is determined more ac-
curately using coupled cluster CCSD(T) calculations.

Predictions of chemical equilibrium composition help to identify likely
intermediate species and give clues to the critical nucleus size, above
which a molecule can safely be treated as a particle.

For the first time, a detailed kinetic model for this system is constructed
from spin-permitted elementary reactions; it rapidly converts TiCl4 to
oxygen-containing dimer species (Ti2OyClz). Flux and sensitivity analy-
ses guide the development of an improved kinetic model, which is com-
pared with experimental data from a rapid compression machine and a
plug flow reactor.

The gas-phase kinetic model is coupled to a particle population-
balance model (PBM), solved stochastically, using an existing operator-
splitting method; the coupling is improved by using an adaptive splitting-
step size. The PBM is extended to track sizes of primary particles
within each agglomerate particle; rules are provided for inception, surface
growth, coagulation, and sintering. This information is used to estimate
particle shapes and the coupled model is used to simulate laboratory and
industrial reactors.

It is impractical to extend the kinetic model beyond Ti2OyClz manually,
so steps are taken towards automating the process. A reaction mechanism
generator developed for hydrocarbons, RMG, is modified to model tita-
nium oxychlorides. An algorithm is presented for predicting molecular
geometries, enabling the automation of quantum chemistry calculations.
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Chapter 1

Introduction

“Titanium dioxide is a white pigment used in everything from
paint to paper. It coats the slick pages of fashion magazines.
It tints suntan lotion. It colors latex hospital gloves and eye
shadow. It coats synthetic fabrics so they don’t look shiny. It’s
the white in plastic picnic forks. It has replaced lead in paint
since 1974. It’s even the M on the M&Ms.” Savannah Morning
News

1.1 Problem statement

Most of the titanium dioxide in the world is produced by the chloride pro-
cess. In order to increase quality and cut production costs, industrial pro-
ducers would like to understand the process better. Experiments are hard
to perform due to the harsh conditions and short time-scales, so a com-
putational modelling approach is useful. The process starts with chemical
reactions in the gas phase, but particle processes such as coagulation are
also important in determining final product properties. The aim of this
thesis is to develop a detailed model that can improve our understanding
of the processes involved.

1



I. INTRODUCTION

1.2 Structure of thesis document

CHAPTER ONE is almost over; chapter 2 provides some context, and
chapter 3 discusses related work. The main body of the thesis is in

chapters 4 to 8.
Chapters 4, 5 and 6 describe development of a detailed kinetic model

for the gas-phase chemistry. Although they appear sequentially, the work
was done concurrently: species’s thermochemical data (chapter 4) are
required to perform equilibrium calculations (chapter 5), which suggest
likely reactions (chapter 6), which in turn suggest new species for charac-
terisation (chapter 4). 1

In chapter 7 the detailed kinetic model is coupled to a population bal-
ance model to simulate the whole system, including particle properties.
Chapter 8 returns to the world of kinetic model development, but this time
considers automating the procedure. Finally, chapter 9 suggests some av-
enues for further research and concludes the dissertation. A bibliography
and nomenclature can be found at the back.

1 This endless loop was in fact entered at the stage of equilibrium calculations (chap-
ter 5), using thermochemical data from the literature.
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Chapter 2

Background

2.1 What is titanium dioxide?

TITANIUM DIOXIDE is currently produced at a rate over 4 million tonnes
per year; half is used in paint, a quarter in plastics such as carrier bags

and refrigerator doors, and most of the rest in paper (figure 2.1), synthetic
fibres and ceramics (Emsley, 1999). It is also used as a catalyst support and
photocatalyst.

In order to manufacture titanium dioxide (TiO2, also called titania),
a source of titanium is required. Although titanium is the seventh most
abundant metal in the crust of the earth (Emsley, 1999), it is never found
in the pure state. Rather, it occurs as an oxide, in the minerals ilmenite

Figure 2.1: White paper, containing TiO2 pigment.

3



II. BACKGROUND

(FeTiO3), rutile (TiO2) or sphene (CaO–TiO2–SiO2). Reverend William Gre-
gor, a clergyman in Cornwall, discovered the first titanium ore, ilmenite,
in 1789 (Gregor, 1791; Trengove, 1972). Although most industrially pro-
duced TiO2 is in the rutile form, the rutile ore extracted from the ground
is too impure to be used directly as a pigment and must be processed just
like the other ores.

2.2 How is titanium dioxide made?

THERE are two processing routes for the industrial production of TiO2:
the sulphate process and the chloride process. In the sulphate pro-

cess, the titanium-containing ore is dissolved in sulphuric acid, giving a
solution of titanium, iron, and other metal sulphates. Through a series of
steps including chemical reduction, purification, precipitation, washing,
and calcination, pigment-sized TiO2 is produced.

The preferred production method for TiO2 pigment is the chloride pro-
cess. This centres on the gas-phase oxidation of titanium tetrachloride
(TiCl4). First, the impure TiO2 ore is chlorinated in a fluidised bed, co-fed
with coke to supply the heat:

TiO2 (impure) + 2Cl2 + C→ TiCl4 + CO2 (2.1)

The TiCl4 is purified by distillation, then oxidised at high temperatures
(1100–2000 K) to produce the purified TiO2 particles (Gonzalez et al., 1996;
Deberry et al., 2002). The pressure for carrying out the oxidation process
is usually at least 2–3 bar (Santos, 1970). The overall stoichiometry of this
oxidation process is:

TiCl4 + O2 → TiO2 (nanoparticles) + 2Cl2. (2.2)

The nanoparticles are cooled quickly and then milled to break large ag-
glomerates into ‘primary particles’ — single crystals that cannot easily be
broken apart further (see figure 2.2).

4



II. BACKGROUND

Figure 2.2: Transmission Electron Micrograph of TiO2 pigment parti-
cles after milling, provided by Tioxide Europe Limited.
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II. BACKGROUND

Reflection Refraction Diffraction

Mechanism Description Affected by:
Reflection Light reflects off particle surface Refractive index
Refraction Light bends when it enters and leaves a particle Refractive index
Diffraction Light bends when it passes near small particles Particle size

Figure 2.3: Light scattering mechanisms (based on DuPont Titanium
Technologies, 2002).

A variety of methods are used to supply the heat to start the high tem-
perature oxidation. The TiCl4 and O2 can be heated separately in heat-
exchangers then mixed in a reaction zone (Allen and Gergely, 1998). A
second method involves mixing purified carbon monoxide with the TiCl4
and performing controlled combustion with the O2, but the most efficient
method involves using an electric current to power a pure oxygen plasma,
into which the TiCl4 is injected (Boulos et al., 2006; Edwards, 2007).

2.3 Why improve it?

IN MOST of its applications, TiO2 is used as a pigment to scatter light.
TiO2 pigment scatters light by three mechanisms (figure 2.3): reflection

from the surface of a crystal, refraction within a crystal, and diffraction,
whereby light is bent as it passes near a crystal.

Reflection and refraction are maximized by increasing the difference
between the refractive index of the pigment and that of the polymer matrix
or other material in which it is dispersed; TiO2 is a good pigment because
it has a very high refractive index of 2.7. Light scattering by diffraction
is most effective when the pigment diameter is slightly less than half the

6



II. BACKGROUND

wavelength of the light to be scattered. Pigments containing smaller-sized
particles lead to finished products (e.g., paints, plastics, etc.) that tend
to have a bluish tint; pigments with larger-sized particles cause finished
products to have a more yellowish tint (Allen and Gergely, 1998). Careful
control of the particle size distribution (PSD) is therefore very important in
the production of pigmentary TiO2. Commercial TiO2 pigments have av-
erage diameters in the range 0.2–0.3 µm (DuPont Titanium Technologies,
2005).

Particle agglomeration can reduce product quality and rate of through-
put, and increase overall production costs. The particle agglomeration of
the pigment is typically measured in terms of its PSD (coarse fraction).
Pigments with low agglomeration (e.g., less than 30 weight-% of particles
have a particle diameter greater than 0.6 µm) lead to finished products
that tend to have high gloss. Pigments with greater particle agglomera-
tion lead to finished products with lower gloss (Allen and Gergely, 1998).
If there is extensive agglomeration of the TiO2, it must be milled or ground
in an energy intensive and expensive process such as fluid-energy milling
(Slepetys, 1968) or media milling (Niedenzu et al., 1996) to break apart ag-
glomerates, in order to achieve the desired pigment properties.

In the chloride process for producing TiO2, two crystal structures of
TiO2 may form: rutile and anatase. In certain situations anatase is the
preferred crystal structure; the paper on which this thesis is printed (fig-
ure 2.1) contains mostly anatase TiO2, chosen to extend the life of the
cutting blades in the paper-mill. The same applies to the delustering of
textiles, where rutile TiO2 pigments tend to cause excessive wear of spin-
nerets, thread guides and needles used later in high-speed spinning and
garment-making processes (Millennium Inorganic Chemicals, 2008; Bou-
los et al., 2006). One possible explanation for the high abrasion proper-
ties of rutile TiO2 pigments is the multiple facets of the pigment particles
(Allen and Gergely, 1998). Also, anatase reflects more ultraviolet light than
rutile, making more ultraviolet light available for optical brighteners.

Generally, however, rutile TiO2 is preferred for its higher refractive in-
dex and lower photoactivity, meaning rutile pigments scatter light more

7
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efficiently and are more stable and less likely to catalyze photodegrada-
tion than anatase pigments (DuPont Titanium Technologies, 2005). Even
small amounts of anatase can decrease the durability of a finished TiO2

pigment.
To help control the particle properties, industrial producers use a range

of pixie dusts, mostly discovered by trial and error (Edwards, 2007). For
example, assuming that particle size is reduced by nucleating more parti-
cles earlier, then adding a nucleant to the oxygen stream will reduce the
pigment particle size. What makes a good nucleating agent? A Du Pont
patent reveals the current level of understanding:

By “nucleant”, it is meant any substance which can reduce
the particle size of the pigment such as metals, oxides, salts
or other compounds of sodium, potassium, lithium, rubidium,
cesium, calcium, barium, strontium, and the like or mixtures
thereof (Allen and Gergely, 1998)

Popular nucleants are CsCl and KCl. Wilson et al. (1969) suggest generat-
ing a nucleating agent for a plasma reactor by carefully choosing the metal
used to make the electrodes, which are gradually eroded with use.

Allen and Gergely (1998) describes a process in which BCl3 is added
downstream of the reaction zone but before the cooler, to produce TiO2

particles with 0.1 weight-% B2O3, which have a lower coarse fraction (less
agglomeration) and thus better pigmentary properties.

One of the most important ingredients in the reaction mix is AlCl3
which, when supplied at a rate such that about 0.5 to 2 weight-% of the
pigment is Al2O3, causes all the TiO2 to be in the rutile form rather than
anatase (Hartmann, 1996).

8



II. BACKGROUND

2.4 Why model it?

SO FAR this chapter has established that millions of tonnes of particulate
TiO2 are produced through the chloride process, and that the size and

shape of these particles affects properties important to both the industrial
processing and the final product, such as ease of milling (Gonzalez et al.,
1996) and opacity of the powder (Deberry et al., 2002). This chapter has
also established that there are many things used to control these particle
properties, such as reactor conditions and chemical additives.

Although it has been used in industry for decades (Willcox, 1957), the
chloride process is poorly understood and experimental optimization is
incremental and costly — as revealed by 50 years of patent literature. As
such, the ability to simulate a multi-variate distribution (for example mass,
surface area, amount of agglomeration) of a population of nanoparticles
created in this process would help efforts to improve the final product and
save energy.

It has been demonstrated that the relative rates of gas-phase reactions
leading to particle nucleation, surface reactions leading to particle growth,
and particle agglomeration and sintering are all important in determining
the final product properties (Pratsinis and Spicer, 1998; Spicer et al., 2002;
Morgan et al., 2006). Because all of these processes play a rôle, it is im-
portant that a comprehensive model includes details spanning all relevant
length and time scales.

9



Chapter 3

Related Work

Given the size and age of the titanium dioxide industry, there is remark-
ably little research in the literature.

3.1 Experimental work

EXPERIMENTAL investigations relevant to this study can be broadly di-
vided into two groups. The first group attempt to isolate individ-

ual processes and can provide rates and parameters for the sub-models,
such as gas phase chemical kinetics, surface reactions, and sintering rates.
These will be discussed later alongside theoretical and simulation stud-
ies, grouped by process or sub-model. The second group of experiments
characterise whole systems, in known conditions, and can be used to val-
idate overall multi-scale models. These typically try to measure particle
size and morphology in either flow-tube apparatuses or diffusion flames.

TiO2 particle formation experiments are most commonly performed in
tubular reactor apparatus. These consist of a tubular reactor heated with
external heating elements or a furnace (figure 3.1). The reactants are usu-
ally heavily diluted with argon and are relatively cold when they enter
the reactor at one end, although some variations allow pre-heating of re-
actants (Jang and Jeong, 1995). Pratsinis et al. (1990) used such an appa-
ratus to measure the overall reaction rate; a similar study was done by
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M. K. Akhtar, S. E. Pratsinis, and S. V. R. Mastrangelo: Vapor phase synthesis of Al-doped titania powders
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FIG. 1. Schematic of the apparatus used in the synthesis of Al-doped titania powders.

specific surface area. Powder density and porosity

were measured by a helium pycnometer (Micromeritics

Inc.) and a mercury porosimeter (Quantachrome Inc.),

respectively.

IV. RESULTS AND DISCUSSION

A. Morphology and chemical composition

In the absence of aluminum chloride, the product

titania particles are agglomerates consisting of small (pri-

mary) particles with well-defined edges (Fig. 2), as has

been shown by Suyama and Kato17 and Akhtar et al.9

0.1 urn

FIG. 2. TEM micrograph of undoped titania powders made at

1500 K.

Individual primary particles can be easily distinguished.

Introduction of AICI3 resulted in more round parti-

cles with increased neck formation and aggregation

[Fig. 3(a)]. Suyama and Kato17 have observed similar

effects on the morphology of titania particles synthesized

in the presence of aluminum bromide.

Mercury porosimetry and helium pycnometer mea-

surements showed that the powders were dense with

no micropores as the powder density was greater than

95% of the theoretical (4.26 g/cm3). The complete nit-

rogen adsorption isotherm for all powders was of

Type II providing further evidence that the powders

were nonporous.18

Figure 4 shows the effect of reactor temperature and

Al doping on particle morphology. While the shape of

the individual primary particles and the morphology of

the aggregate remain rather unaffected, the average pri-

mary particle size increased from 0.06 /xm at 1300 K to

0.09 yarn at 1700 K for AlCls/TiCU = 0.03. At higher

temperatures, the sintering rate increases resulting in

larger primary particles. Increasing the gas phase Al

concentration (from A i a 3 / T i a 4 ratio of 0.03 to 0.05)

had little effect on the primary particle size (0.067 ixm),

though the degree of aggregation was slightly enhanced

[Fig. 4(c)].

TEM pictures showed that the titania particles were

homogeneous and there was no indication of any phase

separation or the presence of a coating. Elemental

analysis (EDS) on the aggregate particles showed that

both aluminum and titanium were present (Fig. 5). The

analysis on individual particles did not reveal any

particles to be exclusively titania or alumina, indicating

J. Mater. Res., Vol. 9, No. 5, May 1994 1243

Figure 3.1: Typical apparatus for furnace-heated flow-tube reactor (from
Akhtar et al., 1994b).
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Nakaso et al. (2003), who also measured properties of the particles that
were generated. For determining reaction rate, the concentration of TiCl4
is typically measured using infra-red absorption spectroscopy. For char-
acterising properties of particles, a variety of techniques are used. The
crystal structure (anatase/rutile), for example, is determined using X-ray
diffraction (XRD).

Particle sizes are commonly measured using a differential mobility
analyser (DMA) (Akhtar et al., 1991), which measures the mobility of
charged particles in an electric field. Various assumptions must be made
to translate this mobility into a particle diameter. This is sometimes used
in conjunction with a condensation nucleus counter (Nakaso et al., 2001)
which condenses a liquid onto the particles making them easier to detect.
Use of a scanning mobility particle sizer (SMPS) for on-line measurement
of this process has also been demonstrated (Cheng et al., 2007) but the cor-
rosive product stream caused significant damage to the equipment.

Primary particle sizes are usually measured by analysing the images
from scanning electron microscopy (SEM) (Akhtar et al., 1991) or transmis-
sion electron microscopy (TEM) (Akhtar et al., 1994a; Ehrman et al., 1998).
Another tool is BET nitrogen absorption, used to measure the specific sur-
face area, from which primary particle size can be estimated (Kammler
et al., 2002).

Akhtar et al. (1991) used DMA, SEM and XRD to characterise particles
formed in a tubular flow reactor. Particle size increased with increased
temperature, TiCl4 concentration, and residence time. They later used
similar apparatus to measure the effects of water vapour (Akhtar et al.,
1994b) and of AlCl3 (Akhtar et al., 1994a). Introducing water vapour led to
rounder particles, mostly anatase, with larger aggregates but smaller pri-
mary particles. The AlCl3 doping led to rutile particles, which is its main
use in industry, but also larger primary particles. They suggest that the
oxygen vacancies caused by the trivalent Al dissolved in the solid titania,
increases the rate of oxygen diffusion and thence phase transformation
and sintering.

As well as flow-tube experiments, titania formation has been studied
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in a laminar diffusion flame with both TiCl4 (Pratsinis et al., 1996) and
titanium tetraisopropoxide (TTIP) (Arabi-Katbi et al., 2001) as precursors,
including studies on the effect external electric fields have on the flame
and particle properties (Kammler et al., 2002).

Teleki et al. (2008) measured flame-synthesized titania particle sizes be-
fore and after high-pressure dispersion, to assess the degree of hard- and
soft-aggregation. Hard aggregates consist of strongly bonded primary
particles, whereas soft agglomerates break apart when forced through a
nozzle at hundreds or thousands of bar pressure.

3.2 Population balance models

CONTROL of a particle size distribution requires an understanding of
the particle growth mechanism, regarding gas phase reaction and

coagulation versus surface growth. Is all solid mass created from the gas
phase in the form of small particles that grow by coagulation with other
particles, or is mass deposited directly on the surface of existing particles
causing them to grow without coagulation?

To answer such questions we have to model a population of parti-
cles undergoing processes such as inception (creation), growth, particle-
particle coagulation (a collision in which the particles stick together), and
sintering (in which an irregularly shaped particle becomes more spheri-
cal). This requires a population balance model. Prior to 1998 there were
conflicting accounts in the literature as to the relative importance of these
two particle growth mechanisms. For example George et al. (1973) con-
cluded that coagulation and sintering drove particle growth, whereas Jang
and Jeong (1995) proposed that inception and surface-growth dominated.
Pratsinis and Spicer (1998) reconciled the apparently conflicting results
by simulating both coagulation and surface growth together, and demon-
strating a dependence on TiCl4 concentration: at high concentrations TiCl4
is mostly consumed by surface reaction, but at low concentrations nuclei
grow by coagulation.
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The effects of nucleation from the gas phase, coagulation, surface
growth, and sintering have since been modelled many times in differ-
ent combinations (table 3.1). These models reveal that increasing process
temperature, pressure, or initial precursor concentration, enhances surface
growth leading to the formation of larger particles with narrower size dis-
tributions (Tsantilis and Pratsinis, 2004).

To model growth, a measure of particle size (e.g. mass, volume or diam-
eter) must be a variable. This is common to all models. To model sintering,
in which particles becomes more spherical and lose surface area, requires
an additional variable (e.g. surface area, number of primary particles, or
sphericity). Other variables can be added to track, for example, particle
temperatures (Mukherjee et al., 2003).

Monodisperse (0-dimensional) models track just the average proper-
ties of particles. A monodisperse model that tracks the average values of
two properties, such as volume and surface area, has been called a “0.2-
dimensional” model in table 3.1. One-dimensional population balances
track the distribution of particles with respect to one property — typically
mass or volume, or in general, size. An extension to the 1-D model is to
allow each size of particle to have a variable, but single, second param-
eter, such as average surface area (Tsantilis and Pratsinis, 2000) or num-
ber of primary particles (Park and Rogak, 2003). Although there are now
two variables, it is not a full 2-D population balance because particles of
a certain size cannot have a distribution of surface areas, only an average,
hence the term 1.1-dimensional. A 2-D model, however, solves a full 2-
dimensional population balance. The two independent variables are usu-
ally volume and surface area (Xiong and Pratsinis, 1993) or volume and
primary-particle volume (Heine and Pratsinis, 2007b).

The non-linear integro-differential equation which describes the evo-
lution of the two-dimensional particle size distribution (PSD) is difficult
to solve directly; a summary of solution techniques is given in a review
article by Kraft (2005). Many solution methods have been applied to pop-
ulation balances of this system, as shown in the last column in table 3.1.
Moment methods track just the first few moments of the size distribution,
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Table 3.1: TiO2 population balance models in the literature.
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PBE solution method
Akhtar et al. (1991) 1 × X X × × sectional
Xiong and Pratsinis (1991) 1 × X X × × sectional & moments
Xiong and Pratsinis (1993) 2 × X X × X sectional
Pratsinis and Spicer (1998) 0.2 × X X X × monodisperse
Tsantilis and Pratsinis (2000) 1.1 × X X × X sectional
Nakaso et al. (2001) 2 × X X × X sectional
Mühlenweg et al. (2002) 0.2/1.1/2 × X X × X sectional
Spicer et al. (2002) 1 × X X X × moving sectional
Tsantilis et al. (2002) 1.1 × X X X X moving sectional
Park and Rogak (2003) 1.1 × X X ?a X sectional
Tsantilis and Pratsinis (2004) 1 × X X X × moving sectional
Morgan et al. (2005) 2 × X X X X stochastic
Grass et al. (2006) 0.2 × X X × X monodisperse
Morgan et al. (2006) 1 × X X X ×b stochastic
Heine and Pratsinis (2007a) 2 × X X × X sectional
Heine and Pratsinis (2007b) 0.2 × X X × X monodisperse
West et al. (2007b)c 2+103 d X X X X X stochastic

a Treated using instant coalescence of small particles

b Instant partial sintering
c Work described in this thesis

d In addition to 2-D surface and volume, approximately 103 dimensions are used to
track the size of all primary particles within each agglomerate particle
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but can be solved quickly with an ordinary differential equation solver
(Xiong and Pratsinis, 1991). Sectional techniques divide the distribution
into sections, and track the number of particles in each section (Akhtar
et al., 1991); moving sectional techniques allow the boundaries between
the sections to move (Spicer et al., 2002). Sectional techniques can be solved
with common solvers for ordinary differential equations (ODEs), but the
computational cost scales with 2N where N is the number of dimensions,
and can require many sections to achieve reasonable accuracy.

Stochastic techniques have also been used to study this process
(Morgan et al., 2006), as well as to study the population balance of soot
formation in carbon systems, such as premixed laminar flames (Balthasar
and Kraft, 2003). Stochastic techniques do not suffer from the numerical
diffusion inherent in sectional methods, and, unlike moment methods, are
able to provide the full multivariate particle population density without
additional model constraints.

Such a stochastic population balance solver has been successfully cou-
pled to a deterministic solver for the gas-phase chemistry using operator
splitting (Celnik et al., 2007). This coupling to complex chemistry allows
stochastic simulations to compete in an area only accessible before by sec-
tional or moment methods.

The disadvantage of stochastic techniques for one-dimensional pop-
ulation balances is the additional computational time required for so-
lution, though various algorithmic enhancements have been developed
(Patterson et al., 2006). The major advantage of this stochastic technique
is the ease with which additional particle properties can be tracked, with
negligible increase in computational expense. This is used in the current
work to develop an algorithm which enables the tracking of primary par-
ticles within each agglomerate particle, as will be described in chapter 7.

Despite not being trivial, it is possible to incorporate stochastic al-
gorithms for population balances into a computational fluid dynamics
framework (Vikhansky and Kraft, 2003). Although not all issues are re-
solved, it is hoped that in this way, stochastic methods will be able to
bridge the gap between phases, and permit a complete description of the
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physics of TiO2 production across the hierarchy of length scales to be ob-
tained.

3.3 Gas-phase chemistry

ALTHOUGH the chloride process is a mature technology that has been
used in industry since 1958, understanding of the gas-phase reac-

tions of TiCl4 oxidation remains incomplete (Karlemo et al., 1996). The
overall stoichiometry of this process is:

TiCl4 + O2 → TiO2 (nanoparticles) + 2 Cl2. (3.1)

In the plasma reactor, millions of Ti atoms, which are initially dispersed
as TiCl4 gas, come together in less than 100 milliseconds to form parti-
cles typically on the order of 100 nm diameter. The rate of this reaction
(3.1) is expected to depend very strongly on the concentration of the ac-
tive titanium-containing species.

Existing models greatly simplify the chemical processes to a single step
(3.1) and are unable to capture the details of temperature and concentra-
tion dependencies. For example, the use of additives such as AlCl3 and
KCl to control the crystal structure and primary particle size of the prod-
uct is common in industry (Allen and Evers, 1992), but current modelling
methods can offer no insight into the underlying processes.

3.3.1 Rate measurement

The reaction kinetics are hard to measure experimentally, due to the high
temperatures, short reaction times, and the solid TiO2 product which can
rapidly cover or block all measurement equipment. The experimental data
that do exist however, is useful for validation of the proposed mechanism.
Pratsinis et al. (1990) deduced the overall oxidation kinetics of TiCl4 at 700–
1000 ◦C by measuring the concentration of unreacted TiCl4 leaving an alu-
mina plug flow reactor (figure 3.1), and found the overall reaction (3.1) to
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be first order with respect to TiCl4 and largely independent of O2 concen-
tration:

r = ktotal[TiCl4] (3.2)

where r is the rate of reaction (3.1) and [TiCl4] is the concentration of TiCl4.
They also found the rate coefficient ktotal to be well approximated by an
Arrhenius expression:

ktotal = A exp
(
−Ea

RT

)
(3.3)

where A is the pre-exponential factor, Ea is the activation energy, R is the
molar gas constant, and T is the temperature in Kelvin.

This rate expression for the overall reaction, with its corresponding
activation energy and pre-exponential factor (A = 8.26 × 104 s−1, Ea =
88.8 kJ/mol), has been the basis for many theoretical studies of TiO2

nanoparticle dynamics (Pratsinis and Spicer, 1998; Spicer et al., 2002; Tsan-
tilis and Pratsinis, 2004; Morgan et al., 2006). However, these experiments
were performed at temperatures much lower than those used in the indus-
trial process. Extrapolation of kinetic data to this degree must be treated
with caution. It is largely due to the difficulty of obtaining experimental
data at industrial conditions that a theoretical approach is required.

A PhD thesis from Case Western Reserve University in Ohio
(Raghavan, 2001) describes investigations of the kinetics of TiCl4 oxida-
tion using a rapid compression machine (RCM). A rapid compression ma-
chine is a useful tool for measuring gas-phase kinetics at high tempera-
tures and pressures, but at less expense than a shock-tube. The reactants
are loaded into a cylinder and are compressed suddenly using a piston,
driven by gas expanding in another cylinder. The sudden decrease in vol-
ume leads to a sharp increase in pressure and temperature, during which
time reaction occurs. It is difficult to control, or even measure, the exact
reaction conditions in an RCM, but there are some advantages over flow
tube experiments: temperatures closer to those of an industrial reactor can
be reached, and there are no hot walls to catalyse heterogeneous surface
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reactions that may compete with the gas-phase chemical reactions.

3.3.2 Chemical mechanism

While it is tempting to use a simplified overall reaction, it is worth re-
membering how complex the chemistry actually is: simple addition of wa-
ter (H2O) causes competition between hydrolysis and oxidation (Akhtar
et al., 1994b). At high H2O concentrations and low temperatures, hydrol-
ysis dominates and spherical anatase particles are produced. At low H2O
concentrations and high temperatures, oxidation dominates, and faceted
particles of rutile are produced. This cannot be modelled without a de-
tailed chemical kinetic model.

While helpful in explaining experimental observations, most attempts
at a chemical reaction mechanism have been at best approximations
or simplifications. Koukkari and Niemela (1997) included intermediate
species when they modelled the reaction in a plug-flow reactor using a
physico-chemical algorithm to estimate the reactor conditions, without
adopting any particular reaction mechanism. The rate of overall reac-
tion was again determined by the the first order expression (3.2) from
Pratsinis et al. (1990). The concentrations of the intermediate species were
then estimated by multi-component Gibbs free energy minimization, com-
monly used to find equilibrium compositions, which was additionally
constrained by the extent of overall reaction. The composition of the re-
actor ‘intermediate states’ was therefore an approximation; it did not ac-
count for individual intermediate reaction rates. It was also reliant on in-
complete thermochemical data.

Pratsinis et al. (1990) proposed a mechanism in which TiCl4 decom-
poses to TiClz radicals (z < 4) via thermal decomposition and abstraction
reactions. These radicals are then oxidized to various TiOyClz oxychlo-
rides (y ≤ 2, z < 4). The oxychlorides then dimerize to form TixOyClz

(x = 2, y ≤ 4) before reacting to yield species with x > 2, with subsequent
reactions resulting in (TiO2)n nanoparticles (n � 100). By grouping to-
gether all the TiClz radicals and all the titanium oxychlorides, and making
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simplifying assumptions, they were able to explain the observed depen-
dence on oxygen concentration of the apparent rate constant.

Of all the possible oxyhalide intermediates, only TiOCl2 has been ob-
served experimentally (y = 1, z = 2). It was detected in a mass spectrom-
etry study of TiCl4 reactions in an O2/Ar plasma (Karlemo et al., 1996)
and was also observed in a high temperature study of TiCl4, AlCl3, and
H2O by Hildenbrand et al. (1991). These observations led Karlemo et al.
(1996) to propose a mechanism with TiOCl2 and ClO as the dominating
intermediate species.

The literature does contain rate expressions for a few elementary re-
actions. For example, the rate of decomposition of TiClz=2,3,4 to TiClz−1

and Cl at 1000–1500 K, thought to be the initiating reaction in the mech-
anism, was predicted by Teyssandier and Allendorf (1998) using Rice-
Ramsberger-Kassel-Marcus (RRKM) theory for unimolecular reactions.
These calculated rates agree well with the high temperature shock tube
experiments of Herzler and Roth (2003).

Despite these proposed mechanisms, no detailed simulations have
been attempted due to a lack of thermochemical data for the intermedi-
ate species.

3.3.3 Thermochemistry

Despite the need for thermochemical data for the gas phase mechanism,
there have been few recent studies. Hildenbrand (1996) found new data
for TiCl, TiCl2 and TiCl3 by studying gaseous equilibria with mass spec-
trometry. Revised assumptions about molecular properties bring this
and previous studies into agreement, and suggest the ∆ f H◦ values for
TiClz=1,2,3 in the NIST-JANAF Thermochemical Tables (Chase Jr., 1998) are
33–42 kJ mol−1 (8–10 kCal mol−1) too low. This could have a significant
effect on the predicted equilibrium position of a reaction involving these
species.

Apart from the chlorides (TiClz), the only intermediate species with
any published thermochemical data are TiOCl and TiOCl2. The presence
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at detectable levels (Karlemo et al., 1996; Hildenbrand et al., 1991) of TiOCl2
suggests that it is likely to play an important role in the mechanism. Yet,
the only thermochemical data currently available for TiOCl2 and TiOCl,
which are from the NIST-JANAF tables (Chase Jr., 1998), were estimated
in 1963 with no explanation. For a detailed kinetic simulation to be at-
tempted, more accurate and extensive thermochemical data are required.

3.3.4 Quantum calculations

Given that current experimental techniques cannot easily provide detailed
thermochemical information for such short-lived reactive intermediates,
quantum calculations provide a useful complementary tool. Quantum
calculations have previously been applied to titanium oxide species, par-
ticularly in the context of nanoclusters. Albaret et al. (2000) studied both
stoichiometric and oxygen-rich small titanium oxide clusters (TinO2n+m,
n = 1..3, m = 0, 1) using pseudopotential plane-wave density functional
theory (DFT). Figure 3.2 shows their two lowest energy isomers of Ti2O4.
A later study by Jeong et al. (2000) found that the pyramidal C3v species
(figure 3.2B) is only reproducible with a small basis set and is unstable
when a higher level of theory is used. They found that Ti2O4 is very stable
relative to TiO2 due to the two-oxygen bridge between the titanium atoms
(figure 3.2A).

from the molecular dissociation energy which is largely
overestimated. In particular, the adiabatic electron affinity
and ionization potential agree very well with experimental
data. The computed gap G is also in reasonable agreement
with the experimental singlet–triplet splitting, especially
when considering that the latter includes thermal effects not
taken into account in our calculations.

Further tests were performed on bulk rutile, for which
the structural parameters are reproduced within 2% !experi-
mental estimates26 in brackets": a!4.52(4.594) Å; c
!2.89(2.958) Å; u!0.306(0.305). We stress that the opti-
mization of the structural parameters was performed by re-
laxing the internal degrees of freedom !i.e., the atomic posi-
tions" within the symmetry constraints. The same Ti and O
pseudopotentials were also used in the study of the !110"
surface of rutile TiO2. Details of the calculations are given in
Ref. 10.

Though the LSDA gives atomization energies which are
systematically larger than the experimental data,13 a better
estimate of the stability of TinO2n clusters can be provided
by the energy #E (mol) needed to form n isolated TiO2 mol-
ecules, normalized to n. Indeed, the atomization energy of
the TiO2 molecule is 17.31 eV, to be compared to the experi-
mental value 13.18 eV !see Table II". Similarly, the com-
puted cohesive energy of bulk rutile per unit cell !48.64 eV"
is much larger than its experimental counterpart !39.8 eV".26
However, for bulk rutile, the computed #E (mol)(7.01 eV), is
only 4% larger than the experimental value of 6.72 eV.
Therefore, in the following we evaluate the cohesive energy
of TinO2n clusters with respect to the TiO2 molecule, through
#E (mol), since this quantity is affected by much smaller sys-
tematic errors than the atomization energy.

III. RESULTS: STOICHIOMETRIC CLUSTERS
The complexity of the configuration space of the low-

energy isomers of TinO2n clusters is rapidly increasing as a
function of the size n. As a consequence, an extensive ab
initio search is expensive and not very effective. Therefore,
we adopt the following strategy: first, we rely on the geom-
etries of TinO2n obtained through an empirical Born–Mayer
potential by Yu and Freas.8 Additional configurations are
then built through an educated guess based on the knowledge

of the previous geometries and looking for structures with a
large number of Ti–O bonds, which might be reasonably
stable according to electrostatics. Afterwards, the geometries
of all these structures are refined through dynamical runs in
the DFT by using a low cutoff energy (Ecut!40 Ry). Some
starting geometries turn out to be unstable, and new configu-
rations, neither considered in previous works, nor present in
our initial set, are generated. From these runs, among the
many configurations, those lying in an energy interval of few
eV from the most stable one are kept, and more accurately
studied through better converged ab initio runs (Ecut
!60 Ry). Only these isomers will be discussed in the fol-
lowing sections.

None of the computed ground-state energies of the clus-
ters contains zero-point effects. The neutral clusters are clas-
sified according to their point groups and, when necessary, a
greek letter discriminates between isomers with the same
symmetry. Unless it is explicitly mentioned, the charged or
excited clusters considered in the following keep the point
group of their neutral parents. In the following, we denote
X(p) an atom of type X!X!O, Ti" p-fold coordinated. For
this purpose, we choose a Ti–O cutoff distance of 2.15 Å,
which is !10% larger than the equilibrium Ti–O bond
length in rutile.

A. Ti2O4

The two lowest energy isomers of Ti2O4 are drawn in
Fig. 1. As previously found in the case of Li2nOn clusters,27
a rather open configuration (C2h) competes with a more
compact one (C3v). The latter, apart from an exchange of Li
cations in Li4O2 with O anions in Ti2O4, is topologically
equivalent to C3v Li4O2, though the Ti–O bond has a more
covalent character than the Li–O bond.10 Equivalent shapes
have also been found for other oxide clusters having a 2:1
!1:2" stoichiometry,27,28 showing that these geometries are
especially stable for ionocovalent 2:1 !1:2" clusters.

The C2h configuration is found to be more stable than
the C3v one by 0.44 eV. It can be seen as two TiO2 mol-
ecules held together by two additional Ti–O bonds. Indeed,
the O–Ti–O angle $ !see Table III" is 111.3°, very close to
that in the TiO2 molecule !%!109.5°, see Table II", and the
O!1"–Ti!3" bond length !1.61 Å" is within 1% of the Ti–O
distance in the titanium dioxide molecule. Also typical is the
dilation of the bond lengths as the coordination numbers of
the two partner atoms increases: the Ti!3"–O!2" bond length !b
in Table III" is equal to 1.82 Å. The formation energy from
molecular TiO2 is reported in Table III. It is close to the

TABLE II. TiO2 molecule: Ti–O bond length dTi–O , O–Ti–O angle %,
frequency of the symmetric stretching mode vss , dissociation energy D,
adiabatic ionization potential Ia , adiabatic electron affinity Aa , and triplet–
singlet splitting G for the ground state of TiO2 molecule.

C2v TiO2 Expt. This work

dTi–O(Å) 1.62"0.08a 1.628
% 110"15b 109.5
vss (cm#1) 962b 1000
D (eV) 13.18"0.12a 17.31d
Ia (eV) 9.54"0.10a 9.55
Aa (eV) 1.59c 1.58
G !eV" 1.9c 2.35

aQuoted in Ref. 20.
bReference 23.
cReference 9.
dZero-point energy is not included.

FIG. 1. The two lowest energy isomers of Ti2O4 !Ti atoms are in gray and
O atoms in white". On the left: C2hTi2O4; on the right: C3vTi2O4. The
values of the bond lengths !a, b, c" and of the angles !$, &, '" are given in
Table III.

2240 J. Chem. Phys., Vol. 113, No. 6, 8 August 2000 Albaret, Finocchi, and Noguera
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Figure 3.2: The two lowest energy isomers of Ti2O4 as calculated by
Albaret et al. (2000). Ti atoms are in gray and O atoms in
white. On the left (A): C2hTi2O4; on the right (B): C3vTi2O4.
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The quantity ∆E(mol), which is the dissociation energy of TinO2n stoi-
chiometric clusters into n isolated TiO2 molecules, per formula unit, pro-
vides a measure of the cohesion of these clusters. For bulk rutile (n = ∞),
∆E(mol) = 676 kJ mol−1. For Ti2O4 (n = 2), ∆E(mol) = 267 kJ mol−1,
already 40% of the bulk rutile value, and for Ti3O6 (n = 3), ∆E(mol) =
359 kJ mol−1, over 50% of the rutile value . As can be seen from ∆E(mol),
even low values of n correspond to particles whose cohesion is beginning
to approach the level of bulk rutile. Although the Ti coordination number
is much lower in these clusters compared to bulk rutile, the small clus-
ters already exhibit remarkable stability gains. Woodley et al. (2006) re-
cently used DFT to study the minimum energy structures of slightly larger
(TiO2)n clusters (n = 1..8).

While these studies shed light on the electronic and structural prop-
erties of titania nanoclusters, chlorine-free molecules are not part of the
mechanisms proposed by Pratsinis or Karlemo, and are unlikely to play
an important role as intermediates in the chloride process (Pratsinis et al.,
1990; Karlemo et al., 1996).

While data are scarce regarding titanium oxychlorides, some quan-
tum chemical calculations have been performed on titanium chlorides.
Martinsky and Minot (2000) investigated various couplings of TiClz

species (z = 2, 3, 4) using pseudopotentials. On TiCl2 and TiCl3, radi-
cals bind directly to the titanium centre; TiCl4, which is valence satisfied,
is much less reactive. Heat of reaction of Cl· radical addition to TiClz is
−100.2, −103.7 and −1.9 kcal mol−1 for z = 2, 3 and 4 respectively. They
also found that TiClz=2,3,4 species form dimers, Ti2Cl2z, with coupling en-
ergies of −73.8, −73.4 and −46.0 kcal mol−1 respectively (figure 3.3). As
indicated by the heats of reaction, these dimers are slightly less reactive
than the mononuclear species when the adsorption modes are compara-
ble (proceeding via addition to a single Ti centre).

These studies all investigate the stability of structures based on elec-
tronic energy and provide insight regarding molecular bonding, but lack
the vibrational calculations required to find thermodynamic properties
such as C◦p, ∆ f H◦ and S◦.
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Table 4 TiCl bond distances in the bridges are longer than
TiCl bond distances (Å) those involving the terminal Cls. The increase of

the bridging TiMCl bonds relative to the bondMonomer Terminal Bridging Bulk
distance in the monomer represents 1.3 to 3.4%,

n=2 2.35 2.27 2.41–2.46 2.683 whereas the terminal TiMCl bond length decreases
n=3 2.26 2.21–2.23 2.40–2.53 2.464 by 3.8% (the bond distance decreases with the
n=4 2.20 2.16–2.19 2.40–2.85

coordination). The structure of (TiCl3)2 is similar,
with a more pronounced asymmetry. The energy
of the (m2)2 structure with C2v symmetry is onlyconnected through bridging chlorine atoms. The
3.1 kcal/mol above. The asymmetry of theunpaired electrons do not participate in the bond-
(m2)3 TiCl4 structure is the largest. The bridginging; the TiMTi overlap populations have negative
ligands from the symmetry plane appear to bevalues. Titanium cations and chloride anions
much more bound to the least coordinated tita-alternate as in the solid (Fig. 2).
nium atom (TiMCl=2.20 Å) than to the otherThe most stable optimised dimer structures have
one (TiMCl=2.85 Å) and the dimer, therefore,three (m2) bridging ligands with a Cs symmetry.
could as well be qualified as a (m2)2 structure. OnFor the dimer of TiCl2, the terminal chlorine is
the other hand, counting the elongated bond com-not collinear with the TiMTi bond but shifted
pletes the octahedral arrangement of the titaniumtowards the bridging ligand that also belongs to
on the left-hand side of Fig. 2.. The TiCl distancethe symmetry plane (TiTiCl=154°). The (m2)3 of 2.17 Å of the terminal chlorine of (TiCl−4 )2 isstructure is slightly asymmetrical, as found for
the shortest; it corresponds to the largest coordina-other dinuclear structures by Puhakka et al. [59].
tion for the titanium atom.This structure is a triplet and could be silent for

The coupling (see Table 5) is more importantelectron spin resonance because of a too broad
for the least coordinated species, (TiCl2)2 andsignal for observation [18]. The (m2)2 and (m2)4 (TiCl3)2, than for the (TiCl4)2. TiCl2 and TiCl3isomers with two or four bridging ligands are less

stable by 15.9 and 20.0 kcal/mol, respectively. The are solids while TiCl4 usually exists as a molecule.

Fig. 2. The optimised structures for the TiCl
n

dimers.

Figure 3.3: The optimized structures or the dimers of TiCln=2,3,4 from
Martinsky and Minot (2000).

3.4 Surface chemistry

TITANIUM DIOXIDE is one of the most investigated metal oxide sur-
faces; details can be found in a recent comprehensive review article

by Diebold (2003). Nevertheless, experimental investigations of the kinet-
ics of the surface growth of rutile TiO2 are scarce.

The rate of heterogenous TiO2 surface growth was investigated at 400–
850 ◦C (Ghoshtagore, 1970) and the presented first order rate expres-
sion has been used in most modelling papers since (Pratsinis and Spicer,
1998; Spicer et al., 2002; Tsantilis and Pratsinis, 2004; Morgan et al., 2006).
This extrapolation to higher temperatures should be treated with caution
however, especially as a change in behaviour above 850 ◦C is reported
(Ghoshtagore, 1970). A more detailed understanding of the elementary
steps involved in the surface growth will help to develop a more reliable
universal rate expression.

It is generally believed that after the seed is formed, TiCl4 adsorbs and
decomposes on the TiO2 surface and subsequently molecular chlorine des-
orbs, leaving titanium atoms on the surface (Pratsinis and Spicer, 1998).
This titanium-covered surface is then oxidised by molecular oxygen and
further TiCl4 can adsorb and decompose. A scheme of the presumed sur-
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face growth from layer n to layer n + 1 is given in Figure 3.4.

O2

Ti O2nn

TiCl4

2 Cl2

Ti On 2n-2

n := n+1

Ti On+1 2n

Figure 3.4: Surface reaction mechanism. Dotted box shows section stud-
ied by Inderwildi and Kraft (2007); solid box shows section
studied by West et al. (2007b).

The diffusion and desorption of chlorine from (figure 3.4, dotted box)
and the adsorption of oxygen on the reduced TiO2{110} surface (figure 3.4,
solid box) were both recently studied using plane-wave DFT (Inderwildi
and Kraft, 2007; West et al., 2007b). These studies showed that the oxida-
tion of the reduced TiO2{110} surface might be the rate determining step
in the formation of bigger nanoparticles. Firstly because the barrier for the
adsorption of oxygen is the highest, and secondly because the DFT calcu-
lations indicate that oxygen “pushes” the chlorine into a position from
which it can desorb more easily. The sequential scheme (figure 3.4) is
therefore a great simplification of the real mechanism. These findings lead
towards a better understanding of the surface mechanism, which should
in turn lead to an improved kinetic model for surface reactions in this sys-
tem.

24



III. RELATED WORK

3.5 Sintering

IN 1973 George et al. concluded that “the fusion behaviour of small par-
ticles relevant to high temperature aerosols requires further examina-

tion before further conclusions can be made [about the method of particle
growth].” There has been some further examination over the decades.
Readey and Readey (1987) did some experiments, Akhtar et al. (1994c) did
some Monte Carlo simulations, and Mukherjee et al. (2003) solved a popu-
lation balance that tracked temperature and the effect particle size has on
melting point. 33 years after the work of George et al. (1973), Grass et al.
(2006) showed the sintering rate is the main material parameter controlling
the formation of agglomerates, yet most population balance models still
use approximations based on questionable assumptions. Sintering, how-
ever, is not the topic of this thesis. The current model will be described in
§7.5.4.

3.6 Modelling approaches

STUDIES of nanoparticle formation in plasmas have been undertaken
for other species, such as titanium. Murphy’s (2004) theoretical study

of titanium nanoparticle formation from a TiCl4 plasma used three ap-
proaches: chemical equilibrium calculations, chemical kinetic calculations,
and a moment model of particle formation coupled to the gas-phase chem-
ical kinetic scheme. It is not strictly analogous to TiO2 nanoparticle forma-
tion, as the chemistry is complicated by the addition of oxygen; however,
this is roughly the approach that the following chapters will follow for the
formation of titanium dioxide nanoparticles.
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Chapter 4

Thermochemistry

In which quantum chemistry and statistical thermodynamics calcula-
tions are used to obtain thermochemical data for some titanium oxy-
chloride species, TixOyClz, which are needed for a detailed kinetic
model but were not previously reported in the literature.

4.1 Introduction

THE FOUNDATION of any detailed kinetic model is thermochemical
data for the reactive species. In their study of the Kinetics of Tita-

nium (IV) Chloride Oxidation, Pratsinis et al. (1990) lament that “the crit-
ical thermochemical data are not available to attempt a detailed kinetic
simulation.” The aim of the work in this chapter is to provide these critical
thermochemical data: data for some of the titanium oxychloride species
(TixOyClz) that will enable the development of more detailed kinetic mod-
els of the combustion of titanium tetrachloride. The list of species stud-
ied here may seem arbitrary until the reaction mechanism is described in
chapter 6, the work for which was necessarily done in parallel with this
work, despite being described in series.

This chapter begins with an explanation and description of quantum
chemistry calculations. Following that, the means for deriving, from these
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quantum calculations, the standard enthalpies of formation and varia-
tions with temperature are dealt with in turn. Finally the procedure is
described for fitting polynomials that are used to represent the derived
data in kinetic models. Each of these sections contains description of the
background theory, the procedures used, and the results obtained.

4.2 Quantum Chemistry

4.2.1 Background and theory

This section provides a brief introduction to the theory behind the quan-
tum chemical methods used in this work.

First Principles of Quantum Chemistry

In quantum chemistry the positions of nuclei and electrons within a sys-
tem are described by the wavefunction Ψ, which in principal can be found
by solving the molecular Schrödinger equation:

ĤΨ = EΨ (4.1)

where Ĥ is the molecular Hamiltonian operator and E is an eigenvalue of
Ĥ, giving the energy of the system. With this information (the positions of
the nuclei and electrons), the true values for all the molecular properties
of interest can be found. Unfortunately, because the Schrödinger equation
cannot be solved exactly for multi-electron atoms and molecules, approx-
imation methods are necessary. These approximations neglect or simplify
a variety of intra- and inter-atomic interactions.

Relativistic effects are neglected, as they only matter for very heavy
atoms where the electrons approach the speed of light. The molecular
Hamiltonian operator can then be written as (Pilar, 2001):

Ĥ = T̂n + V̂n + Ĥe (4.2)
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where T̂n represents the kinetic energy of the nuclei, V̂n represents the po-
tential energy of nuclear-nuclear repulsions, and and Ĥe represents all the
terms involving electons:

Ĥe = T̂e + V̂n-e + Ĥe-e. (4.3)

Here T̂e represents the kinetic energy of the electrons, V̂n-e represents
electron-nucleus attraction, and Ĥe-e represents the pairwise repulsion of
electrons.

The Born-Oppenheimer approximation neglects nuclei movement
thereby separating T̂n and V̂n from the problem. The ability to study elec-
trons in a field of stationary nuclei is based on the separation of time-
scales; electrons respond very fast to the slow movements of nuclei, to
the extent that one can assume that the electrons are always in their most
stable configuration for a given nuclear position. This approximation is
generally good, although it does not hold when there are two electronic
states with very similar energies, as then even small perturbations, such
as electron-nucleus interactions, can be important.

The terms in the electronic Hamiltonian operator representing the ki-
netic energy of the electrons (T̂e) and the electron-nucleus attraction (V̂n-e)
act on one electron at a time. The computational bottle-neck is the pair-
wise repulsion of electrons, Ĥe-e, which depends on the coordinates of two
electrons at the same time.

The orbital approximation assumes that each electron moves in its own
orbital. The electron-electron interactions are de-coupled by treating the
interaction between one electron and all the others in an average way: each
electron interacts with the potential field caused by the average position
of all the other electrons, i.e. the electrons are uncorrelated. This reduces
the Ĥe-e term to an electric potential term V̂e. This approximation regard-
ing uncorrelated electrons is a major limitation, leading to a “correlation
error”. Approaches for correcting this error will be described later.

To find each electron orbital, the average electric potential due to all
other electron orbitals has to be known, but initially none of these are
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known. Trial orbitals are used which are modified iteratively until a self-
consistent field (SCF) is found. This is known as the Hartree-Fock (HF)
method, the most common ab initio method.

To find the wavefunction (Ψ) we express it as a linear combination of
basis functions, which can be thought of as atomic orbitals, and search for
the set of coefficients that gives the best combination. The HF method re-
lies on the Variation Principle, which states that the the SCF with the low-
est energy is the most accurate approximation to the true wavefunction.
The linear combination of basis functions which leads to the SCF with the
lowest energy is the best approximation.

Perturbation theory

Møller-Plesset Perturbation theory adds successive improvements to the
Hartree-Fock wavefunction and energy to try to correct for the correlation
error. The perturbed wave function and perturbed energy are expressed
as a power series, usually to second (MP2), third (MP3) or fourth (MP4) or-
der. Beyond MP2 the theory is not always convergent (precision does not
always improve), although computational cost always increases. These
“post-Hartree-Fock” calculations are very slow.

Coupled Cluster methods

Other post-Hartree-Fock methods for estimating electron correlation are
the coupled cluster (CC) methods. These allow for correlation between
clusters, or groups, of molecular orbitals. The abbreviations for these
methods indicate the size of the clusters considered: Singles – S, Doubles
– D, Triples – T, Quadruples – Q. For example, CCSD includes the correla-
tion of electrons in each individual orbital, as well as the pairwise correla-
tion of electrons in every possible pair of orbitals. This is roughly equiv-
alent to what MP2 tries to estimate. CCSDT would also include contribu-
tions from all possible groupings of three molecular orbitals. The inclusion
of all n levels of excitation for an n-electron system would give the exact
solution of the Schrödinger equation, within the given basis set. How-
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ever, because the number of possible groupings increases rapidly with the
size of the group, these methods scale poorly as the number of excitations
considered is increased, and it is very rare to exceed CCSDT. Parentheses
in the acronym indicate that an effect is estimated with perturbation the-
ory, e.g. CCSD(T). This particular level of theory is often called the “gold
standard” of quantum chemistry because of its high accuracy and feasi-
ble computational cost, although, scaling as n7 with the number of basis
functions, even this can be unaffordable for large molecules.

Semi-empirical methods

Although they make approximations,“ab initio” methods such as Hartree
Fock use no empirical information, except for fundamental constants such
as the mass of an electron. To calculate the repulsion between each elec-
tron and all the others, these ab initio methods require the computation
of many integrals. In contrast,“semi-empirical” methods neglect some in-
tegrals (the Zero Differetial Overlap assumption) and other integrals are
replaced with parameters rather than being calculated. These parameters
have been determined empirically to fit the final results to experimental
data. Semi-empirical methods are much faster than ab initio methods, but
are less accurate and require the atoms of interest to be parameterised in
advance.

Density Functional Theory methods

Since the 1990s, Density Functional Theory (DFT) methods have often
been used instead of post-Hartree-Fock methods to calculate the electron-
electron correlation. These methods work directly with electron density
instead of with molecular wave functions.

The Hartree-Fock (HF) methods described above try to calculate the
exact energy of an approximate wavefunction. The energy is given exactly
by the Hamiltonian operator, but the wavefunction cannot be found with-
out the mean-field approximation. The wavefunction Ψ is a function of
the positions (xi, yi, zi) of each of the N electrons, and the energy E is a
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functional2 of Ψ:

Eexact (Ψ(x1, y1, z1, x2, y2, z2, . . . , xN, yN, zN)) . (4.4)

Although the exact form of E(Ψ) is known, it cannot be solved without
approximation.

In contrast, density functional methods calculate the energy, E, directly
from the electron density of the ground state, ρ, without the need to ap-
proximate the wavefunction. However, the functional used to find the
energy from the electron density is an approximation. According to the
Hohenberg-Kohn theorem, the functional E(ρ) does exist in principle; its
exact form however is unknown. Instead, a variety of appoximate func-
tionals have been developed to give good agreement with experimental
data and detailed quantum calculations at higher levels of theory. DFT
calculations are therefore not strictly ab initio.

In density functional theory, the electron density (ρ) is a function of
position (x, y, z), and the energy E is a functional of ρ:

Eapprox (ρ(x, y, z)) . (4.5)

Here E(ρ) is only an approximation, but can be solved exactly. Notice that
there are only three variables, compared to 3N for the HF method. For
large molecules, this makes DFT methods much faster than HF methods
of comparable accuracy. One disadvantage of DFT methods is the lack of
systematic improvement: with the HF methods one could continually add
another term to the perturbation or another excitation level to the cluster
operator, until satisfied that the change it makes is small; with DFT, al-
though some functionals are probably better than others, there is no way
to guarantee convergence upon the true value by changing functionals.

2 a functional is a function of a function
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Density functionals

A variety of density functionals E(ρ) have been proposed for the exchange
and correlation energies. In increasing order of complexity (and usually
accuracy):

Local-Density Approximation (LDA) functionals depend only on the
electron density at the coordinate where the functional is evaluated. This
works well predicting electronic band structures of solids, but is not good
for investigating molecules.

Generalized Gradient Approximation (GGA) functionals are still local,
but also take into account the gradient of the electron density as well as its
value. Examples include BLYP (named after Becke (1988) for the exchange
part and Lee, Yang and Parr (Lee et al., 1988) for the correlation part), and
the recently developed HCTH (Hamprecht et al., 1998; Boese and Handy,
2001).

Hybrid functionals combine DFT and HF methods; the exact energy
from Hartree-Fock theory is mixed in with the exchange energy from a
density functional. The amount of exact exchange energy mixed in is usu-
ally fitted to a training set of molecules. Hybrid functionals include B3LYP
— probably the most widely used density functional — and B97-1, a more
recent functional.

A discussion of the pros and cons of different functionals can be found
in the methods section of this chapter.

Basis sets

As mentioned above, the electronic wavefunction is expressed as a linear
combination of basis functions. The wavefunction is optimised (to find
the self-consistent field) by changing the coefficients for each of these ba-
sis functions. A larger set of basis functions (“basis set”) means more free-
dom to optimise the SCF and therefore a better approximation to the true
wavefunction, but at the cost of a longer calculation.

It is common to use basis functions centred on each atomic nucleus,
representing atomic orbitals. Initially the basis functions used were
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Slater-type orbitals (STOs), which decay exponentially with distance from
the nucleus. It is slow to calculate the overlaps and integrals of these STOs,
and a huge computational saving can be made by approximating each STO
with several Gaussian-type orbitals (GTOs), which are faster to evaluate.

A ‘minimal’ basis set has one atomic orbital for each electron. Each of
these orbitals might be an STO approximated by a fixed combination of N
Gaussian functions, giving the STO-NG basis set (N is typically 3, 4 or 6).

Since it is mostly the valence (outer shell) electrons which take part in
the bonding, it is beneficial to represent these valence electrons with more
than one basis function. This allows the SCF optimisation to move the or-
bital in response to its molecular environment, by varying the coefficients
for the two (or more) basis functions independently. Results obtained with
a split-valence basis set like this are a significant improvement on those
obtained with a minimum basis set.

The most common split-valence basis sets, and their notation, arise
from the group of John Pople. This notation will be explained here with
an example: the 6-311+G(d,p) basis set. The “G” specifies that the basis
set is made of Gaussian type orbitals (GTOs). The “6” specifies that the
core inner-shell orbitals each consist of a linear combination of six pre-
defined GTOs in a fixed ratio (6 Gaussians to integrate, one variable to
optimise – for each atomic orbital). The “311” (read “3–1–1”) indicates the
valence orbitals are each described by three independent basis functions:
one function constructed from three GTOs and two that are single GTOs
(5 Gaussians to integrate, 3 variables to optimise). The “+” indicates addi-
tion of a set of diffuse functions on the heavy atoms. This allows for cases
where electronic density is more spread out over the molecule. The “(d,p)”
adds a set of d orbitals to the atoms in the first and second rows (Li- Cl)
and a set of p functions to any hydrogen atoms. This allows for polari-
sation effects due to distortion of atomic orbitals when atoms are brought
together. All together the 6-311+G(d,p) is a large basis set which should
give reasonably accurate results. A discussion of the merits of certain basis
sets can be found in the methods section.

An alternative to evaluating Slater functions or combinations of Gaus-
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sian functions millions of times during the SCF calculation, is to store the
basis set numerically, and look up the results when needed. This is the
approach taken by DMol3 software. The atomic orbitals have been calcu-
lated in advance, a mesh constructed around the atoms, and the orbitals’
values and gradients stored as cubic splines at each mesh point. During
the DFT calculation, the results are merely looked up in a table, making
the process very fast.

The final piece of basis-set jargon the reader may find it helpful to
know, is pseudopotentials. Because the computational costs of many
quantum methods scale poorly with the number of basis functions, it is
sometimes beneficial to represent all the core electrons with pseudopoten-
tials. The Schrödinger equation then contains an altered “effective” poten-
tial from the nucleus and core electrons, and the usual terms for the core
electrons are removed.

4.2.2 Quantum Chemistry Methods

This subsection describes and discusses the tools and methods used in the
quantum chemistry calculations. The many pieces of software used in this
work are outlined, the typical procedure is described, and details are given
about the functionals, basis sets, and software settings employed.

Software

GAMESS stands for the General Atomic and Molecular Electronic Struc-
ture System (GAMESS), a general ab initio quantum chemistry package.
Although they do share a common ancestor, for the last 25 years the two
versions GAMESS-UK and GAMESS(US) have been developed separately.

GAMESS(US) is maintained by the Gordon group at Iowa State Univer-
sity, and is available free of change. The application was tested and used
for a few jobs in the early stages of this work, and was put aside as it suf-
fered from a data I/O bottleneck, had no graphical user interface (GUI),
and seemed to offer no advantages over the available alternatives. Since
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then, however, it has reportedly undergone many improvements and up-
grades (Gordon and Schmidt, 2003) and may be worth considering for fu-
ture work.

GAMESS-UK (Guest et al., 2005) development has been coordinated
by the Daresbury Laboratory as part of the CCP1 project (a Collabora-
tive Computational Project funded by the EPSRC, PPARC, BBSRC, STFC,
SERC, STFC — i.e. many UK research councils that have periodically
changed names over the last few decades), making it free to UK academics.
It claims to have more extensive and efficient post-Hartree-Fock capabil-
ities than GAMESS(US), among other benefits. Executables for windows
and linux were obtained, as well as source code allowing compilation for
parallel processing on linux clusters and multi-core computers. The GUI,
“CCP1-GUI”, has improved over the last three years, but is still incom-
plete and input files must be manually edited to enable many options.
GAMESS-UK was used for the coupled cluster (CCSD(T)) calculations de-
scribed in §4.2.4.

Gaussian (Frisch et al., 2003) is probably the most comprehensive quan-
tum chemical package available, and certainly one of the most widely
used. It was developed for many years by the Pople group at Pitts-
burgh, but is now a commercial program. Gaussian comes in two parts:
the Gaussian03 program which, given a “job” file of instructions, per-
forms the quantum calculations; and GaussView, the GUI, allowing jobs
to be set up and results to be viewed. All Gaussian03 calculations in
this work were performed on computers at the Massachusetts Institute
of Technology (MIT), thanks to the collaboration of Prof. Green. The GUI
was difficult to use remotely from the UK, so the majority of the job files
were prepared manually, with the help of other applications to generate
atomic co-ordinates of molecular structures. One of these was ArgusLab 4
(Thompson, 2004), a free molecular modeling, graphics, and drug design
program for Windows.
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DMol3 (Delley, 1990, 2000) is limited to DFT calculations, but it is very
fast at performing these. Unlike the other programs, it uses numerical ba-
sis sets rather than gaussian type orbitals. This contributes to its speed, but
does make it hard to compare results with other programs. Because it is
limited to DFT, DMol3 cannot use hybrid functionals such as B3LYP which
contain some exact (HF) exchange energy. Vibrational frequencies are
found numerically, which tends to be slower than the analytical method
used in Gaussian. Because of its speed and its easy-to-use GUI (Materials
Studio), DMol3 is useful for quick “back of the envelope” DFT calcula-
tions and exploring diverse structures; with the recently added scripting
capabilities of Materials Studio, it could be a powerful tool for automatic
mechanism generation and estimating properties of computer-generated
molecular structures.

Hardware used

The quantum chemistry calculations were performed on a variety of
computers, chosen largely according to availability and ease of access.
GAMESS and DMol3 calculations were performed on desktop comput-
ers running Microsoft Windows, a typical example containing a 3 GHz
processor and 2 GB of memory. Many of the early Gaussian 03 jobs were
performed on computers with single-core Intel Xeon 3.2 GHz processors
and 1 GB of memory, running Linux. The later Gaussian 03 jobs, including
all the B97-1 calculations, were performed in parallel on up to eight Intel
Xeon 2 GHz processors of a server running Linux.

Typical procedure

Geometry optimisation jobs with large basis sets take a long time to com-
pute; they can be accelerated by beginning with a better starting geome-
try. Because some of the computers used at MIT allowed jobs to run for a
maximum of 27 hours, it was sometimes necessary to optimise the geom-

3 the superscript is part of the trade-name “DMol3”, and does not refer to this footnote
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etry in stages, so that each job fitted within this limit. Although many
molecules required special treatment, the procedure used most succes-
fully, and adopted for most molecules, was as follows:

The guessed structure of the molecule was built approximately in three
dimensions using ArgusLab. The geometry was then coarsely optimised
in Arguslab using the Universal Force Field (UFF) method (Rappe et al.,
1992). If a molecule with a similar structure had already been optimised at
a higher level, then the appropriate bond lengths were used to improve
on the UFF geometry. The resulting atomic co-ordinates were used to
write a job file for a geometry optimisation in Gaussian03 using B3LYP,
or sometimes a simpler HF method, with a 6-31G basis set. The result of
this optimisation was then used as starting coordinates for a geometry op-
timisation and vibrational frequency analysis using B3LYP and the larger
6-311+G(d,p) basis set. These geometries were then used as starting points
for calculations with other functionals.

Functionals

As will be explained in section 4.3.3, it is often useful to compare results
from different types of DFT functional, so several functionals were used in
this work. A few of these will be discussed here.

Jeong et al. (2000) chose to use the B3P86 functional for determining
energies of atomization in a study of TixOy molecules, observing that
gradient-corrected hybrid exchange correlation functionals were useful
for this system. The most widely used DFT functional is currently a
gradient-corrected hybrid exchange correlation functional called B3LYP.
This is the first of the functionals used in this work. The B3LYP functional
is a three-parameter functional developed by Becke (1993). It is a hybrid
of several components, including exact (HF), local and gradient-corrected
exchange terms. The relative weights were chosen by reference to ex-
perimental thermochemical data (Stephens et al., 1994). Some of B3LYP’s
strengths are its prediction of transition metal geometries and reaction bar-
riers, and its popularity, ensuring it is well tested and validated.
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However, Boese et al. (2003) suggest the continued popularity of
B3LYP and other first-generation functionals rather than the more accu-
rate second-generation functionals may be due to sheer user inertia. They
recommend the second generation hybrid functional B97-1 (Hamprecht
et al., 1998) as probably the best choice when it comes to using density
functional hybrid calculations. This is the second functional used in this
work. Woodley et al. (2006) used the reparameterisation of this, B97-2,
when optimising small (TiO2)n clusters.

For comparison, a third functional was also used: the modified
Perdew-Wang functional mPWPW91 (Adamo and Barone, 1998; Perdew
et al., 1992, 1993), a generalised gradient approximation (GGA) functional.

DMol3 is unable to use hybrid functionals, so instead HCTH/407
(Hamprecht et al., 1998; Boese and Handy, 2001) was used for calcula-
tions performed in DMol3. Although only a pure GGA functional, the
HCTH/407 functional gives errors comparable to B3LYP for many prop-
erties (Boese et al., 2003).

In summary, molecular geometries were optimized and analytical har-
monic frequencies calculated in the Gaussian 03 program using three dif-
ferent DFT functionals: mPWPW91, B3LYP, and, as recommended by
Boese et al. (2003), B97-1.

Basis sets

Smaller basis sets were used for first-pass geometry optimisations to al-
low quicker computation, but for final calculations the 6-311+G(d,p) basis
set from Gaussian03 (Frisch et al., 2003) was chosen. This consists of the
6-311G basis set (Krishnan et al., 1980) for oxygen; the McLean-Chandler
(12s,9p) (621111,52111) “negative ion” basis set (McLean and Chandler,
1980) for chlorine; the Wachters-Hay all-electron basis set (Wachters, 1970;
Hay, 1977) for titanium, using the scaling factors of Raghavachari and
Trucks (1989); and supplementary polarization functions (one d function
each for O and Cl, and one f function for Ti, since d functions are already
present in the latter) and diffuse functions (one s and one p on all three
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atoms, plus an additional d diffuse function on Ti). Such a supplemented,
triple-zeta basis set should be large enough to ensure that the basis set
truncation error is comparable with, or smaller than, the inherent errors in
the DFT (Boese et al., 2003).

Spin multiplicity of ground state

Although not demonstrated in the case of TiCl4 oxidation, the kinetic role
of electronically excited species is important in some other combustion
systems (Miller and Bowman, 1989). This may be the case in TiCl4 ox-
idation since the temperature in the process is high (1500–2000 K). The
lowest-energy state of different spin multiplicity in addition to the ground
state may therefore be useful information, so these were also found. In
many cases the calculation of these energies (of states with different spin
multiplicity) was required anyway to establish the spin multiplicity of the
ground state. Excited states with the same spin multiplicity as the ground
state were not considered.

Additional g03 settings

Some species, such as TiOCl3, could not be adequately described by the
default settings in Gaussian, resulting in negative (imaginary) frequencies.
To eliminate this problem, the B3LYP and B97-1 calculations were repeated
with less restrictive and more accurate settings: spin restrictions were re-
moved4 to detect possible spin contamination in singlet species, symmetry
constraints were lifted5 allowing symmetry-breaking Jahn-Teller type dis-
tortions, the integral grid was increased to a pruned (99,590) grid6 and the
geometry optimisation convergence criteria were tightened.7

4 e.g. UB3LYP instead of B3LYP
5 Gaussian keyword NoSymmetry
6 Gaussian keyword Integral(Grid=UltraFine)
7 Gaussian keyword opt=(Tight). Criteria: maximum force < 1.5× 10−5, RMS force

< 1× 10−5, maximum displacement < 6× 10−5, RMS displacement < 4× 10−5.
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4.2.3 DFT Results

The DFT calculations just described produced hundreds of lengthy log
files full of information. The interesting and useful bits are presented and
discussed in this section.

Geometries

Figure 4.1 shows the geometry of the ground state of each molecule after
optimisation with B97-1/6-311+G(d,p).

At this level of theory, TiOCl3 in a C3v conformation (3-fold rotational
symmetry) has an imaginary (negative) frequency. This is due to a Jahn-
Teller distortion, which results from a very low-lying first excited state
(a TDDFT calculation performed by Dr. Gregory Beran with the B3LYP
functional placed the first excited state at 0.21 eV for the C3v structure).
The Cs (single symmetry plane) geometry reported here is stable at the
B97-1/6-311+G(d,p) level of theory.

Two stable geometries for TiO2Cl2 were located. At the B97-1/6-
311+G(d,p) level the isomer with a trigonal Ti center and a dangling –O–O
has an electronic energy 201 kJ/mol higher than the structure with the
distorted tetrahedral geometry reported here, where the O atoms are both
bonded to the Ti.

Atomization Energies

The atomization energy of a molecule is the energy required to separate a
molecule into the individual atoms that make it up. To find this, the ab-
solute energy of the molecule is calculated, and from it are subtracted the
absolute energies of each of the constituent atoms in isolation, calculated
with the same functional, basis set, and software settings.

Although, as will be explained in section 4.3.1, it is unwise to calculate
standard enthalpies of formation from atomization reactions, there are rea-
sons to report results of quantum calculations in the form of atomization
energies to facilitate reproduction and comparison: unlike absolute ener-
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Figure 4.1: Molecular geometries after optimisation with B97-1/6-
311+G(d,p). Bond lengths are in Ångströms, and unlabelled
atoms are chlorine.
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gies they do not depend strongly on the grid used for integration and the
software used to calculate them, and unlike standard enthalpies of forma-
tion they do not depend on an arbitrary choice of reaction, nor on reference
values taken from literature.

Table 4.1 shows the atomization energies at 0 K for the ground elec-
tronic state calculated with the 6-311+G(d,p) basis set using three DFT
functionals: mPWPW91, B3LYP, and B97-1. These include the zero point
vibrational energy (ZPE) corrections reported by Gaussian 03. The lowest-
energy states of different spin multiplicity from the ground states are also
shown. These are of considerably higher energies. The smallest gap is for
TiCl in which the doublet state is∼40 kJ/mol higher than the quartet state;
all the other gaps are at least 100 kJ/mol.

Molecular properties

As well as absolute energies, calculations in subsequent sections of this
thesis will require information about additional molecular properties such
as rotational constants and vibrational frequencies. These are provided in
table 4.2, based on the B97-1/6-311+G(d,p) calculations.
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Table 4.1: Atomization Energies at 0 K in kJ/mol with 6-311+G(d,p) ba-
sis set. DFT calculations include ZPE correction.

species spin state mPWPW91 B3LYP B97-1 Literature
TiO2 Singlet 1436 1226 1269 1268a

Triplet 1036 -
TiCl4 Singlet 1828 1641 1719 1687a

Triplet 1340 -
TiCl3 Doublet 1424 1296 1354 1335b

Quartet 985 -
TiCl2 Triplet 974 840 921 913b

Singlet 757 819 -
TiCl Quartet 481 428 438 405b

Doublet 437 383 411 -
TiOCl Doublet 1231 1085 1127 1074a

Quartet 921 823 -
TiOCl2 Singlet 1675 1490 1552 1489a

Triplet 1264 -
TiOCl3 Doublet 1838 1627 1694 -
TiCl2OCl Doublet 1549 -
TiO2Cl2 Singlet 1953 1715 1785 -

Triplet 1610 -
TiO2Cl3 Doublet 2188 1935 2018 -
Ti2O2Cl4 Singlet 3705 3335 3457 -

Triplet 3050 -
Ti2O2Cl3 Doublet 3281 2960 3061 -

Quartet 2640 -
Ti2O2Cl5 Doublet 3292 -
Ti2O2Cl6 Singlet 3471 3624 -

Triplet 3386 -
Ti2O3Cl2 Singlet 3515 3133 3238 -

Triplet 2914 -
Ti2O3Cl3 Doublet 3697 3300 3421 -

Quartet 3034 -
Ti3O4Cl4 Singlet 5558 5001 5167 -

Triplet 4815 -
Ti5O6Cl8 Singlet 9394 8481 8771 -

a NIST-JANAF tables Chase Jr. (1998)

b Atomization enthalpy at 298 K based on Hildenbrand et al. (1991) and the NIST-
JANAF tables (Chase Jr., 1998)
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Table 4.2: Electronic ground state degeneracies, rotational constants
and vibrational frequencies from B97-1/6-311+G(d,p) calcu-
lations.

species g0 rot. const. vibrational frequencies
GHz cm−1

TiOCl 2 39.120 2.9782 2.7676 113 398 1036
TiOCl2 1 5.4126 1.7850 1.3423 23.0 113 212 378 506 1091
TiOCl3 2 1.6461 1.5723 1.0712 77.1 94.0 116 144 155 378 469 483 669
TiCl2OCl 1 1.9445 0.9729 0.6484 17.1 44.8 93.7 131 174 341 474 483 950
TiO2Cl2 1 2.6652 1.8968 1.1982 110 125 149 174 384 493 658 683 966
TiO2Cl3 2 1.2747 1.2687 1.1039 33.0 108 127 140 147 160 389 405 470 493

549 1229
Ti2O2Cl3 2 1.7164 0.4549 0.3859 14.1 72.4 82.7 100 140 161 273 278 393

422 495 539 695 708 760
Ti2O2Cl4 1 0.9517 0.4544 0.3262 40.4 65.8 91.6 97.1 102 116 152 214 294

302 398 410 489 527 539 710 731 767
Ti2O2Cl5 2 0.7562 0.2939 0.2611 14.1 28.3 45.8 79.5 82.3 100 118 130 140

162 194 318 335 366 401 473 483 493 501
575 885

Ti2O2Cl6 1 0.5965 0.2506 0.2497 17.9 18.7 36.3 84.8 93.6 101 115 135 135
137 155 163 206 299 324 388 404 455 473
487 505 509 574 902

Ti2O3Cl2 1 1.6100 0.7549 0.5699 59.6 101 122 142 164 256 303 335 462 488
494 707 722 776 1065

Ti2O3Cl3 2 1.2145 0.5034 0.3813 44.0 61.3 89.0 105 108 135 159 187 293
315 330 420 504 533 690 703 732 765

Ti3O4Cl4 1 0.8631 0.1581 0.1581 30.3 31.9 50.6 85.3 85.9 87.8 108 138 140
163 235 239 290 291 354 439 439 444 507
508 534 709 714 717 739 765 778

Ti5O6Cl8 1 0.1297 0.0875 0.0875 19.4 20.8 20.8 28.5 28.5 39.0 58.0 61.9
67.8 77.8 80.7 83.8 83.8 99.3 109 109 110
129 140 141 141 220 223 223 246 246 283
321 327 327 331 371 383 429 429 484 486
486 494 499 510 510 521 555 626 754 754
823 876 881 881
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4.2.4 The special case of TiOCl2

As will be seen later, TiOCl2 is an important species, and it is important to
find its enthalpy as accurately as possible. Not only does it play an impor-
tant role in the chemical mechanism of chapter 6, but it is used to deter-
mine the enthlapies many other species in §4.3.3. Species required to eval-
uate the enthalpy of formation of TiOCl2 (as will be explained in §4.3.1)
were therefore investigated in more detail. Geometry optimisation and
frequency analyses were performed with the BPW91 (Becke, 1988; Perdew
et al., 1992, 1993) and PW91PW91 (Perdew et al., 1992, 1993) functionals in
addition to the three DFT functionals already described.

Additionally, using B3LYP optimized geometries, single point cou-
pled cluster CCSD(T) calculations were performed using the software
GAMESS-UK version 7 (Guest et al., 2005; Lee et al., 1991). This software
can only perform spin restricted CCSD(T) calculations; this is not a prob-
lem in this case, however, as none of the species studied with CCSD(T)
preferred a spin unrestricted solution at the unrestricted UB3LYP or UHF
levels of theory.

Three different basis sets were used for the CCSD(T) calculations. For
titanium the two smallest basis sets both used the LANL2 Hay and Wadt
effective core potentials (ECPs), with the inner-valence forms used for
transition metals (Hay and Wadt, 1985). Oxygen and chlorine were taken
from 3-21G (Binkley et al., 1980; Gordon et al., 1982) for the smallest basis
set and 6-311G (Krishnan et al., 1980) for the intermediate case. For the
largest basis set calculations, the all-electron 6-311+G(d,p) basis set was
used for all three elements, as with the DFT calculations. Because this basis
set is not built in to GAMESS-UK, it was exported from Gaussian 03 and
manually specified in the input files. Only three small molecules (TiCl4,
TiO2 and TiOCl2) were calculated with the larger two basis sets due to the
n7 scaling of CCSD(T) and the limited computing resources available.

Vibrational frequencies were not calculated at the HF, MP2, CCSD or
CCSD(T) levels so these enthalpies have thermal contributions according
to B97-1/6-311+G(d,p) frequencies and rotational constants.
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TiOCl2 Results

The enthalpies of formation derived from these additional DFT function-
als as well as HF, MP2 and coupled cluster calculations are reported in
table 4.3.

The MP2/CCSD/CCSD(T) results converge nicely with respect to ba-
sis set and increasing level of correlation treatment. CCSD and MP2,
which both include up to double excitations from the HF reference, agree
very closely, lowering the enthalpy by 28-31 kJ/mol relative to HF/6-
311+G(d,p). The additional perturbative inclusion of triple excitations in
CCSD(T), though important, introduces a smaller correction, changing the
energy by 9–12 kJ/mol from MP2 and CCSD in the 6-311+G(d,p) basis set.
These results suggest that the correlation treatment is well-behaved with
respect to systematic improvement, and it seems reasonable to expect that
higher order excitations would not alter the enthalpy of formation by more
than ∼10 kJ/mol. The good agreements with B3LYP and B97-1 (8 and
7 kJ/mol lower, respectively) further inspire confidence in the predictions
within this basis set.

Although a supplemented triple-zeta basis set is sufficient for DFT cal-
culations (Boese et al., 2003), it is possible that the CCSD(T) calculations
are limited by basis set truncation error and would benefit from a larger
basis set. Moving O and Cl from 3-21G, a poor double-zeta basis set, to
6-311G(d,p), a better triple-zeta basis set with polarization functions, low-
ers the enthalpy of TiOCl2 by 11 kJ/mol for CCSD(T). A further 11 kJ/mol
change occurs when the all-electron triple-zeta basis is used instead of the
ECP for Ti and diffuse functions are added to all atoms. These relatively
small changes in enthalpy suggest that basis set errors are not too large.

Based on these calculations a value of ∆ f H◦298 K = −598± 20 kJ/mol
is recommended for TiOCl2. The NIST/JANAF value of −546 kJ/mol,
which apparently is an old estimate not based on any direct measurement,
lies outside the uncertainty estimated here, and so should be considered
for revision. The value calculated here (−598 kJ/mol) has been used as
a reference value in deriving ∆ f H◦298 K values for other species, as will be
described in §4.3.
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Table 4.3: Enthalpies of formation of TiOCl2 derived from the iso-
gyric reaction described in table 4.4. HF, MP2, CCSD and
CCSD(T) calculations were based on B3LYP/6-311+G(d,p)
geometries and have been corrected for thermal contributions
to enthalpy using B97-1/6-311+G(d,p) frequencies.

basis set method ∆ f H◦298 K
a

Literature b -546
LANL2 & 3-21G HF -652

MP2 -635
CCSD -636
CCSD(T) -620

LANL2 & 6-311G(d,p) HF -636
MP2 -623
CCSD -623
CCSD(T) -609

6-311+G(d,p) PW91PW91 -578
BPW91 -579
mPWPW91 -579
B3LYP -590
B97-1 -591
HF -638
MP2 -607
CCSD -610
CCSD(T) -598

a kJ/mol

b NIST/JANAF tables (Chase Jr., 1998)

47



IV. THERMOCHEMISTRY

4.2.5 Summary

This section began, 21 pages ago, with an introduction to quantum chem-
istry, designed to help the reader understand the description of meth-
ods and settings that followed it. The DFT results were presented in the
form of optimised molecular geometries, three sets of atomisation energies
(from different functionals), and rotational and vibrational frequencies cal-
culated with B97-1/6-311+G(d,p). Finally, advanced CCSD(T) calculations
to find the energy of TiOCl2 more accurately were described, resulting in
a recommendation that the NIST/JANAF value be corrected.
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4.3 Enthalpies of formation: isodesmic and iso-

gyric reactions

THE OVERALL aim of this chapter is to provide thermochemical data
for use in detailed kinetic models. Although probably the hardest

part, solving the molecular Schrödinger equation is only the start of the
problem: the results presented so far cannot be directly inserted into a ki-
netic model. The next step is to relate the theoretical energies from the
calculation to real-world species with measured energies so that reaction
enthalpies can be calculated.

4.3.1 Background theory

In order to calculate the enthalpy change of a reaction, the sum of the
enthalpies of formation of the reactants are subtracted from the sum of
the enthalpies of formation of the products. For example, the enthalpy
change of the reaction

TiCl3 + O2 � TiO2Cl3 (4.6)

is given by the equation

∆rxnH = H(TiO2Cl3)− (H(TiCl3) + H(O2)) (4.7)

which, in this case, is equal to about −277 kJ/mol.
Because it is only possible to observe changes in enthalpy, the defini-

tion of ‘zero enthalpy’ is arbitrary. Nevertheless, it is important that the
same definition is used for all H values in all our calculations. The uni-
versally accepted reference species, defined as having zero enthalpy, are
the elements in their standard states (the most stable form of the element
at 1 bar pressure and a specified temperature, usually 298 K). This leads
to the definition of standard enthalpy of formation, ∆ f H◦, as the change
of enthalpy that accompanies the formation of 1 mole of a substance in its
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standard state from its constituent elements in their standard states. For
example, the standard enthalpy of formation of TiO2Cl3 is the enthalpy
change of the reaction

Ti(metal) + O2(gas) + 1.5Cl2(gas) 
 TiO2Cl3(gas) ∆ f H◦ (4.8)

which is about −774 kJ/mol. It is most common to use 298 K as the spec-
ified temperature. Using ∆ f H◦298 K(species) in place of H(species) in equa-
tions such as 4.7 ensures that all enthalpies have a common zero and the
resultant reaction enthalpy is calculated correctly.

In contrast to the standard enthalpy of formation, the result of a quan-
tum chemistry calculation is the total binding energy: the energy of a
species relative to each of its component nuclei and all the electrons being
separated by an infinite distance. To undo this involves not only breaking
all the covalent bonds in the molecule, but also completely ionising each
atom. Because the energy involved in this is large, it is usually reported in
Hartees (a Hartree, Eh, is equal to the absolute value of the electric poten-
tial energy of the hydrogen atom in its ground state: 2625.5 kJ/mol.) The
result of a DFT enthalpy calculation for TiO2Cl3 is thus equivalent to the
enthalpy change of this reaction:

Ti22+ + 2O8+ + 3Cl17+ + 89e− 
 TiO2Cl3(gas) (4.9)

The enthalpy change for this reaction, calculated at the B97-1/6-
311+g(d,p) level, is −2380.439217Eh or −6, 249, 843 kJ/mol. Compare this
with −744 kJ/mol, which was the enthalpy change of reaction (4.8).

To find the required enthalpy of formation of TiO2Cl3 (the enthalpy
change of reaction 4.8) from (4.9), some further calculations are required.
The most obvious suggestion is to perform DFT calculations for the ele-
ments in their standard states; the standard enthalpy of formation could
then be found by subtracting multiples of these DFT-calculated enthalpies
from the DFT-calculated enthalpy of TiO2Cl3. This can be made clear
by multiplying and reversing some reactions so that they can simply be
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summed to give the target reaction: Reactions 4.9 to 4.10c combine to make
reaction 4.8, the required standard formation reaction:

DFT Ti22+ + 2O8+ + 3Cl17+ + 89e− 
 TiO2Cl3(gas) (4.9)

DFT Ti(metal) 
 Ti22+ + 22e− (4.10a)

DFT O2(gas) 
 2O8+ + 16e− (4.10b)

DFT 1.5Cl2(gas) 
 3Cl17+ + 51e− (4.10c)

Target Ti(metal) + O2(gas) + 1.5Cl2(gas) 
 TiO2Cl3(gas) (4.8)

When comparing (or summing) results of quantum chemistry calcula-
tions it is important to only compare calculations performed in the same
manner. Different functionals contain different parameterisations, and in-
deed can have completely different definitions; different basis sets allow
different degrees of freedom to be optimised; different software pack-
ages can even disagree about calculations with apparently identical set-
tings (West, 2005). Subtracting the energy of O2 calculated with HF/3-21g
from that of TiO2Cl3 calculated with B97-1/6-311+G(d,p) is like subtract-
ing 394, 667 apples from 6, 249, 843 oranges.

Unfortunately, metallic titanium cannot be calculated using exactly the
same DFT methods as the gaseous species, and so the four DFT enthalpies
(4.9–4.10c) cannot safely be summed to find the target enthalpy (4.8). The
solution is to supplement the DFT calculations with some additional data
taken from the literature or a database. One example would be to look up
the standard enthalpy of formation of TiCl3 (e.g. in Hildenbrand, 1996),
perform DFT calculations for TiO2Cl3, TiCl3 and O2, then sum reactions
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4.11a–4.11d to once again get reaction 4.8.

DFT Ti22+ + 2O8+ + 3Cl17+ + 89e− 
 TiO2Cl3(gas) (4.11a)

DFT TiCl3(gas) 
 Ti22+ + 3Cl17+ + 73e− (4.11b)

DFT O2(gas) 
 2O8+ + 16e− (4.11c)

Lit. Ti(metal) + 1.5Cl2(gas) 
 TiCl3(gas) (4.11d)

Target Ti(metal) + O2(gas) + 1.5Cl2(gas) 
 TiO2Cl3(gas) (4.8)

A shorter way of writing this is to say that the reaction

TiO2Cl3 
 TiCl3 + O2 (4.12)

was used to find the standard enthalpy of formation of TiO2Cl3.
There are many reactions that could be chosen for each species. The

best choice is that which minimises errors in the final calculated enthalpy
of formation. One source of error is in the literature values used to supple-
ment the DFT calculations; the first essential property is therefore that the
equation must link the species whose enthalpy is to be found, to species
whose enthalpies are already known accurately from reliable literature
values. Precisely determining the enthalpy difference between TiO2Cl3
and species X is little use if the enthalpy of X is also unknown.

The other source of error which must be minimised is from the DFT
calculations. Finding a small difference between two large quantities is
difficult to do accurately. Recall that ∆ f H◦ is calculated by subtracting
DFT-energies which are of the order of millions of kilojoules per mole.
If the quantum chemistry calculation for TiO2Cl3 was accurate to 0.01%
(10−4) it would have an error of about 600 kJ/mol, over a hundred times
the desired “chemical accuracy” of a few kilojoules per mole. Fortunately,
most of the errors in the quantum calculations are systematic, and so to
some extent will cancel each other out when the energies are subtracted
from each other. The extent to which this occurs depends on the reaction
chosen: species with more-similar electronic structures will have more-
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+ � +

Figure 4.2: Molecular structure of the isodesmic reaction in (4.13).

Figure 4.3: The molecule fragments present on both sides of the
isodesmic reaction in (4.13) and figure 4.2.

similar systematic errors, which will more-nearly cancel out when the cal-
culated energies are compared, leading to a more accurate final answer.
The aim is therefore to choose a reaction in which the left and right sides
have similar electronic structures, as will now be explained.

Isodesmic reactions. The optimal reaction choice in terms of cancelling
systematic errors in the quantum calculations, is an isodesmic reaction.
This is a reaction in which the types of bonds made in forming the prod-
ucts are the same as those which are broken in the reactants. An example
isodesmic reaction is:

Ti2O2Cl4 + TiCl3·� Ti2O2Cl3 ·+TiCl4 (4.13)

which is shown pictorially in figure 4.2. This has the same molecular
fragments, defined as the same number and type of bonds, on either side
of the reaction. These fragments are shown in figure 4.3. A reaction that is
not isodesmic is called anisodesmic.
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Isogyric reactions. The next-best choice for cancelling systematic errors
in quantum calculations is an isogyric reaction. In an isogyric reaction the
number of electron pairs and unpaired electrons is the same on either side
of the reaction. An example isogyric reaction is:

TiO2Cl3 + Cl2 
 OClO + TiCl4. (4.14)

TiO2Cl3 and OClO are both doublets in their ground electronic states, each
having one unpaired electron. Cl2 and TiCl4 are both singlets in their
ground states, with all their electrons in pairs. This reaction is therefore is-
ogyric, with one unpaired electron on both the reactant and product sides.
A reaction that has a different number of unpaired electrons on either side,
so is not isogyric, is called anisogyric.

4.3.2 Method and tools

Each enthalpy of formation calculation requires DFT calculations for sev-
eral different species to be performed. When investigating dozens of
species using many different functionals, basis sets, and settings, the num-
ber of DFT calculation jobs quickly escalates. Some of these jobs fail, or
produce unstable geometries (indicated by having negative vibrational
frequencies), and need to be repeated with different settings or from im-
proved starting geometries. As each job takes many hours to complete,
it is typical to start many jobs at once and look at the log files at a later
date. These log files contain all the required data, but typically buried
amongst tens of thousands of lines of extra information, intermediate re-
sults, comments, and messages. Manually keeping track of all these jobs,
extracting the salient data, and ensuring that only jobs performed with
identical functionals, basis sets, and software settings are compared with
each other is nontrivial. To assist with this task a suite of scripts were
developed using Perl and MATLAB.8

8 with hindsight, Python (Python Software Foundation, 2008) would have been a bet-
ter choice
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Perl, the Practical Extraction and Report Language, is commonly called
“the duct-tape of the Internet”. It is a high-level interpreted programming
language widely used for a variety of tasks, but is especially popular for
web programming thanks to its text manipulation capabilities and rapid
development cycle. These strengths also make it especially practical for
extracting data from text files and reporting the results.

MATLAB is a proprietary numerical computing environment and pro-
gramming language. It allows easy matrix manipulation, plotting of func-
tions and data, and implementation of algorithms.

A simple Perl program can rapidly search through a folder containing
hundreds of megabytes of log files, to find all the lines that look something
like
Sum of electronic and thermal Enthalpies= -2380.760480,

extract the values, and report them in a MATLAB data structure format
such as

data.tio2cl3.ub3lyp_6311_gdp.Enthalpy = −2380.760480

A set of MATLAB routines extend the functionality of the built in struc-
ture data type, allowing simple arithmetic of nested data structures.

55



IV. THERMOCHEMISTRY

data.



tio2cl2.


b3lyp_631g

ub3lyp_6311_gdp_ultra f ine

b971_6311_gdp

tio2.



ub3lyp_6311_gdp

ub3lyp_6311_gdp_ultra f ine

b971_6311_gdp

bpw91_6311_gdp

h f _321lanl2

cl2.



ub3lyp_6311_gdp

ub3lyp_6311_gdp_ultra f ine

b971_6311_gdp

mpwpw91_6311_gdp

(4.15)

Equation 4.15 represents the MATLAB data structure generated by the
Perl script. There is one additional level of depth that is not shown: each of
the lowest levels in fact contains several results from the log file (enthalpy,
electronic energy, zero point correction, etc.). For example:

data.tio2cl2.b3lyp_6311_gdp.



Enthalpy = − 5042302.9

Electronic_Energy = − 5042344.3

Zero_Point_Correction = + 22.2511

Notes = “example only′′

(4.16)

The new MATLAB function allows simple arithmetic, such as

result = data.tio2cl2− (data.tio2 + data.cl2) (4.17)

When the same sub-structure exists in all three structures, the arithmetic
operation is performed on this sub-structure; unless a sub-structure ap-
pears in all the structures being operated upon, it will not appear in the
result. The exception to this is an error flag (warning about imaginary fre-
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quencies or incomplete optimisation, for example) which will be present
in the result if present in any of the substructures. The function iterates
through any depth of nested structures until a scalar or string is found.
Scalars are operated on using standard arithmetic, and strings are ap-
pended to one another, allowing error messages or comments to be pre-
served. The result of equation 4.17 given the data in 4.15 would be

result.

{
ub3lyp_6311_gdp_ultra f ine

b971_6311_gdp
(4.18)

This greatly simplifies the process of calculating standard enthalpies of
formation for arbitrary reactions, using all the available quantum calcula-
tion results, whilst ensuring that only calculations performed with identi-
cal settings are compared with each other, and that the user is alerted to
any potential errors due to incomplete optimisation (indicated by a nega-
tive frequency) in an individual DFT job that has been used.

Finally, a ‘driver’ script in MATLAB drives the entire process: it loads
in the data structure generated by the Perl program, as well as structures
containing literature enthalpies; it defines all the reactions used to find
∆ f H◦298 K values, and performs the necessary arithmetic operations; finally,
it tabulates the results for easy side-by-side comparison, and generates
charts highlighting which DFT calculations it would still be useful to per-
form. With this script in place, repeating the analysis when new jobs are
completed is trivial.
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4.3.3 Results: reaction choices and formation enthalpies

The theory and motivation behind choosing reactions to determine stan-
dard enthalpies of formation from quantum calculations was described in
section 4.3.1. What was not known previously, is just how important this
choice can be for these titanium oxychloride species. This is shown here
with the radical TiO2Cl3.

Calculation of standard enthalpy of formation of TiO2Cl3 from atom-
ization energies is equivalent to using the reaction

TiO2Cl3 
 Ti(atoms) + 2O(atoms) + 3Cl(atoms). (4.19)

Here a doublet reactant (one unpaired electron) is compared to three
triplet and three doublet species (total of nine unpaired electrons). Us-
ing this reaction to establish the standard enthalpy of formation, with the
6-311+G(d,p) basis set, the mPWPW91, B3LYP and B97-1 functionals give
formation enthalpies for TiO2Cl3 of −865, −612 and −694 kJ/mol respec-
tively. This is a spread of 253 kJ/mol, far exceeding the expected accuracy
of DFT calculations (Boese et al., 2003).

Reliable enthalpies of formation are available for TiCl3 and O2, there-
fore an alternative choice of reaction is

TiO2Cl3 
 TiCl3 + O2. (4.20)

However, on the left hand side is a doublet with the spin concentrated
on the oxygen atoms, which are in the 2− oxidation state, and on the
right is one doublet with the spin on the titanium and one triplet with the
oxygen atoms in the ground oxidation state. Using this scheme to estab-
lish enthalpies changes the mPWPW91 value to −702 kJ/mol, a change
of 163 kJ/mol relative to the atomization scheme. The B3LYP and B97-1
functionals give −648 and −657 kJ/mol respectively, reducing the overall
spread to 54 kJ/mol.
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A third alternative reaction is

TiO2Cl3 + Cl2 
 OClO + TiCl4. (4.21)

This reaction is isogyric, as there are 61 electron pairs and one unpaired
electron on both the reactant and product sides, with one doublet and one
singlet on each side of the reaction. Linking the absolute energies to stan-
dard values with this isogyric reaction places the standard enthalpy of
formation of TiO2Cl3 at −734, −772 and −771 kJ/mol according to the
mPWPW91, B3LYP and B97-1 functionals respectively. The overall spread
of 38 kJ/mol and the very close agreement of the latter two functionals
adds confidence to the numbers achieved this way. The variation of up
to 160 kJ/mol between reaction schemes shows both the importance of
their choice and the challenge of obtaining a uniformly accurate treatment
of these transition metal species with different spin states (Graham et al.,
2005). This analysis also illustrates why the quantum calculations were
repeated with several different functionals.

Due to the paucity of thermochemical data for transition metal oxy-
chloride species, it was not possible to find isodesmic or isogyric reactions
linking all the species studied in this work to species with reliable litera-
ture values for ∆ f H◦298 K. However, any reaction that leaves some bonds
intact (e.g. rxn. 4.20) is preferable to atomization (e.g. rxn. 4.19). The re-
actions chosen to evaluate standard enthalpies of formation are shown in
table 4.4.

The frequent reliance upon the enthalpy of TiOCl2 when calculating
other species’s enthalpies (table 4.4) explains why extra care was taken in
finding this value (§4.2.4).

The resulting standard enthalpies of formation at 298 K are given in
table 4.5. With the exception of TiOCl2 the recommended enthalpies
are based on the B97-1 functional, which is probably the most accurate
(Boese et al., 2003). For TiOCl2 the electronic energy is from the detailed
CCSD(T)/6-311+G(d,p) calculation based on the B3LYP geometry, with
the thermal energy based on B97-1 frequencies.
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Table 4.4: Reactions used to evaluate standard enthalpies of formation
(∆ f H◦298 K) from computed absolute enthalpies.

species type reaction
TiCl2OCl anisogyric TiOCl2a + Clc� TiCl2OCl
TiOCl isodesmic TiOCl2a + TiCl3b� TiOCl + TiCl4c

TiOCl2 isogyric 1
2 TiCl4c + 1

2 TiO2
c� TiOCl2

TiOCl3 anisogyric TiCl4c + TiOCl2a� TiOCl3 + TiCl3b

TiO2Cl2 anisogyric TiCl2b + O2
c� TiO2Cl2

TiO2Cl3 isogyric TiCl4c + OClOc� TiO2Cl3 + Cl2c

Ti2O2Cl3 isogyric 2 TiOCl2a + TiCl3b� Ti2O2Cl3 + TiCl4c

Ti2O2Cl4 isogyric 2 TiOCl2a� Ti2O2Cl4
Ti2O2Cl5 isogyric 2 TiOCl2a + Cl2c + TiCl3b� Ti2O2Cl5 + TiCl4c

Ti2O2Cl6 isogyric 2 TiOCl2a + Cl2c� Ti2O2Cl6
Ti2O3Cl2 isogyric 2 TiOCl2a + TiOCl2a� Ti2O3Cl2 + TiCl4c

Ti2O3Cl3 anisogyric 3 TiOCl2a� Ti2O3Cl3 + TiCl3b

Ti3O4Cl4 isogyric 2 TiOCl2a + TiO2
b� Ti3O4Cl4

Ti5O6Cl8 isogyric 6 TiOCl2a� Ti5O6Cl8 + TiCl4c

a Enthalpy of formation from this work.

b Enthalpy of formation from Hildenbrand (1996)
c Enthalpy of formation from NIST-JANAF tables (Chase Jr., 1998)
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Table 4.5: Calculated standard enthalpies of formation at 298 K
(∆ f H◦298 K). Results are given for 3 different functionals, as
are the discrepancies between all 3 and just the 2 hybrid func-
tionals.

species mPWPW91 B3LYP B97-1 range recommended
all hyb.

TiCl2OCl -475 -475
TiOCl -294 -273 -274 21 1 -274
TiOCl2 -577 -590 -591 14 1 -591
TiOCl3 -620 -654 -639 34 15 -639
TiO2Cl2 -617 -536 -558 81 22 -558
TiO2Cl3 -734 -772 -774 40 2 -774
Ti2O2Cl3 -1268 -1258 -1257 11 1 -1257
Ti2O2Cl4 -1553 -1553 -1552 1 1 -1552
Ti2O2Cl5 -1272 -1272
Ti2O2Cl6 -1492 -1503 11 11 -1503
Ti2O3Cl2 -1331 -1330 -1331 1 0.3 -1331
Ti2O3Cl3 -1393 -1425 -1418 32 7 -1418
Ti3O4Cl4 -2277 -2301 -2301 23 0.2 -2301
Ti5O6Cl8 -4001 -4010 -4011 10 1 -4011

For most species the enthalpies derived from B3LYP calculations dif-
fered from the B97-1 enthalpies by less than 2 kJ/mol. The exceptions were
Ti2O2Cl6 and the three species that were evaluated through anisogyric re-
actions: TiOCl3, TiO2Cl2, and Ti2O3Cl3, for which the B3LYP enthalpies
were respectively 15 kJ/mol lower, 22 kJ/mol higher, and 7 kJ/mol lower
than the B97-1 enthalpies. While this close agreement increases confidence
in the calculations, it is worth remembering that the actual error will be
larger than this; B3LYP and B97-1 are both hybrid DFT functionals with
some exact (HF) exchange so behave similarly. MPWPW91, a pure DFT
functional, gives enthalpies that differ from B97-1 by ∼ 20 kJ/mol on av-
erage and as much as 59 kJ/mol for the anisogyric reaction to find TiO2Cl2.
In addition to errors in the DFT calculations, errors in the reference species
enthalpies will propagate to the enthalpies that are derived from them.
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4.3.4 Summary

This section was about finding standard enthalpies of formation from the
results of quantum chemistry calculations. The theory was explained, the
tools that have been developed were described, and the results were pre-
sented: the choice of reaction was shown to be especially important for
these titanium oxychlorides, but reactions were found to bring the three
functionals into reasonable agreement for most species.
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4.4 Finding temperature variations: statistical

thermodynamics

HAVING PERFORMED quantum chemistry calculations of the new
species and related them to known reference species to find the

∆ f H◦ values at 298 K, the next step is to find how the enthlapies (and
other thermodynamic functions) vary with temperature.

Ideal-gas thermodynamic functions, such as molar entropy, heat ca-
pacity, and enthalpy content, can be computed from the molecular en-
ergy levels using statistical thermodynamics. The details will be described
in §4.4.1. The rigid-rotator/harmonic-oscillator (RRHO) approximation,
adopted here, is popular because it is simple and usually adequate. All
the necessary information for this approximation can be provided by a
DFT geometry optimisation and vibrational frequency calculation.

4.4.1 Background and theory

Statistical thermodynamics is used to determine macroscopic quantities
such as enthalpy and entropy from molecular energy levels. Molecular
energy levels arise from translation, rotation, vibration, and electronic ex-
citation of the molecule. These energy levels can be found experimentally
(through spectroscopy) or derived from ab initio calculations. A brief out-
line of the calculations performed is given here, based on Irikura (2006)
which was adapted from Irikura and Frurip (1998).

Partition functions. The molecular energy levels εi are used to calculate
the molecular partition function, q, according to:

q (V, T) = ∑
i

exp
(
−εi

kBT

)
(4.22)

For an ensemble of N independent, indistinguishable molecules fol-
lowing Boltzmann statistics the system partition function (Q) is given by:
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Q (N, V, T) =
[q (V, T)]N

N!
(4.23)

Given the partition function, the molar thermodynamic functions for
entropy (S), heat capacity at constant volume (Cv), heat capacity under
constant pressure (Cp), and integrated heat capacity or enthalpy relative
to 0 K (H(T)− H(0)) can be calculated using (4.24) to (4.27):

S = kBT
(

∂ ln Q
∂T

)
N,V

+ k ln Q = NkB

[
∂ (T ln q)

∂T
− ln N + 1

]
(4.24)

Cv = NkBT
∂2 (T ln q)

∂T2 (4.25)

Cp = Cv + NkB (4.26)

H (T)− H (0) =
∫ T

0
CpdT =

NkBT2

q
∂q
∂T

+ NkBT (4.27)

The model is simplified by using a rigid-rotator/harmonic-oscillator
(RRHO) approximation. This allows separation of the rotational motion
from the vibrational motion of the molecule. The total energy of the
molecule can then be written as a sum of its translational, rotational, vi-
brational and electronic energies:

ε = εtrans + εrot + εvib + εelec (4.28)

This leads to a separability of the partition function into four separate
partition functions which will be discussed in turn:

q (V, T) = qtransqrotqvibqelec (4.29)

Translational. The translational partition function is given by (4.22)
summed over all the translational energy levels available to a molecule
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in a cubic box of volume V = NkBT/p, where p is the partial pressure of
the species. These energy levels are given by:

εnxnynz =
h2

8ma2

(
n2

x + n2
y + n2

z

)
nx, ny, nz = 1, 2, ... (4.30)

where a is the length of the box, m is the mass of the molecule, and h is
Planck’s constant. The triple summation can be written as the product of
three single summations, which can be approximated by integrals, giving:

qtrans (V, T) =
(∫ ∞

0
exp

(
−h2n2

8kBTma2

)
dn
)3

(4.31)

with the result:

qtrans (V, T) =
(

2πmkBT
h2

) 3
2

V (4.32)

Rotational. Three characteristic rotational temperatures can be defined
in terms of the three principle moments of inertia according to:

Θrot,j =
h̄2

2IjkB
j = A, B, C (4.33)

where h̄ is Planck’s constant divided by 2π, and Ij is the jth moment of
inertia.

When T >> Θrot,j, as is usually the case, the sum over all the rotational
energy levels in the partition function can be approximated by an integral,
allowing the rotational partition function to be simplified to:

qrot(T) =
π1/2

σ

(
T3

Θrot,AΘrot,BΘrot,C

)1/2

(4.34)

Here σ is the rotational symmetry number for the molecule, which is the
number of different ways the molecule can be rotated into a configuration
indistinguishable from the original configuration. For linear molecules
(IA = 0) equation 4.34 is replaced with qrot(T) = T/(σΘrot,B).
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Vibrational. The vibrational energy levels of a single, jth, vibrational
mode that has a frequency νj are given by

εvib,j,v = hνj

(
v + 1

2

)
(4.35)

where v = 0, 1, 2, . . . is the vibrational quantum number (there is one for
each vibrational energy level). The partition function for this single vibra-
tional mode is therefore given by

qvib,j = ∑
v

exp
(−εvib,j,v

kBT

)

= ∑
v

exp

−hνj

(
v + 1

2

)
kBT


= exp

(−hνj

2kBT

)
∑
v

exp
(−hνjv

kBT

)
= exp

(−hνj

2kBT

)
1

1− exp
(−hνj

kBT

)
(4.36)

If we define Θvib,j, a characteristic temperature for this jth vibrational
mode, as

Θvib,j =
hνj

kB
(4.37)

then the partition function for the jth vibrational mode becomes

qvib,j = exp
(Θvib,j

2T

)
1

1− exp
(
Θvib,j/T

) (4.38)

A polyatomic molecule will have many vibrational modes. In fact, the
number of vibrational degrees of freedom is given by α = 3n − 5 for a
linear molecule and α = 3n − 6 for a nonlinear molecule, where n is the
number of atoms in the molecule. The overall vibrational partition func-
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tion for the molecule is therefore given by:

qvib =
α

∏
j=1

exp(−Θvib,j/2T)(
1− exp(−Θvib,j/T)

) (4.39)

Electronic. If two electronic states have the same energy, we can describe
them as a single energy level with a degeneracy of two. Writing the elec-
tronic partition function as a sum over energy levels rather than states
gives

qelec = ∑
i

gei exp
(

εei

kBT

)
(4.40)

where gei is the degeneracy and εei is the energy of the ith electronic level.
Unless the first excited energy level is unusually low, only the first term in
the summation will contribute significantly. The electronic partition func-
tion therefore has little influence, except in the case of free radicals which
have unpaired electrons in their electronic ground state, and therefore a
degeneracy ge1 of 2, contributing R ln(2) to the entropy term.

4.4.2 Frequency scaling

Vibrational frequencies from quantum calculations rarely agree exactly
with those observed experimentally in infra-red spectra. The disagree-
ment is usually fairly consistent for a given method and functional. It
is common practice to scale the frequencies from quantum calculations
by a scaling factor, designed to correct the consistent error, before per-
forming statistical mechanics calculations with these frequencies. Recom-
mended scaling factors can be found in databases such as the NIST Com-
putational Chemistry Comparison and Benchmark DataBase (CCCBDB)
(NIST, 2005).

As explained by Scott and Radom (1996), scaling factors designed to
predict frequencies in their own right are not optimal for predicting ther-
modynamic properties derived from those frequencies, because lower fre-
quencies contribute more to the thermal energy. Scott and Radom (1996)
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provide suitable scaling factors for a variety of quantum calculation meth-
ods and basis sets, derived by minimising the least squares error in the
thermal contribution to H and S, rather than in the frequencies them-
selves. To estimate the appropriate scaling factors for basis sets not studied
by Scott and Radom, a relationship was derived by comparing Scott and
Radom’s scaling factors to those for the same methods and basis sets in the
CCCBDB database (NIST, 2005) (figure 4.4). This method was used to cal-
culate a scaling factor of 1.01 for thermodynamic properties derived from
B3LYP/6-311G(d,p) calculations (without the diffuse functions). No rec-
ommended scaling factors for B97-1 or B3LYP/6-311+G(d,p) (with diffuse
functions) could be found, so the frequencies were left unscaled. Because
the recommended scaling for B3LYP/6-311G(d,p) is so close to 1.0, it is un-
likely that significant errors will be introduced by leaving the frequencies
unscaled.
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Figure 4.4: Scaling factors applicable for calculation of thermal contribu-
tions to ∆ f H◦298 K recommended by Scott and Radom (1996)
plotted against scaling factors from the CCCBDB. The lin-
ear relationship shown was used to estimate suitable scaling
factors based on the CCCBDB.
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4.4.3 Method and calculations

The statistical thermodynamics calculations described in §4.4.1 require
many pieces of information about the molecule: molecular mass, moments
of inertia, electronic energy levels and degeneracies, and vibrational fre-
quencies. All this information is contained, somewhere, in the lengthy log
file of a geometry optimisation and vibrational frequency calculation job
in Gaussian.

A program was written in MATLAB9 to read in a Gaussian log file,
search through and extract the relevant molecular information, and use
the rigid-rotator/harmonic-oscillator approximation to calculate the mo-
lar heat capacity, enthalpy, and entropy over a wide range of temperatures.

Khimera (Kintech, 2005) can do the same thing. Khimera is a propri-
etary software package for the development and analysis of chemical pro-
cesses, from the Russian software company Kintech. Among other capa-
bilities, it can estimate thermodynamic properties directly from Gaussian
log files, producing polynomial coefficients for C◦p, H and S as functions
of temperature. This could only be completed for a few species before the
time- and function-limited trial of the software expired, but this did al-
low the results from the statistical thermodynamics MATLAB code to be
checked.

For verification of the MATLAB program, Khimera was used to calcu-
late the thermodynamic properties of TiOCl2 using the log file from the
Gaussian B3LYP/6-311+G(d,p) job. This was repeated to give one set of
polynomials for the range 298 - 1000 K and one for the range 1000 - 3500 K.
The same log file was used to calculate the thermodynamic properties us-
ing the MATLAB program.

As shown in figure 4.5, the results show close agreement, giving con-
fidence in the MATLAB code. The polynomials from the NASA database
are also plotted in figure 4.5. The slight discrepancy is not surprising: the
NASA polynomials were derived from the JANAF table, which was based
on molecular constants estimated in 1963 in personal communication with

9 with hindsight, Python would have been a better choice
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Figure 4.5: C◦p/R of TiOCl2 from the NASA database, as calculated by
Khimera, and as calculated by the MATLAB code.

the JANAF editor and with no reference to experimental data; the curves
calculated here are probably more accurate.

4.4.4 Results

Heat capacities (Cp), integrated heat capacities (H(T) − H(0 K)) and en-
tropies (S) were calculated for temperatures in the range 100–3000 K us-
ing the rigid-rotator/harmonic-oscillator (RRHO) approximation, taking
unscaled vibrational frequencies and rotational constants from the B97-1
calculations. These results are summarised in table 4.6.

4.4.5 Summary

A MATLAB program using the RRHO approximation (described in §4.4.1)
was written and used to calculate the H◦, S◦ and C◦p at various tempera-
tures from the quantum chemistry results described earlier.
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Table 4.6: Calculated thermochemistry.

species ∆ f H◦298 K S◦298 K C◦p(J/mol K) at specified temperature (K)
kJ/mol J/mol K 300 400 500 600 800 1000 1500

TiCl2OCl -475.0 396.9 93.4 98.1 101.0 102.9 105.0 106.0 107.1
TiCl3 -497.5 349.4 79.5 81.4 82.1 82.5 82.8 82.9 83.0
TiO2Cl2 -558.0 342.0 86.2 93.1 97.5 100.2 103.4 105.0 106.7
TiO2Cl3 -773.7 403.5 110.5 117.5 121.7 124.5 127.8 129.5 131.4
TiOCl -274.5 291.6 49.0 51.4 53.1 54.3 55.8 56.6 57.4
TiOCl2 -598.0 335.4 70.1 73.8 76.3 78.0 79.9 81.0 82.1
TiOCl3 -639.2 379.5 94.8 99.7 102.4 104.0 105.7 106.5 107.4
Ti2O2Cl3 -1257.1 438.1 128.9 139.0 144.9 148.5 152.4 154.3 156.3
Ti2O2Cl4 -1552.2 448.9 149.3 161.0 167.8 172.0 176.5 178.7 181.0
Ti2O2Cl5 -1272.0 537.5 177.1 188.1 194.3 198.1 202.1 204.1 206.2
Ti2O2Cl6 -1503.0 562.3 198.3 210.8 217.7 221.9 226.4 228.6 230.9
Ti2O3Cl2 -1330.6 402.0 122.0 133.5 140.6 145.1 150.2 152.8 155.6
Ti2O3Cl3 -1417.8 461.3 148.2 160.2 167.2 171.5 176.2 178.5 180.9
Ti3O4Cl4 -2300.5 538.5 202.6 221.4 232.6 239.4 246.9 250.7 254.5
Ti5O6Cl8 -4010.6 823.2 368.3 398.8 416.6 427.6 439.7 445.8 452.0
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4.5 Polynomial fitting

HAVING PERFORMED quantum chemistry calculations for the species
of interest, related them to species with known enthalpies of for-

mation, and calculated the temperature variation of the thermodynamic
functions, the final step is to express the data in a form that kinetic mod-
elling and simulation software can understand and use.

4.5.1 Background and theory

In the mid-seventies a team of rocket scientists developed a computer
program for calculating chemical equlibria — and rocket performance
(Gordon and McBride, 1976). To do this, they devised a set of polynomials
that represent thermochemical properties, so that the information about a
species could be stored as a set of coefficients for the polynomials that best
fit the known thermochemical data.

Their fit takes the following form:

C◦p
R

= a1 + a2T + a3T2 + a4T3 + a5T4 (4.41)

∆ f H◦

R
= a1T +

a2

2
T2 +

a3

3
T3 +

a4

4
T4 +

a5

5
T5 + a6 (4.42)

S◦

R
= a1 ln T + a2T +

a3

2
T2 +

a4

3
T3 +

a5

4
T4 + a7 (4.43)

where C◦p is the molar heat capacity at constant pressure, ∆ f H◦ is the stan-
dard enthalpy of formation, S◦ is the entropy, R is the ideal gas contstant,
and T is the temperature in Kelvin.

Since this “old NASA form” was developed, many different polyno-
mial representations have been used. The Shomate Equations reported in
the NIST Chemistry WebBook (Linstrom and Mallard, 2005), for example,
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after some manipulation, give H◦ in the form

H◦

R
= b1T +

b2

2
T2 +

b3

3
T3 +

b4

4
T4 +

b5

−1
T−1 + b6, (4.44)

and the most recent NASA Glenn ThermoBuild database is now in the
“new NASA” form (Gordon and McBride, 1994):

Ho

R
= −c1T−1 + c2 ln T + c3T +

c4

2
T2 +

c5

3
T3 +

c6

4
T4 +

c7

5
T5 + c8 (4.45)

The “old NASA form” (4.41 to 4.43) is used by many software packages
for chemical simulations, such as CHEMKIN (Kee et al., 1989) and Cantera
(Goodwin, 2003; see also §5.3), although the formatting of the input files
differs. The seven coefficients (a1, . . . , a7) are fitted to the data for each
of two temperature ranges, for example 300–1000 K and 1000–3000 K. It
is important that the polynomials for the two temperature ranges meet
smoothly at the joining temperature. Not only should the the values match
but also the first derivatives, otherwise chemical simulation software such
as Cantera can have difficulties converging on solutions near the joining
temperature.

4.5.2 Polynomial fitting method

The MATLAB program for calculating thermochemical properties using
statistical mechanics (described in §4.4.3) was extended to perform the
polynomial fitting as soon as the data had been generated. First equa-
tion (4.41) is fitted to the C◦p data to find a1, . . . , a5, then the ∆ f H◦298 K and
S◦ values are used to find a6 and a7 respectively.

Because the data are divided into two temperature ranges before hav-
ing polynomials fitted to them, fitting the polynomials is more compli-
cated than a simple polynomial least-squares fit that can be solved through
matrix algebra. Instead, the problem was expressed as a constrained non-
linear optimisation problem, with the objective function being the sum of
the squares of the errors and the constraints being that the values and first
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two derivatives of the two curves are equal at the crossover temperature.
This was then solved using the constrained nonlinear multivariable opti-
misation function fmincon in MATLAB.

The optimisation problem using the polynomial (4.41) is ill-
conditioned, so to aid convergence, the parameters used in the minimi-
sation are di = ai(Tmax)(i−1) (i = 1, . . . 5) where Tmax is the maximum
temperature in the range being fitted. As well as the polynomial coeffi-
cients for each temperature range, the crossover temperature can also be
optimised to improve the overall fit. The program also outputs the poly-
nomial coefficients in both CHEMKIN and Cantera formats, for easy in-
clusion in simulation input files for these software packages.

4.5.3 Polynomial results

Polynomials in the old NASA form (Gordon and McBride, 1976) were fit-
ted to Cp(T)/R, H◦ and S◦ over the temperature ranges 100 K to Ts and
Ts to 3000 K, constrained to ensure Cp(T) and its first two derivatives
matched at Ts, which is the switch-over temperature. Ts was optimised
for each species to give the best overall fit for the two polynomials. The
resulting polynomials, formatted for use in CHEMKIN, are given in ta-
ble 4.7.

Table 4.7: Polynomials for thermochemistry in CHEMKIN format.

! Generated from tiocl_bent-b971-6311+gdp.ultrafine.log

! on 04-Dec-2007 with Hf=-274.5 kJ/mol

TiOCL Dec07 Ti 1O 1CL 1 G 100 3000 910.103 1

+5.948117E+000 +1.585494E-003 -9.786111E-007 +2.773388E-010 -2.976432E-014 2

-3.492227E+004 +5.769214E-001 +4.173265E+000 +0.00881354 -1.276654E-005 3

+9.420266E-009 -2.845566E-012 -3.455532E+004 +9.15916 4

!

! Generated from tiocl2-b971-6311+gdp.ultrafine.log

! on 04-Dec-2007 with Hf=-598.0 kJ/mol

TiOCL2 Dec07 Ti 1O 1CL 2 G 100 3000 612.583 1

+7.997174E+000 +3.541831E-003 -2.500956E-006 +7.924391E-010 -9.328081E-014 2

-7.448195E+004 -6.293939E+000 +4.306840E+000 +0.0274381 -6.728819E-005 3

+8.548912E-008 -4.345403E-011 -7.397635E+004 +9.94355 4
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!

! Generated from tiocl3_C1-b971-6311+gdp.ultrafine.log

! on 04-Dec-2007 with Hf=-639.2 kJ/mol

TiOCL3 Dec07 Ti 1O 1CL 3 G 100 3000 666.633 1

+1.144338E+001 +2.785926E-003 -1.971450E-006 +6.235880E-010 -7.317446E-014 2

-8.046480E+004 -2.050863E+001 +4.607408E+000 +0.0451524 -1.062237E-004 3

+1.196932E-007 -5.248969E-011 -7.952686E+004 +9.69222 4

!

! Generated from tio2cl2tet-b971-6311+gdp.ultrafine.log

! on 04-Dec-2007 with Hf=-558.0 kJ/mol

TiO2CL2 Dec07 Ti 1O 2CL 2 G 100 3000 894.024 1

+1.082867E+001 +3.377574E-003 -2.135987E-006 +6.171615E-010 -6.728555E-014 2

-7.065675E+004 -2.193940E+001 +4.177686E+000 +0.0341444 -5.795648E-005 3

+4.724262E-008 -1.502630E-011 -6.944885E+004 +9.34403 4

!

! Generated from tio2cl3-b971-6311+gdp.freq.log

! on 04-Dec-2007 with Hf=-773.7 kJ/mol

TiO2CL3 Dec07 Ti 1O 2CL 3 G 100 3000 632.197 1

+1.279591E+001 +5.616922E-003 -3.937482E-006 +1.240226E-009 -1.452873E-013 2

-9.717730E+004 -2.612747E+001 +4.054396E+000 +0.0629141 -1.558477E-004 3

+1.901237E-007 -9.087327E-011 -9.602025E+004 +12.0971 4

!

! Generated from ti2o2cl3-b971-6311+gdp.ultrafine.log

! on 04-Dec-2007 with Hf=-1257.1 kJ/mol

Ti2O2CL3 Dec07 Ti 2O 2CL 3 G 100 3000 790.516 1

+1.603729E+001 +4.895039E-003 -3.250214E-006 +9.770766E-010 -1.100475E-013 2

-1.563790E+005 -4.056537E+001 +4.446516E+000 +0.0662782 -1.312255E-004 3

+1.239259E-007 -4.542739E-011 -1.545294E+005 +12.4172 4

!

! Generated from ti2o2cl4-b971-6311+gdp.ultrafine.log

! on 04-Dec-2007 with Hf=-1552.2 kJ/mol

Ti2O2CL4 Dec07 Ti 2O 2CL 4 G 100 3000 761.006 1

+1.843916E+001 +5.981213E-003 -4.025560E-006 +1.223612E-009 -1.390690E-013 2

-1.926477E+005 -5.329086E+001 +4.554945E+000 +0.081868 -1.678573E-004 3

+1.646960E-007 -6.284773E-011 -1.904957E+005 +9.75832 4

!

! Generated from ti2o3cl2-b971-6311+gdp.ultrafine.log

! on 04-Dec-2007 with Hf=-1330.6 kJ/mol

Ti2O3CL2 Dec07 Ti 2O 3CL 2 G 100 3000 801.249 1

+1.503869E+001 +6.437891E-003 -4.225942E-006 +1.259813E-009 -1.409951E-013 2

-1.650206E+005 -3.972992E+001 +3.506462E+000 +0.0646837 -1.210492E-004 3

+1.103608E-007 -3.958740E-011 -1.630841E+005 +13.5648 4

!

! Generated from ti2o3cl3-b971-6311+gdp.ultrafine.log

! on 04-Dec-2007 with Hf=-1417.8 kJ/mol

Ti2O3CL3 Dec07 Ti 2O 3CL 3 G 100 3000 925.177 1

+1.895807E+001 +4.696843E-003 -2.946515E-006 +8.449048E-010 -9.149517E-014 2
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-1.766765E+005 -5.460694E+001 +5.483762E+000 +0.0705786 -1.277169E-004 3

+1.077201E-007 -3.464502E-011 -1.743641E+005 +7.986 4

!

! Generated from ti3o4cl4-b971-6311+gdp.ultrafine.log

! on 04-Dec-2007 with Hf=-2300.5 kJ/mol

Ti3O4CL4 Dec07 Ti 3O 4CL 4 G 100 3000 823.661 1

+2.549669E+001 +8.936290E-003 -5.850258E-006 +1.738548E-009 -1.939690E-013 2

-2.850628E+005 -8.402229E+001 +4.854875E+000 +0.113969 -2.156342E-004 3

+1.944349E-007 -6.803589E-011 -2.816452E+005 +11.1254 4

!

! Generated from ti5o6cl8-b971-6311+gdp.log

! on 04-Dec-2007 with Hf=-4010.6 kJ/mol

Ti5O6CL8 Dec07 Ti 5O 6CL 8 G 100 3000 698.271 1

+4.436292E+001 +1.851703E-002 -1.283861E-005 +3.998622E-009 -4.636148E-013 2

-4.968043E+005 -1.600830E+002 +8.197640E+000 +0.227902 -4.966586E-004 3

+5.263495E-007 -2.191190E-010 -4.914848E+005 +2.20751 4

!

! Generated from ti2o2cl6_1let-b971-6311+gdp.ultrafine.log

! on 04-Dec-2007 with Hf=-1503.0 kJ/mol

Ti2O2CL6 Dec07 Ti 2O 2CL 6 G 100 3000 623.869 1

+2.361146E+001 +8.017453E-003 -5.771170E-006 +1.850900E-009 -2.196381E-013 2

-1.882758E+005 -6.949772E+001 +5.296140E+000 +0.128928 -3.254197E-004 3

+3.963272E-007 -1.883019E-010 -1.858973E+005 +10.346 4

!

! Generated from ti2o2cl5_2let-b971-6311+gdp.ultrafine.log

! on 04-Dec-2007 with Hf=-1272.0 kJ/mol

Ti2O2CL5 Dec07 Ti 2O 2CL 5 G 100 3000 637.682 1

+2.113301E+001 +7.017009E-003 -5.024421E-006 +1.604766E-009 -1.898097E-013 2

-1.597038E+005 -5.805767E+001 +5.387950E+000 +0.108466 -2.660639E-004 3

+3.147493E-007 -1.453260E-010 -1.576160E+005 +10.9364 4

!

! Generated from ticl2ocl_2let-b971-6311+gdp.ultrafine.calcall.log

! on 04-Dec-2007 with Hf=-475.0 kJ/mol

TiCL2OCL Dec07 Ti 1O 1CL 3 G 100 3000 643.819 1

+1.101232E+001 +3.530091E-003 -2.491591E-006 +7.877836E-010 -9.248855E-014 2

-6.061370E+004 -1.613252E+001 +5.485589E+000 +0.0376926 -8.846893E-005 3

+1.034583E-007 -4.798799E-011 -5.984008E+004 +8.35982 4

!
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4.6 Chapter summary

THE BASIS of any detailed kinetic model is thermochemical data for the
reacting species: without this the model cannot be thermodynami-

cally consistent. The data for titanium oxychloride species TixOyClz, inter-
mediates in the early stages of the oxidation of TiCl4, were not previously
reported in the literature and many are impossible to obtain with available
experimental techniques.

This chapter presented the thermochemistry of many of these interme-
diates, computed using quantum chemistry. The results from three dif-
ferent density functional theory (DFT) functionals were compared, giving
some indication of the reliability of DFT for these difficult transition metal
oxychloride species. Use of isodesmic and isogyric reactions was shown
to be important for determining standard enthlapy of formation (∆ f H◦298 K)
values.

TiOCl2, of particular importance in this mechanism, was subjected to
a more detailed analysis using coupled cluster CCSD(T), often called “the
gold standard of quantum chemistry”. A comparison of the results from
these calculations with the NIST and JANAF tables suggests that the liter-
ature values for TiOCl2 should be revised.

Statistical thermodynamics calculations using the RRHO approxima-
tion found the thermodynamic functions at various temperatures. Finally,
polynomials were found to approximate these functions, Cp(T), H◦(T)
and S◦(T). The results in this chapter will enable the development of more
detailed kinetic models of the combustion of TiCl4 to produce TiO2.
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Chapter 5

Chemical Equilibrium

In which equilibrium calculations are performed to identify which in-
termediates are likely to be most prevalent in the high temperature
industrial process, and as a first attempt to identify the size of the
critical nucleus.

5.1 Introduction

THERE are two main reasons to find the composition of a Ti-O-Cl gas
mixture at chemical equilibrium. Firstly, a knowledge of which

species are most stable (have the highest concentration at chemical equilib-
rium) can help to develop an understanding of the chemical mechanism,
which will be required in the next chapter. Secondly, equilibrium calcula-
tions can give clues to the size of the critical nucleus, above which particles
prefer to grow rather than shrink.

Since the optical and catalytic properties of TiO2 depend strongly on
particle size, a major technological issue in this large-scale industrial pro-
cess is precisely controlling the particle size distribution. The size distribu-
tion is expected to depend strongly on the particle nucleation rate, which
is strongly related to the size of the critical nucleus.
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To simulate a reaction mechanism in detail requires knowledge of both
the thermodynamic properties of each species and the rate expression for
each reaction. However, if one only wishes to find the equilibrium compo-
sition, the reaction rates are unnecessary, as are the reactions themselves.
For a given mixture of gases, the equilibrium composition can be deter-
mined using only the thermochemical data.

In this chapter, equilibrium calculations are performed to identify
which intermediates are likely to be most prevalent in the high temper-
ature industrial process, and as a first attempt to identify the size of the
critical nucleus.

5.2 Theory: finding chemical equilibrium

TWO equivalent formulations are commonly used for describing chem-
ical equilibrium. The simplest method to explain is that of equi-

librium constants. This was used in the early stages of this work, but
has long-since been abandoned in favour of the software package Can-
tera (Goodwin, 2003), which uses minimization of Gibbs free energy. Both
methods will be explained here.

5.2.1 Method of equilibrium constants

The principles behind equilibrium composition calculation described here
are detailed in Warnatz et al. (1999, chapter 4.8).

To solve for the composition of a system containing Nsp species, we
require Nsp independent equations, because the number of molecules of
each species in the system can change. The amount, bi, of each of the
Nel elements in the system must be conserved, providing Nel conservation
equations:

bi − b0
i = 0 i = 1, . . . Nel (5.1)
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where bi is given by

bi =
Nsp

∑
j=1

aijnj, (5.2)

aij is the number of atoms of the ith element in the jth species, nj is the
amount of the jth species, and b0

i is the amount of element i initially in the
system, which does not change.

In the method of equilibrium constants, the remaining Nrx = Nsp −
Nel equations come from independent chemical equilibrium conditions,
i.e. Nrx chemical reactions are each at equilibrium. For the kth reaction,

−νkAA +−νkBB� νkCC + νkDD (5.3)

alternatively written

∑
j

νkjBj = 0 (5.4)

where Bj is the jth species and νkj is the stoichiometric coefficient of species
j in reaction k, the equilibrium condition requires:

∏
j

(pj/1 atm)νkj = Kpk(T) (5.5)

where pj is the partial pressure of species j and Kpk(T) is the equilibrium
constant for reaction k at temperature T. Because the pj may span many
orders of magnitude, the equations are easier to solve using the logarith-
mic form:

∑
j

νkj log pj − log Kpk = 0 (5.6)

The equilibrium constants can be found from the thermochemistry of
the species, since:

Kpk(T) = exp
−∆kG◦

RT
(5.7)

where ∆kG◦ is the change in standard Gibbs free energy for reaction k
(which is given by ∆G = ∆H − T∆S), R is the ideal gas constant, and T is
the temperature in Kelvin. The equilibrium composition is then found by
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simultaneously solving the overall set of Nsp = Nrx + Nel equations.

There are several disadvantages of the equilibrium constant method,
including more bookkeeping, numerical difficulties, and difficulties with
non-ideal equations of state (Gordon and McBride, 1976). For these rea-
sons, the free-energy minimization formulation is preferred.

5.2.2 Free-energy minimization: the element potential

method

The condition for chemical equilibrium is the minimization of the overall
free-energy of the mixture, g. The Gibbs free energy of a mixture is given
by

g =
Nsp

∑
j=1

µjnj (5.8)

where nj is the amount of species j and µj is the chemical potential of
species j, found from the standard chemical potential µ◦j according to

µj = µ◦j + RT ln(pj/1 atm) j = 1, . . . Nsp (5.9)

The minimisation of g is constrained by the element conservation equa-
tions (5.1). Using the method of Lagrange multipliers for this constrained
minimization, we define

G = g +
Nel

∑
i=1

λi(bi − b0
i ) (5.10)

and set

dG =
∂G
∂nj

dnj +
∂G
∂λi

dλi = 0 (5.11)

=
Nsp

∑
j=1

(
µj +

Nel

∑
i=1

λiaij

)
dnj +

Nel

∑
i=1

(
bi − b0

i

)
dλi = 0. (5.12)

Treating dnj and dλi as independent gives the element conservation
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equations (5.1), and

µj +
Nel

∑
i=1

λiaij = 0 j = 1, . . . Nsp, (5.13)

where the Lagrange multipliers λi are the “element potentials”.

Combining (5.9), (5.13) and the equation of state pj = njRT/V, the
chemical potentials µj and then the full mixture composition nj can be
found, as detailed in (Gordon and McBride, 1976).

There are only Nel constraints to solve for (usually Nel � Nsp), so solv-
ing for the element potentials is easier than solving equilibrium equations
for the species concentrations. This routine is therefore faster and more
stable, and is that adopted in most software packages, such as Cantera.
The other major benefit is that it does not depend on a reaction model: no
reactions need be defined.

5.3 Method: finding chemical equilibrium

ALTHOUGH progress was made towards a bespoke chemical equilib-
rium solver programmed in MATLAB, this effort to re-invent the

wheel was abandoned in favour of a freely available, more powerful,
chemistry solver.

Cantera (Goodwin, 2003) is an open-source suite of object-oriented
software tools for problems involving chemical kinetics, thermodynam-
ics, and/or transport processes. Although Cantera itself is written in C++,
it can be used from MATLAB, Python, C++, or even Fortran. The interface
for MATLAB was used, so that the easy plotting and scripting capabilities
of that platform could be used.

To run an equilbrum calculation in Cantera, a mechanism file in .cti

format is created, specifying the elements and species to be included in the
ideal gas simulation. The thermochemical information for each species, in
the form of polynomial coefficients, is either included in the input file or
taken from a database. The Cantera software, linked to the mechanism file
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and the thermochemistry database, is called by the user from within MAT-
LAB. The user defines Cantera objects representing an ideal gas mixture
with a known starting composition, temperature, and pressure. The Can-
tera equilibrate method is then called, to find the equilibrium composition
at a set temperature and pressure.

Despite using the chemical potential method, the equilibrium solver in
Cantera is not very robust and sometimes needs help to converge. Starting
with a composition close to the equilibrium was found to help, as was
repeating the calculations with gradually tightened convergence criteria.

5.3.1 Validation of method

To validate the Cantera equilibration method and NASA database, some
equilibrium calculations that had been reported in the literature were
repeated and the results compared. Teyssandier and Allendorf (1998)
calculated the equilibrium composition for a gas mixture, initially con-
sisting of TiCl4 and Ar, over a range of temperatures (1000 - 2000 K).
They found the equilibrium composition using STANJAN code (Reynolds,
1986). Their thermodynamic data for TiClz=1,2,3 came from measure-
ments by Hildenbrand et al. (1991); all other polynomial fits were from the
JANAF tables obtained using the CHEMKIN thermodynamic database.

Their equilibrium calculations were repeated here using Cantera, with
thermodynamic data from the NASA database. The results (figure 5.1,
right) compare well with those of Teyssandier and Allendorf (figure 5.1
left), giving confidence in the NASA database, the Cantera equilibration
method, and the MATLAB code used here to implement it.
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Figure 5.1: Variation of species mole fractions at thermodynamic equi-
librium in the oxygen-free Ti-Cl-He system as a function of
temperature. Initial gas mixture was 10 mol % TiCl4 in he-
lium. Left: From Teyssandier and Allendorf (1998). (A)
101 kPa (solid) and 50.7 kPa (dashed), (B) 0.133 kPa. Equi-
librium composition was calculated using STANJAN code
and CHEMKIN Thermochemistry database. Right: This
work. (A) 101 kPa, (B) 0.133 kPa. Equilibrium composition
was calculated in MATLAB using Cantera routines and the
NASA Thermochemistry database.
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5.4 Results: Equilibrium composition

FIGURE 5.2 shows the computed equilibrium composition of a gas ini-
tially comprising a stoichiometric mixture of TiCl4 and O2, at a pres-

sure of 3 bar, similar to that of the industrial process, and temperatures be-
tween 100 and 3000 K. The thermochemical data for TiOCl, TiOCl2, TiOCl3,
TiO2Cl2, TiO2Cl3, Ti2O2Cl3, Ti2O2Cl4, Ti2O3Cl2, Ti2O3Cl3, Ti3O4Cl4, and
Ti5O6Cl8, were taken from this work (chapter 4); those for TiCl3, TiCl2, and
TiCl were taken from Hildenbrand (1996); and those for Ti, TiO, TiO2, O,
O2, O3, Cl, ClO, ClO2, Cl2, and Cl2O were taken from the NASA database
(Gordon and McBride, 1976; McBride et al., 1993) that is supplied with
Cantera. All other species, including solid TiO2, were excluded from the
simulation.

5.4.1 Important species

Because TiOCl2 is the only titanium oxychloride intermediate to have been
observed experimentally (Hildenbrand et al., 1991; Karlemo et al., 1996), it
is probably one of the most stable. As anticipated, TiOCl2 has the highest
equilibrium concentration of all monomeric Ti1 species (containing only
one Ti atom) except, below 1700 K, for the reactant TiCl4. Although less
stable than TiOCl2, the other TiOyClz species are no less important for
the kinetic mechanism, because TiOCl2 is unlikely to be formed directly
from TiClz radicals, instead proceeding via TiO2Cl2 or TiO2Cl3 from reac-
tion with O2, or via TiOCl3 from reaction with ClO. Due to the stability of
TiOCl2 relative to other reactive Ti1 species, the most likely collision that
leads to a Ti2 species is between two TiOCl2 molecules. The product of
TiOCl2 dimerisation, Ti2O2Cl4, is stable relative to the monomer at all tem-
peratures below 1700 K, and is therefore likely to play an important role in
the mechanism. Ti2O2Cl4 can undergo chlorine abstraction and oxidation
reactions to form other Ti2 intermediates such as Ti2O2Cl3, Ti2O3Cl2, and
Ti2O3Cl3, so although these are less stable than Ti2O2Cl4 at most tempera-
tures, they may still feature in a detailed kinetic mechanism, much like the
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Figure 5.2: Computed equilibrium composition of a mixture initially
containing 50 mol% TiCl4 in O2, at 3 bar and 300–
3000 K. (A) Detailed composition. (B) Summary with chlo-
rides (TiClz), monomers (TiOyClz), and dimers (Ti2OyClz)
grouped.
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lesser TiOyClz species.

5.4.2 Critical nucleus size
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O

O

O

Ti

O

Ti

Ti3O4Cl4

Ti

O

O

O

O

O O

Ti

Ti

Ti

Ti

Ti5O6Cl8

Figure 5.3: Molecular geometries of Ti3O4Cl4 and Ti5O6Cl8. Unlabelled
atoms are chlorine.

If the dominant reactions for molecular growth invove molecules with
N titanium atoms converting to molecules with N + 1 titanium atoms,
then the critical nucleus size, which is the size of the bottleneck species,
can be identified from the equilibrium composition (Wong et al., 2004).

Initially as N increases, the Gibbs free energy change as N → N + 1 is
positive; the molecule would rather shrink than grow. Above the critical
nucleus size however, the change is reversed and the particle would rather
grow than shrink. At the critical nucleus size, therefore, the Gibbs free en-
ergy is at a maximum, and, if brought into equilibrium with larger and
smaller molecules, molecules at the critical size will have the lowest con-
centration. This analysis is only strictly reliable when growth progresses
as described (N → N + 1) and when the most stable species for each value
of N (or preferably all species at each N) are included in the simulation.

Of the many possible Ti3 species, Ti3O4Cl4 is probably one of the more
stable due to the double-oxygen bridge between each of the Ti atoms (fig-
ure 5.3, left). However, the equilibrium concentration of this species is
predicted to be lower than that of the dimer Ti2O2Cl4 by at least an or-
der of magnitude. This implies that the critical nucleus size, above which
molecules grow irreversibly and can be safely treated as particles, is larger
than Ti2.
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Below ∼600 K the largest species in our simulation, Ti5O6Cl8 (fig-
ure 5.3, right) is predicted to have the highest concentration of the species
containing titanium. This suggests that at low temperatures the critical nu-
cleus size has five or fewer Ti atoms. However, at the high temperatures
employed to speed the kinetics in the industrial process, the Ti5 species
is unstable relative to the reactants TiCl4 + O2, suggesting that the critical
nucleus size is even larger under those conditions.

5.5 Chapter summary

THIS chapter was all about chemical equilibria. First, two methods for
calculating chemical equilibrium compositions were outlined: the

method of equilibrium constants, and the element potential method based
on free-energy minimization. The software and procedure adopted here
to solve this problem were described and validated, then applied to the
case of TiCl4 and O2, using the thermochemical data from chapter 4. The
results from these calculations were used to identify intermediate species
likely to play an important role in the chemical mechanism, and to give
clues to the critical nucleus size. Although this chapter appears between
chapters 4 and 6, the work was done concurrently in an iterative process:
equilibrium calculations (this chapter) suggest likely reactions (chapter 6)
that suggest new species for characterisation (chapter 4).
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Chapter 6

Gas-Phase Kinetic Model

In which a detailed kinetic model is proposed, characterised, im-
proved, tried, and tested. Insight into the dominant reaction mech-
anism is gained along the way. The new and improved model agrees
with experimental results from a rapid compression machine, but dis-
agrees with results from a flow-tube reactor; a possible reason for the
disagreement is proposed.

6.1 Introduction

DEVELOPING a detailed kinetic model for the gas-phase combustion
of titanium tetrachloride has been the motivation for all the work

described so far. In this chapter, the kinetic model is finally developed
and tested. First some background theory is explained, to help the reader
understand the methods described in the following sections. Next, a first
kinetic model is devised. This kinetic model is then characterised near
industrial reactor conditions. The flux analysis and sensitivity analysis in
this characterisation are used to guide improvements to the kinetic model
in §6.5. Finally, the improved kinetic model is used to simulate two sets of
experiments described in the literature: a rapid compression machine and
a plug flow reactor.
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6.2 Background theory

THIS SECTION aims to equip the reader with sufficient background
knowledge to understand the rest of the chapter. For explanation

in greater depth, please refer to a kinetics textbook such as Pilling and
Seakins (1995).

A detailed kinetic model consists of a list of intermediate species and
the possible reactions between them. Each species must have thermo-
chemical information, usually expressed in the form of polynomials for
C◦p, ∆ f H◦, and S◦; each reaction must have a forward rate expression,
the backwards rate being calculated from the thermodynamic equilibrium
constant:

k f /kb = Kc = Kp

(
p◦

RT

)∆ν

. (6.1)

Kc = ∏ c
νj
j is the concentration equilibrium constant, ∆ν = ∑ νj is the

overall change of stoichiometry for the reaction, and Kp = ∏(pj/p◦)νj is
the pressure equilibrium constant, which can be found from thermochem-
istry:

−RT ln Kp = ∆G◦ = ∆H◦ − T∆S◦ (6.2)

6.2.1 Elementary reactions

An elementary reaction is a chemical reaction in which one or more chem-
ical species react directly to form products in a single reaction step and
with a single transition state (IUPAC, 1997). The rate of such a reaction
can be estimated using, for example, Transition State Theory (TST). In the
high-pressure limit, elementary reactions are typically first order in each
of the reactants, and follow the Arrhenius form:

k = A exp
(
−Ea

kBT

)
(6.3)

Here A is called the pre-exponential factor, with units of 1/con-
centration·time (such as cm3mol−1 s−1), Ea is the activation energy, and
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kB is Boltzmann’s constant.
Although numerical simulations may be accelerated by grouping sev-

eral elementary reactions (e.g. A→B, B→C, C→D) into a compound reac-
tion (A→D), the rate expression for such a reaction will either be compli-
cated and hard to estimate, or will fail to capture the complexity of the re-
action mechanism with respect to temperature, pressure, and species con-
centrations. The aim of this chapter is to develop a kinetic model consist-
ing of elementary reactions. Reduction of this complete mechanism to a
smaller mechanism may be required for computationally expensive appli-
cations such as computational fluid dynamics, but this can be performed
at a later date if needed (Løvås et al., 2000).

6.2.2 Transition State Theory

V
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Figure 6.1: Energy profile for a typcial reaction

An energy profile for a typical reaction is shown in figure 6.1, a plot of
energy versus reaction coordinate. The transition state is the maximum
on this curve, labelled X‡. To reveal what is meant by reaction coordinate,
consider the simple reaction between an atom A and a diatomic molecule
BC:

A + BC→ X‡ → AB + C (6.4)
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If we fix the angle A-B-C we can plot a potential energy surface (PES) in 3
dimensions: potential energy V as a function of the inter-atomic distances
rAB and rBC (figure 6.2). The reaction coordinate of figure 6.1 is the dis-
tance along the minimum-energy pathway (MEP) traced across the PES
from reactants to products — the dashed line in figure 6.2. The transition
state X‡, the maximum in this MEP, is a saddle point in the PES: a station-
ary point with negative curvature in one direction (along the MEP) and
positive curvature in all other directions.
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Figure 6.2: 3-D potential energy surface (PES) for the reaction A +
BC→ AB + C.

Locating a transition state through quantum chemistry calculations is
similar to a geometry optimization for a stable molecule, but instead of
searching for a minimum in the PES, one is searching for a saddle point
(which are usually harder to find). The negative curvature in one direc-
tion will correspond to a single negative (imaginary) frequency when a
frequency calculation is performed by the quantum chemistry code.

If we allow the angle A-B-C to vary, or have more than three atoms
reacting, we need more than three dimensions and the PES becomes more
difficult to visualise, but the principles remain the same.

Transition State Theory (TST), developed by Eyring (and others) in the
1930s, postulates that the transition state is in equilibrium with the reac-
tants, and that motion along the reaction coordinate or MEP can be treated
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as free translational motion. The result for a reaction such as (6.4) is

k = κ
kBT

h
QX‡

QAQBC
exp(−∆ε0/kBT) (6.5)

where
k is the reaction rate coefficient, such that the rate = k[A][BC]
κ is the transmission coefficient, usually = 1
kB is Boltzmann’s constant
h is Planck’s constant
QX‡ is the partition function for the transition state X‡, omitting

the (negative) vibrational mode corresponding to motion
along the reaction coordinate.

QA is the partition function for the reactant A
QBC is the partition function for the reactant BC
∆ε0 is the difference between the lowest energy levels of A and BC

and of X‡, corresponding to the activation energy at 0 K.

The partition functions according to the rigid-rotator/harmonic-
oscillator approximation were given in chapter 4, and can be calculated
from information about the species and transition state such as moments
of inertia and vibrational frequencies; these can be found through quan-
tum chemistry calculations. The full derivation of (6.5) can be found in text
books such as Pilling and Seakins (1995), and an interesting account of the
historical development of TST and its reception by the chemical world is
given by Laidler and King (1983).

6.2.3 Barrierless reactions and VTST

Certain exothermic combination reactions A + B → C can proceed with-
out an energy barrier, i.e., without passing through a maximum in the
minimum-energy pathway from reactants to product. Since there is no
saddle-point in the potential energy surface (PES), location of the transi-
tion state by traditional means fails. This problem is solved using Varia-
tional Transition State Theory (VTST).
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For this procedure, several constrained geometry optimization quan-
tum calculations are performed, constrained to be at certain distances
along the reaction coordinate or MEP (e.g. by fixing one bond length prior
to optimization). The partition functions are evaluated at each of these
positions. The transition state in the TST is then varied along the MEP so
as to minimise the predicted rate expression. Because TST with the wrong
transition state always over-estimates, the lowest predicted rate is the best
estimate.

6.2.4 Collision limit

Without characterising the transition state for each reaction, evaluating
the partition functions, and using TST to calculate rate expression, it is
still possible to make rough guesses of the rate using heuristics or limits.

The collision limit provides an upper limit to reaction rates, where the
rate of reaction is limited by the rate of collisions between reactant species.
Reactions for which this is roughly true are radical association reactions
(the reverse of a homolytic bond fission), some of which are listed in ta-
ble 6.1. Note that the pre-exponential factor A for all of these reactions is
about 1013 cm3mol−1 s−1, and the energy Ea is zero. This collision limit
provides an approximate upper limit for barrierless reaction rates.

Table 6.1: Arrhenius parameters for some association reactions involv-
ing radicals, from Benson (1976, table 4.7).

Reaction T log10 A Ea
(K) (cm3mol−1 s−1) (kJ/mol)

2CH3 → C2H6 300–400 13.5 ± 0.2 0
2C2H5 → C4H10 800 13.0 ± 0.5 0
CH3 + C2H5 → C3H8 350–415 13.2 ± 0.5 0
2CCl3 → C2Cl6 385–460 12.6 0
C2H5 + O2 → C2H5O2· 400 12.6 0
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6.2.5 Fall-off and pressure dependence

In an exothermic reaction A + B→ C + D, the energy released in the reac-
tion can be transferred to the kinetic energy of the products, which move
apart at high speed. In an exothermic combination reaction A + B → C,
conservation of momentum prevents product C from moving away at high
speed, so it retains excess energy. To prevent the spontaneous decomposi-
tion back to A + B, the energetic C? must be stabilised by collisions with
surrounding gas molecules:

A + B→ C? → C (6.6)

At low pressure, these collisions occur less frequently, and it is more
likely that the combination reaction that has just occurred will be undone,
as if it never happened. This pressure-dependent “falloff” can greatly
slow exothermic combination reactions. The same pressure-dependence
applies to the endothermic unimolecular decomposition C → A + B,
whereby C depends upon collisions with the bath gas to break apart into
A and B.

The estimation of pressure-dependent rates requires the calculation of
how collisions with the bath-gas, such as argon, redistribute energy be-
tween the different energy levels of the reactants, product, and activated
complex (transition state). This is done by solving a Master Equation that
describes the possible transitions between these energy levels (Miller and
Klippenstein, 2006).

6.3 Devising the first kinetic model

THERMODYNAMIC equilibrium calculations from chapter 5 can give
clues to the chemical mechanism. For example, the most stable

intermediate with only one Ti atom is TiOCl2, which has an equilib-
rium mole fraction orders of magnitude higher than any other monomer
species, other than the titanium chlorides. The most stable dimer species
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is Ti2O2Cl4. Gaseous TiO2 is unstable and will exist in very low concen-
trations. The dimerisation of TiOCl2 to form Ti2O2Cl4 is therefore a more
likely route towards the formation of TiO2 nanoparticles than the dimeri-
sation of gaseous TiO2 molecules. The equilibrium calculations were used
in this way to identify likely intermediate species and elementary steps in
the reaction mechanism.

The elementary reactions of the species containing one Ti atom can be
grouped into several categories. (i) Thermal decomposition which initiates
the radical reaction chain, (ii) radical abstraction of Cl and disproportion-
ation, (iii) oxidation, and (iv) dimerisation forming a Ti2OxCly species.

Starting with a list of species, all the feasible reactions were devised
manually using the above categories as prompts, eliminating reactions
that violate spin conservation. If any of the reactions generate new species,
these species were added to the list, their thermochemistry was calculated
(chapter 4), and new reactions that they could perform were devised.

Table 6.2 shows the reactions considered in the mechanism, along with
the standard enthalpy of reaction at 298 K, and parameters for a modified
Arrhenius rate expression for the forward rate coefficient,

k f = A
(

T
1 K

)n
exp

(
−Ea

RT

)
, (6.7)

where T is the temperature in Kelvin.

Table 6.2: Reaction mechanism equations.

No Reaction ∆H◦298K
a A b n Ea

a Ref.

Thermal Decomposition
R1 TiCl4 + M
 TiCl3 + Cl + M 387 5.40×1018 0 336 10

R2 TiCl3 + M
 TiCl2 + Cl + M 422 7.70×1018 0 387 10

R3 TiCl2 + M
 TiCl + Cl + M 507 3.20×1017 0 511 11

R4 Ti + Cl
 TiCl −405 1.00×1013 0 0
a kJ mol−1 b cm3 mol−1 s−1 c cm6 mol−2 s−1 d estimate
M represents any molecule

10 Herzler and Roth (2003)
11 Teyssandier and Allendorf (1998)
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Table 6.2: Reaction mechanism equations – Continued.

No Reaction ∆H◦298K
a A b n Ea

a Ref.

R5 TiCl2 + Cl2
 TiCl4 −567 1.00×1013 0 0
R6 TiCl + Cl2
 TiCl3 −687 1.00×1013 0 0
Abstraction and Disproportionation
R7 TiCl3 + Cl2
 TiCl4 + Cl −144 1.00×1013 0 0
R8 TiCl2 + Cl2
 TiCl3 + Cl −180 1.00×1013 0 0
R9 TiCl + Cl2
 TiCl2 + Cl −265 1.00×1013 0 0
R10 Ti + Cl2
 TiCl + Cl −162 1.00×1013 0 0
R11 TiCl4 + TiCl
 TiCl3 + TiCl2 −121 1.00×1013 0 0
R12 TiCl4 + Ti
 TiCl3 + TiCl −18 1.00×1013 0 0
R13 TiCl2 + TiCl
 TiCl3 + Ti −17 1.00×1013 0 0
R14 2 TiCl
 TiCl2 + Ti −103 1.00×1013 0 0
R15 Cl2 + TiO2Cl2
 Cl + TiO2Cl3 −95 1.00×1013 0 0
R16 Cl2 + Ti2O2Cl3
 Cl + Ti2O2Cl4 −174 1.00×1013 0 0
R17 2 TiCl3
 TiCl2 + TiCl4 35 9.60×1012 0 35 10 d

R18 TiCl3 + TiCl
 2 TiCl2 −85 1.00×1013 0 0
Oxidation
R19 TiCl3 + O2
 TiO2Cl3 −277 1.00×1013 0 0
R20 TiOCl3 + ClO
 TiO2Cl3 + Cl −115 1.00×1013 0 0
R21 TiO2Cl3 + TiCl3
 2 TiOCl3 −7 1.00×1013 0 0
R22 TiOCl2 + Cl
 TiOCl3 −162 1.00×1013 0 0
R23 TiOCl3 + O
 TiO2Cl3 −384 1.00×1013 0 0
R24 TiO2Cl2 + Cl
 TiO2Cl3 −337 1.00×1013 0 0
R25 TiO2Cl2 + Cl
 TiCl3 + O2 −61 1.00×1013 0 0
R26 TiOCl3 + O
 TiCl3 + O2 −108 1.00×1013 0 0
R27 TiCl2 + O2
 TiOCl2 + O −152 1.00×1013 0 0
R28 TiO2Cl2 + O
 TiOCl2 + O2 −289 1.00×1013 0 0
R29 TiCl3 + ClO
 TiCl4 + O −118 1.00×1013 0 0
R30 TiCl2 + ClO
 TiCl3 + O −153 1.00×1013 0 0
R31 TiCl + ClO
 TiCl2 + O −239 1.00×1013 0 0
R32 Ti + ClO
 TiCl + O −136 1.00×1013 0 0
R33 TiCl3 + O
 TiOCl2 + Cl −228 1.00×1013 0 0
R34 TiCl3 + Cl2O
 TiCl4 + ClO −243 1.00×1013 0 0
R35 TiCl3 + ClO
 TiOCl3 + Cl −122 1.00×1013 0 0
R36 TiO2Cl2 + Cl
 TiOCl2 + ClO −60 1.00×1013 0 0
a kJ mol−1 b cm3 mol−1 s−1 c cm6 mol−2 s−1 d estimate
M represents any molecule
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Table 6.2: Reaction mechanism equations – Continued.

No Reaction ∆H◦298K
a A b n Ea

a Ref.

Cl/O Chemistry
R37 O + O2 + M
 O3 + M −107 1.84×1021 c -2.8 0 12

R38 ClOO + M→ Cl + O2 + M 24 1.69×1014 0 15.13 12

R39 Cl + O2 + M→ ClOO + M −24 8.68×1021 c -2.9 0 12

R40 Cl + O3
 ClO + O2 −161 1.75×1013 0 2.18 13

R41 Cl2O + Cl
 Cl2 + ClO −99 3.73×1013 0 -1.09 13

R42 Cl + O2
 ClO + O 229 8.79×1014 0 230.5 14

R43 O + Cl2
 ClO + Cl −26 4.46×1012 0 13.73 15

R44 2 Cl + M
 Cl2 + M −243 2.23×1014 c 0 -7.53 14

Dimerisation and dimer reactions
R45 2 TiOCl2
 Ti2O2Cl4 −356 1.00×1013 0 0
R46 TiO2Cl2 + TiCl3
 Ti2O2Cl4 + Cl −375 1.00×1013 0 0
R47 TiO2Cl2 + TiOCl2
 Ti2O3Cl3 + Cl −141 1.00×1013 0 0
R48 TiOCl2 + TiOCl3
 Ti2O2Cl4 + Cl −194 1.00×1013 0 0
R49 Ti2O3Cl3 + TiOCl2
 Ti3O4Cl4 + Cl −164 1.00×1013 0 0
R50 Ti2O3Cl2 + Cl
 Ti2O3Cl3 −208 1.00×1013 0 0
R51 Ti2O2Cl3 + TiCl4
 Ti2O2Cl4 + TiCl3 −29 1.00×1013 0 0
a kJ mol−1 b cm3 mol−1 s−1 c cm6 mol−2 s−1 d estimate
M represents any molecule

The rate parameters for the initiating reactions (R1 and R2 in table 6.2)
were taken from high temperature shock tube experiments by Herzler
and Roth (2003) which agree with values from a theoretical study by
Teyssandier and Allendorf (1998). The latter was also the source of the
parameters for reaction R3. Oxygen-chlorine chemistry in reactions R37–
R44 was taken from the literature (Atkinson et al., 1997, 2001; Baulch et al.,
1981; Wine et al., 1985).

The remaining rate parameters were estimated as having a pre-
exponential factor, A, given by the collision limit 1× 1013 mol cm−3 s−1,

12 Atkinson et al. (1997)
13 Atkinson et al. (2001)
14 Baulch et al. (1981)
15 Wine et al. (1985)
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and the activation energy, Ea, in the exothermic direction was taken to be
zero. For this reason all the reactions with estimated parameters are listed
in the exothermic direction in table 6.2.

This barrierless estimate provides an approximate upper limit for the
reaction rates. For the radical combination reactions this is a reason-
able estimate. Some reactions which proceed via activated intermediates
will probably be significantly slowed by fall-off, and some chemically-
activated product channels will open. This is expected to affect reactions
in which two species combine to form one species in the exothermic direc-
tion (R19, R22, R23, R24, R45, R50).

This first mechanism includes 51 elementary reactions and oxidises
TiCl4 to form stable Ti2OxCly ‘dimer’ species, which probably lie on the
path towards TiO2 nanoparticles.

6.4 Characterising the first kinetic model

6.4.1 Method: Cantera and MATLAB

The Cantera software package (Goodwin, 2003) was introduced in chap-
ter 5, where it was used to find equilibrium compositions at a range of
temperatures based on thermochemical data for all the species. When it is
also provided with a list of reactions and their corresponding rate expres-
sions, Cantera can also be used to solve the time-varying concentrations
of all the species.

As before, the MATLAB interface for Cantera was chosen, and scripts
were written to set up and run the simulation and plot various graphs.
With the resulting concentration-time profiles for each species stored in a
.csv file, reaction pathway flux analysis was performed using MixMaster
(a Python program that is part of the Cantera suite). This outputs .dot

files which were visualised using Graphviz (Gansner and North, 2000) to
produce reaction pathway flux diagrams.

At the time of this work, Cantera was unable to perform sensitivity
analyses, so these were tackled with a brute-force approach using extra
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MATLAB scripts.

Changing the kinetics one reaction at a time was not too difficult: the
Cantera interface provides a ‘multiplier’ for each reaction rate coefficient
(default value: 1). The simulation was simply repeated once for each re-
action, with that reaction (both forward and reverse — fixed thermochem-
istry) accelerated by a factor of three.

Finding the sensitivity with respect to changes in the thermochemical
data was more difficult, and required a less elegant hack. Before loading
the mechanism into memory, Cantera converts the human-readable .cti

file describing the kinetic model into a .xml file containing the same infor-
mation but in XML format, more easily interpreted by the Cantera pack-
age. To change the thermochemistry of one species at a time, a MATLAB
script modifies this XML file before it is read into Cantera; this is repeated
for each species.

The necessary thermochemical data for the TixOyClz species (x, y, z >

0) were taken from the quantum calculations in chapter 4 (West et al.,
2007a); those for TiCl3, TiCl2, and TiCl were taken from Hildenbrand
(1996); and those for all other species were from the NASA database
(Gordon and McBride, 1976; McBride et al., 1993).

6.4.2 Results: industrial plug flow reactor

The chemical mechanism, thermochemistry, and rate parameters de-
scribed above (§6.3) were used to simulate a zero dimensional batch re-
actor at constant temperature and pressure (1500 K, 3× 105 Pa) with an
initial mixture of 50 mol% TiCl4 in O2. These conditions are close to those
in a typical industrial reactor (Allen and Evers, 1992; Edwards, 2007). The
time-evolutions of the species mole fractions over the first 10 ms are shown
in figures 6.3 and 6.4. The overall process is the conversion of TiCl4 into the
dimer species Ti2O2Cl4 (figure 6.3). Figure 6.4 is plotted on a logarithmic
scale and shows the details of the reactive intermediates.

The main reaction sequence (figure 6.5) begins with the formation of
TiCl3 radicals from TiCl4, primarily via radical abstraction (the reverse of
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Figure 6.3: Species mole fractions versus time. Initial composition was
50 mol% TiCl4 in O2 at time = 0. Constant T=1500 K,
P=3× 105 Pa. The dashed line to the final star shows the
mole fraction at thermodynamic equilibrium.
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reaction R7 in table 6.2, hereinafter denoted R7’),

TiCl4 + Cl
 TiCl3 + Cl2, (R7’)

but also by pressure-dependent thermal decomposition (R1 in the for-
wards direction):

TiCl4 + M
 TiCl3 + Cl + M. (R1)

These TiCl3 radicals are then oxidised to give TiOCl3, some directly,

TiCl3 + ClO
 TiOCl3 + Cl, (R35)

but the majority via TiO2Cl3:

TiCl3 + O2 
 TiO2Cl3 (R19)

TiO2Cl3 + Cl
 TiOCl3 + ClO (R20’)

TiO2Cl3 + TiCl3 
 2 TiOCl3. (R21)

TiOCl3 reacts to form the more stable intermediate TiOCl2 via

TiOCl3 
 TiOCl2 + Cl. (R22’)

Once sufficient TiOCl2 has formed, it dimerises to form Ti2O2Cl4:

2 TiOCl2 
 Ti2O2Cl4. (R45)

This is a first step towards a nanoparticle containing thousands of TiO2

units.

Sensitivity analysis

The sensitivity of the overall reaction rate was investigated with respect to
changes in both the individual rate coefficients of each reaction, and the
thermochemistry of each species. A 1:1 molar ratio of O2 and TiCl4 was
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Table 6.3: Kinetic sensitivity analysis.

No. Reaction Sensitivitya

R21 TiO2Cl3 + TiCl3
 2 TiOCl3 0.24
R1 TiCl4 + M
 TiCl3 + Cl + M 0.05
R35 TiCl3 + ClO
 TiOCl3 + Cl 0.05
R7 TiCl3 + Cl2
 TiCl4 + Cl 0.05
R19 TiCl3 + O2
 TiO2Cl3 0.007
R47 TiO2Cl2 + TiOCl2
 Ti2O3Cl3 + Cl −0.007
R20 TiOCl3 + ClO
 TiO2Cl3 + Cl 0.005

a Sensitivity = ∆ (log(x1ms)) /∆ (log(A)) where x1ms is the mole fraction of Ti2O2Cl4 at
t = 1 ms and A is the pre-exponential factor for the reaction rate (see equation 6.7).

again simulated at 3 × 105 Pa and 1500 K, and the mole fraction of the
dimer Ti2O2Cl4 at t = 1 ms was noted.

Increasing the rate of reaction R21 (both forward and reverse, i.e., fixed
thermochemistry) by a factor of three increases the mole fraction of the
dimer after 1 ms by 30%, see table 6.3. A few other rate constants also
noticeably affect the dimer formation kinetics. However, in general the
kinetics are relatively insensitive to the assumed rate constants.

The kinetics are naturally sensitive to the enthalpies of formation of
TiCl4, O2, and Cl2, but fortunately all of these are very well established.
Of the species with poorly established thermochemistry, the kinetics are
most sensitive to the enthalpies of TiCl3 and the dimer Ti2O2Cl4; mak-
ing either species 50 kJ mol−1 less stable decreases the concentration of
Ti2O2Cl4 after 1 ms by about a factor of 5. The other Ti-containing species
have a much weaker effect on the predicted kinetics (see figure 6.6).

Hildenbrand (1996) has persuasively argued that the NASA and
JANAF (McBride et al., 2002; Chase Jr., 1998) enthalpies for TiCl3 are in-
accurate by about 42 kJ/mole at 298 K; using the JANAF estimate for
TiCl3 rather than Hildenbrand’s estimate increases the overall reaction rate
by about 12%. The DFT-based estimate of the enthalpy of formation of
Ti2O2Cl4 from chapter 4 is unfortunately the only value in the literature;
because there is no reliable reference species available on which to base an
isodesmic reaction, 50 kJ mol−1 is a reasonable estimate of the uncertainty.
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Figure 6.6: Sensitivity of the concentration of Ti2O2Cl4 after 1 ms to a
50 kJ mol−1 increase in enthalpy of formation of each species.
Constant T = 1500 K, P = 3× 105 Pa.

6.5 Improving the kinetic model

INFORMATION gained from the initial reaction pathway and sensitivity
analysis was used to systematically improve the first kinetic model.

The potential energy surfaces (PESs) for several reactions were investi-
gated using the DFT package DMol3. The transition state search, tran-
sition state optimisation, transition state confirmation using the nudged
elastic band method (imagine stretching an elastic band across the PES in
figure 6.2 from reactants to products and nudging it to confirm the TS lies
on the MEP), and constrained optimization tools were all useful for this
task.

Two reactions were identified as good candidates for improvement.
First

TiCl3 + O2 � TiO2Cl3 (R19)

because the flux analysis revealed it lies on the main reaction pathway,
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and it is likely to be greatly slowed by fall-off. Second

TiCl3 + TiO2Cl3 � 2 TiOCl3 (R21)

because the sensitivity analysis found the overall reaction rate to be most
sensitive to the rate of this elementary reaction. The first-year Ph.D. stu-
dent Raphael A. Shirley helped to perform the DMol3 investigations in
this section, for which the author is grateful.

6.5.1 Reaction R19: TiCl3 + O2� TiO2Cl3
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Figure 6.7: Minimum energy pathway for reaction R19 calculated with
HCTH density functional in DMol3.

Attempts to locate the transition state for reaction R19 failed. The
potential energy surface (PES) was investigated manually by fixing the
distance between the Ti and one of the O atoms at a range of distances,
and optimizing all the other geometric variables for each fixed distance.
This allows the minimum energy pathway (MEP) for the O2 molecule ap-
proaching the TiCl3 radical to be traced. Figure 6.7 shows the result using
the HCTH density functional in DMol3. As can be seen, reaction R19 is
barrierless, and, as it is also exothermic, the rate of stabilization of TiCl3O2

107

mailto:ras81@cam.ac.uk


VI. KINETICS

is pressure dependent. Calculation of the pressure-dependent rate expres-
sion requires Variational Transition State Theory (VTST). These calcula-
tions, described next, were performed by C. Franklin Goldsmith, a gradu-
ate student at MIT, to whom the author is very grateful.

Quantum-chemical calculations were repeated using the CBS-QB3
(Montgomery et al., 2000) compound method in Gaussian03 (Frisch et al.,
2003). This accurate compound-method involves geometry optimisation
with B3LYP and single-point energy calculations with CCSD(T), with var-
ious extrapolations to approximate the infinite-basis-set limit. This is an
important step because Hofmann (2006) suggests the HCTH functional is
unsuitable for reaction profiles involving transition metals and oxygen.
The CBS-QB3 energies were calculated for the reactants and product. The
B3LYP/6-311G(2d,d,p) Ti–O equilibrium bond length was Re = 1.99 Å.
For the transition state MEP, constrained optimizations were performed
at fixed Ti–O bond lengths of R = 2.5, 3.0, 3.5, 4.0, 4.5, and 5.0 Å, followed
by CBS-QB3 calculations. The pressure-dependent reaction rate was calcu-
lated using a RRKM/Master Equation code, VariFlex (Klippenstein et al.,
2002). The method used to calculate the variational transition state the-
ory rate constant is similar to the method described in Srinivasan et al.
(2007), in which a rigid-rotator/harmonic-oscillator is made for each step
in the MEP. For both the stabilized product and the six fixed points on the
MEP, the ClTi–OO torsional frequency was treated as a free rotor. Addi-
tional anharmonic effects may be present — e.g. the umbrella modes in
TiCl3O2 and the MEP with frequencies below 200 cm−1 — but were not
included in the calculations. Variflex calculations were performed at pres-
sures between 0.001 and 30 bar, and temperatures between 400 and 2000 K.
The resulting k(T, p) matrix was fit to a standard Lindemann equation
(Lindemann et al., 1922) with a Troe broadening parameter (Gilbert et al.,
1983) for use in Chemkin (Kee et al., 1989) and Cantera (Goodwin, 2003);
these parameters are given in table 6.4.
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6.5.2 Reaction R21: TiCl3 + TiO2Cl3� 2 TiOCl3

When investigating the PES for the exothermic reaction
TiCl3 + TiO2Cl3 � 2 TiOCl3 (R21), the intermediate Ti2O2Cl6 was found
to be stable (a minimum on the PES), with an electronic energy 225 kJ/mol
below the products. The reaction was split into two elementary reactions.

TiO2Cl3 + TiCl3 � Ti2O2Cl6 (R52)

2 TiOCl3 � Ti2O2Cl6 (R53)

The minimum energy pathway (MEP) for R52 was found to be barrier-
less at this level of theory, and no transition state (saddle point on the PES)
could be found for R53, although as the distance between the Ti atoms is
increased, the minimum energy pathway on the electronic potential en-
ergy surface leads to a TiCl3-O-O structure with a dangling oxygen, which
is higher in energy than the TiO2Cl3 structure reported in chapter 4, with
both O atoms close to the Ti.

6.5.3 TiCl2OCl and other improvements

Following the addition of Ti2O2Cl6 to the kinetic model, a number of ad-
ditional reactions were added. The abstraction of one Cl by either Cl or
TiCl3 radicals leads to Ti2O2Cl5, another new species; further Cl abstrac-
tion leads to Ti2O2Cl4, a species already in the kinetic model. These four
reactions were added to the model (R54–R57).

Additionally, the species TiCl2OCl was added to the kinetic model,
along with several reactions for its formation and onward reaction (R58–
R61). Finally, some ClOO and O3 reactions were added (R62–R67).

The rate expression for R66 was taken from DeMore et al. (1997), and
that for R67 was found by fitting a modified Arrhenius expression to all
the data in the NIST kinetics database (NIST, 2007). The remaining rate
parameters were again estimated as having a pre-exponential factor, A,
given by the collision limit 1 × 1013 cm3 mol−1 s−1, and the activation
energy, Ea, in the exothermic direction was taken to be zero.
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Table 6.4: Additional reaction mechanism equations.

No Reaction ∆H◦298K
a A b n Ea

a Ref.

R19 P∞: TiCl3 + O2
 TiO2Cl3 −277 4.387×1037 -7.83 31735
P0: TiCl3 + O2 + M
 TiO2Cl3 + M 1.958×1036 c -6.26 13522
Troe parameters: α = 0.1183, T∗∗∗ = 26.93 K, T∗ = 105 K, T∗∗ = 5219.3 K

Removed from mechanism
(R21) TiCl3 + TiO2Cl3 � 2 TiOCl3 −7 1.00×1013 0 0
Replacements
R52 TiO2Cl3 + TiCl3
 Ti2O2Cl6 −232 1.00×1013 0 0
R53 2 TiOCl3
 Ti2O2Cl6 −225 1.00×1013 0 0

Additional reactions
R54 Cl2 + Ti2O2Cl5
 Cl + Ti2O2Cl6 −110 1.00×1013 0 0
R55 Cl + Ti2O2Cl5
 Cl2 + Ti2O2Cl4 −401 1.00×1013 0 0
R56 TiCl3 + Ti2O2Cl5
 TiCl4 + Ti2O2Cl4−546 1.00×1013 0 0
R57 TiCl3 + Ti2O2Cl6
 TiCl4 + Ti2O2Cl5 −35 1.00×1013 0 0
R58 TiCl2OCl
 TiOCl2 + Cl −2 1.00×1013 0 0
R59 TiCl2OCl + Cl
 TiCl3 + ClO −42 1.00×1013 0 0
R60 TiCl2OCl + Cl
 TiOCl3 + Cl −164 1.00×1013 0 0
R61 TiCl2OCl + Cl
 Cl2 + TiOCl2 −244 1.00×1013 0 0
R62 TiCl3 + ClOO
 TiCl4 + O2 −363 1.00×1013 0 0
R63 TiCl4 + O3
 TiCl3 + ClO + O2 226 1.00×1013 0 226
R64 TiOCl3 + O3
 TiO2Cl3 + O2 −277 1.00×1013 0 0
R65 TiO2Cl2 + ClOO
 TiO2Cl3 + O2 −314 1.00×1013 0 0
R66 ClOO + Cl
 Cl2 + O2 −219 1.39×1014 0 0 1

R67 O3 + O
 2 O2 −391 5.47×1012 0.00322 17.4 2

a kJ mol−1 b cm3 mol−1 s−1 c cm6 mol−2 s−1

1 DeMore et al. (1997)

2 Fit to all data in NIST (2007)
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6.5.4 Comparison with first kinetic model
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Figure 6.8: Species mole fractions versus time with the revised kinetic
model (solid line) and first kinetic model (dashed line and
figure 6.3). Initial composition was 50 mol% TiCl4 in O2 at
time = 0. Constant T=1500 K, P=3× 105 Pa. The dotted
line to the species label shows the mole fraction at thermody-
namic equilibrium.

Figure 6.8 shows the results of the simulation described in §6.4.2 and
plotted in figure 6.3, but performed using the improved kinetic model.
The cumulative effect of the changes is to slow the overall rate of reaction
in these conditions, so that the time taken for the concentration of chlorine
to exceed that of TiCl4 increases from 2 ms to 10 ms.
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6.6 Simulating the gas phase

HAVING devised a kinetic model for the gas-phase chemistry of TiCl4
oxidation, the next step is to compare it with experimental measure-

ments. Two different sets of experimental data are used for this: a rapid
compression machine and a flow-tube reactor.

6.6.1 Rapid Compression Machine

A rapid compression machine (RCM) is a useful tool for measuring gas-
phase kinetics at high temperatures and pressures, but at less expense
than a shock-tube. A PhD thesis from Case Western Reserve University
in Ohio (Raghavan, 2001) describes investigations of the kinetics of TiCl4
oxidation using an RCM. A mixture of 0.3 mol% TiCl4 and 1 mol% O2 in
Argon was loaded into a cylinder at reduced pressure, then rapidly com-
pressed causing the temperature and pressure of the gas to rise quickly.
The concentration of TiCl4 was measured before and after compression
using FTIR spectroscopy. The temperature throughout the compression
was calculated from the pressure, volume, and starting temperature, ac-
cording to a hot-core model in which 20% of the volume (near the walls)
is compressed isothermally. The piston was designed to bounce, result-
ing in a short peak in temperature, found to be well approximated by a
Lorentzian. The reaction time reported in the thesis was the half-width at
half-maximum (HWHM) of such a Lorentzian, fitted to the top 10% of the
temperature profile.

Method: Cantera and Python

The Cantera package, used in §6.4.1 with MATLAB, can also interface with
Python programs. Python is a dynamic object-oriented programming lan-
guage that can be used for many kinds of software development. It of-
fers strong support for integration with other languages and tools, and
comes with extensive standard libraries (Python Software Foundation,
2008). Python is quick to learn, fast to use, and tries to take the good parts
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from Perl, MATLAB, C++, and other languages.16 Currently, the Python
interface for Cantera is more complete than the MATLAB interface, which
is missing the ability to simulate reactors with moving walls. For this rea-
son, the MATLAB programs of §6.4.1 were abandoned in favour of Python.

The RCM was simulated here using the improved gas-phase kinetic
model. In this simulation, the piston was driven sinusoidally for one
stroke, with a speed and compression ratio adjusted iteratively to con-
trol Tp, the peak temperature, and tc, the HWHM of a Lorentzian fitted
to match the calculated temperature profile when T was above 90% of Tp.
This was repeated for the sixteen combinations of Tp and tc reported in
Raghavan (2001). The shape of the temperature profile from this sinu-
soidal compression is similar to the profiles of the RCM given in Raghavan
(2001). The simulation was spatially homogeneous, so following the hot-
core description in Raghavan (2001), the simulated conversion was scaled
by 0.8 (20% of the gas remained unreacted). Because the gas is heated
rapidly and for a short time the walls do not heat up, so surface reactions
were neglected.

Results: validation of kinetic model

Figure 6.9 shows the fraction of TiCl4 consumed (1 − N/N0) plotted
against the peak temperature reached in the reactor (Tp) from Raghavan’s
thesis with the simulation results superimposed. Also shown are the
results of simulations using the one-step Arrhenius rate expression that
Raghavan fitted to the experimental data points. The design of the RCM
meant that the peak temperature Tp and the reaction time tc could not be
controlled independently (a higher Tp usually meant a shorter tc). The ex-
tent of reaction obviously depends on the reaction time, so simply plotting
(1− N/N0) as a function of Tp without mentioning tc is misleading. The
bars on the simulation results in figure 6.9 indicate the sensitivity with re-
spect to compression time tc: the lower limit is the result of tc=10 ms, the

16 were the work in this thesis to be repeated, Python would be a good choice for all
the scripts and programs, especially those in chapter 4.
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Figure 6.9: Fraction of TiCl4 consumed after compression in the RCM,
plotted against the peak temperature reached. The lower limit
shows a simulation with tc=10 ms, the upper limit 40 ms,
and the filled square the tc that was reported for the corre-
sponding measurement (white circle) from Raghavan (2001).
The dashed line shows the prediction of an Arrhenius rate ex-
pression fitted to the experimental measurements.
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upper limit is 40 ms, and the central mark is the tc that was reported for
the corresponding N/N0 measurement in Raghavan (2001).

Discussion

The kinetic model agrees reasonably well with the experiments without
fitting any parameters. The fraction of TiCl4 that has been consumed af-
ter compression to a given temperature is somewhat lower in our simu-
lations than the reported measurements, but uncertainties in the temper-
ature measurements are likely to be significant. The peak temperature Tp

was deduced from measurements of pressure, volume, and the starting
temperature T0, giving three causes for concern. First, an error in measur-
ing T0 is amplified in Tp. Second, the deduced Tp is very sensitive to er-
rors in measuring the maximum piston displacement: based on pressure
estimates from the model, this sensitivity at maximum Tp is 135 K/mm.
Third, the assumptions necessary for this deduction are hard to verify.

Unfortunately, Raghavan does not give estimates of the errors in N/N0

or Tp in figure 6.9, but they are probably not small enough to justify ad-
justing parameters in the kinetic model to fit these experiments. The 20%
dead-zone in the model ensures that no simulation will ever match the
observations where (1− N/N0) > 0.8, whichever kinetics are used.

6.6.2 Plug Flow Reactor (PFR)

Plug flow reactors (PFRs) are often used to measure rates, and the care-
ful measurements in Pratsinis et al. (1990) seem like a useful check for any
kinetic model of TiCl4 oxidation. Pratsinis et al. (1990) used a flow-tube
reactor to measure the overall reaction kinetics. In that work, a flow of
0.2 mol% TiCl4 and 1 mol% O2 in Argon was fed to a tube with an internal
diameter of 3.18 mm, a ∼30 cm length of which was heated to 973–1273 K
in a furnace. The concentration of TiCl4 entering the flow-tube (Ci) was
calculated from the mass of TiCl4 liquid used in a measured time, and the
concentration leaving the flow-tube (Co) was measured using FTIR spec-
troscopy.
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The PFR was simulated using the combined simulation that will be de-
scribed in chapter 7, which couples the gas phase kinetic model to a par-
ticle dynamics model. In these conditions however, the effect of particles
on the gas-phase chemistry is rather small, and these simulations provide
a good test of the gas-phase kinetic model.

Assuming that the effective reaction rate is first order in [TiCl4] with
Arrhenius kinetics (keff = A exp (−Ea/RT)) and that all reaction occurs
during the time t that the gas spends in an isothermal zone at temperature
T then

−
(
ln (Co/Ci)

)
/t
)

= keff = A exp(−Ea/RT). (6.8)

A plot of ln
(
−
(
ln (Co/Ci)

)
/t
)

versus 1/T (figure 6.10) would thus give
a straight line from which the apparent activation energy Ea and pre-
exponential constant A can be determined. This is the analysis performed
in Pratsinis et al. (1990), and the simulation results here are processed the
same way for easy comparison. The assumption of constant temperature
T for a time t was only made for the analysis: the simulations covered
the entire temperature profile (given in Pratsinis et al., 1990) and included
thermal expansion of the gas as the temperature varied. This will be de-
scribed in more detail in chapter 7.

The simulations using the improved gas-phase kinetic model (fig-
ure 6.10, solid lines) consume much less TiCl4 than the observations re-
ported in Pratsinis et al. (1990). At 1133 K the keff fitted to the simulation
is between 14 and 45 times lower (slower rate) than that fitted to the ex-
periment, depending on which residence time is simulated. The apparent
activation energy is higher in the simulation, so at 993 K the discrepancy
increases to kexpt

eff /ksim
eff = 5.2× 103 in the worst case. Possible reasons for

this discrepancy will be discussed in a later section.

The simulations were repeated allowing for deposition and reaction
of TiCl4 on the inside surface of the tube, using the expression for sur-
face growth of a TiO2 film measured by Ghoshtagore at 673–1020 K
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Figure 6.10: Arrhenius plot of plug flow reactor at three different res-
idence times. Unconnected points are measurements re-
ported in (Pratsinis et al., 1990), lines are the simulations:
dotted with deposition on the reactor walls and solid with-
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(Ghoshtagore, 1970):

dNTiO2

dt
= A[TiCl4]4.9× 103 cm s−1 × exp

(
−74.8 kJ mol−1

RT

)
(6.9)

where NTiO2 is the amount of TiO2 deposited, A is the surface area, and
[TiCl4] is the concentration of TiCl4 in the gas phase.

In these simulations (figure 6.10, dotted lines), 500 times as much TiCl4
was consumed through reaction on the walls as through reactions in the
gas phase, and the overall consumption of TiCl4 was higher than that ob-
served in Pratsinis et al. (1990). This may be partially because mass trans-
port limitations were not modelled. Also, Ghoshtaghore’s rate expression
is for much higher O2 partial pressures, so would be expected to over-
predict wall reactions in the conditions modelled here.

Discussion

Plug flow reactors are often used to measure rates, and the careful mea-
surements in (Pratsinis et al., 1990) seem like a useful check for any kinetic
model of TiCl4 oxidation. At first glance the disagreement of four orders
of magnitude between the first-order rate fitted to the experiments and
that fitted to the simulations suggests a problem with the new gas-phase
kinetic model used in the simulations. This might be the case. However,
there is an alternative possibility.

Due to the small internal diameter of the tube, the surface-area to vol-
ume ratio is high, and including surface reaction on the tube wall has a
large effect on the simulations. It is possible that the consumption of TiCl4
being measured in the experiments was mostly happening on the walls
of the tube. The rate expression derived from these measurements, how-
ever, has been widely used to simulate gas-phase reactions, and has often
been used as an inception rate for TiO2 particle population balance mod-
els. Yoon et al. (2003) observed that, in a tubular reactor of diameter 2.7 cm,
up to 92% of TiO2 production was on the walls. Further investigation of
both gas and surface kinetics may be required to resolve this issue.
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6.7 Chapter summary

USING the new thermochemical data for TixOyClz intermediates from
chapter 4, this chapter first demonstrates that it is possible to con-

struct sensible, thermodynamically consistent kinetic models for the im-
portant process of TiCl4 combustion. As a start, a rough kinetic model was
constructed using the new thermochemistry; this model was found to be at
least qualitatively correct, rapidly converting TiCl4 to oxygen-containing
dimers. The model predictions are fortunately not very sensitive to the as-
sumed rate parameters, though are fairly sensitive to the thermochemistry
of the TiCl3 and TiO2Cl3 intermediates.

This first detailed gas-phase kinetic model for TiCl4 oxidation was then
improved using further DFT and VTST calculations, which provided new
thermochemical and kinetic data, including fall-off effects for an important
reaction pathway.17 Simulations of a plug flow reactor, however, suggest
that surface reactions on the reactor walls may have dominated the ex-
perimental measurements (Pratsinis et al., 1990). Many models simulating
TiO2 formation from the gas phase have relied on rate expressions derived
from these experimental measurements, so this discovery could be of great
importance.

17 Readers viewing this document in Adobe Acrobat Reader can extract the complete
mechanism in Chemkin format by right-clicking on the paperclip below or choosing
to view File Attachments from the Document menu.
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!----------------------------------------------------------------------------------------------
! This file defines the detailed chemical mechanism as presented in: 
! 'A Detailed Kinetic model for Combustion Synthesis of Titania from TiCl4'
! Richard H. West et al 2008.
! It is presented in Chemkin format.
! The new/modified reactions presented in West et al 2008 are labelled as in the paper
! e.g. Reaction 19 (R1 in West et al 2008)
! The list below describes how the reactions position in the overall list corresponds to
! its label in West et al 2008
!  Reaction 19 corresponds to R1 in West et al 2008
!  Reaction 51 corresponds to R2 
!  Reaction 52 corresponds to R3 
!  Reaction 53 corresponds to R4 
!  Reaction 54 corresponds to R5 
!  Reaction 55 corresponds to R6 
!  Reaction 56 corresponds to R7 
!  Reaction 57 corresponds to R8 
!  Reaction 58 corresponds to R9 
!  Reaction 59 corresponds to R10 
!  Reaction 60 corresponds to R11 
!  Reaction 62 corresponds to R12 
!  Reaction 63 corresponds to R13 
!  Reaction 65 corresponds to R14 
!  Reaction 66 corresponds to R15 
!  Reaction 61 corresponds to R16 
!  Reaction 64 corresponds to R17 
!-----------------------------------------------------------------------------------------------


ELEMENTS 
  O
  Cl
  Ti
  Ar
END

SPECIES
  TiCl4
  TiCl3
  TiCl2
  TiCl
  TiOCl
  TiOCl2
  TiOCl3
  TiO2Cl2
  TiO2Cl3
  Ti2O2Cl3
  Ti2O2Cl4
  Ti2O3Cl2
  Ti2O3Cl3
  Ti3O4Cl4
  Ti5O6Cl8
  Ti2O2Cl6
  Ti2O2Cl5
  TiCl2OCl
  O2
  O
  Cl
  Cl2 
  Ti
  ClO
  Cl2O
  ClOO 
  O3
  Ar
  TiCl4(wall)
  TiO2(ru)
END

!-------------------------------------------------------------------------------------
!These are the three new species presented in West et al 2008

! Hf=-475.0 kJ/mol
TiCl2OCl          Dec07 Ti  1O   1Cl  3     G       100      3000 643.819      1
+1.101232E+001 +3.530091E-003 -2.491591E-006 +7.877836E-010 -9.248855E-014     2
-6.061370E+004 -1.613252E+001 +5.485589E+000 +0.0376926     -8.846893E-005     3
+1.034583E-007 -4.798799E-011 -5.984008E+004 +8.35982                          4

! Hf=-1503.0 kJ/mol
Ti2O2Cl6          Dec07 Ti  2O   2Cl  6     G       100      3000 623.869      1
+2.361146E+001 +8.017453E-003 -5.771170E-006 +1.850900E-009 -2.196381E-013     2
-1.882758E+005 -6.949772E+001 +5.296140E+000 +0.128928      -3.254197E-004     3
+3.963272E-007 -1.883019E-010 -1.858973E+005 +10.346                           4

! Hf=-1272.0 kJ/mol
Ti2O2Cl5          Dec07 Ti  2O   2Cl  5     G       100      3000 637.682      1
+2.113301E+001 +7.017009E-003 -5.024421E-006 +1.604766E-009 -1.898097E-013     2
-1.597038E+005 -5.805767E+001 +5.387950E+000 +0.108466      -2.660639E-004     3
+3.147493E-007 -1.453260E-010 -1.576160E+005 +10.9364                          4

!-----------------------------------------------------------------------------------------
!
THERMO
!
!  some of the thermochemistry is from:
! http://public.ca.sandia.gov/HiTempThermo/db/data_files/TiCl4_oxidation.txt
!
!DATA FILE TO DESCRIBE Titanium Tetrachloride (TiCl4) OXIDATION OR PYROLYSIS
!
!v1.0_20051103 
!
!This file is formatted for use with the CHEMKIN EQUIL software (versions 3.7b 
!and earlier; see www.reactiondesign.com for more information).
!Valid temperature range of polynomial fits: 298 - 3000 K
!
!All heats of formation are given in kcal/mol. Entropies are given in 
!cal/mol/K
!
!USES: This file provides thermodynamic data suitable for modeling the gas-phase
!oxidation of TiCl4 from O2 (or air), inCluding typical CVD pressures and
!temperatures and with or without H2O. They may also be used to model the
!thermal decomposition (pyrolysis) of TiCl4 in the absence of O2. However, the file
!does not inClude species needed to model NOx formation. Inert carrier gases 
!(He, Ar, N2) are also not inCluded. These may be obtained from the CHEMKIN
!Thermodynamic Database. 
!This file uses thermochemistry for TiClx (x=1-3) species that corrects errors
!in data published in the JANAF Tables (1985 edition). In particular, the data 
!of Hildenbrand (1996) are used, for which the heats of formation are 
!substantially different from those reported in JANAF (e.g., JANAF has -128.9 kcal/mol 
!for the delHf298 of TiCl3 wheras Hildenbrand has -118.9 kcal/mol). 
!
!
!TiCl: DELTA_H 45.3 kcal/mol
!SO 62.6 cal/mol*K
TiCl               40196Ti  1Cl  1    0    0G   300.000  2000.000  700.00      1
 0.54005651E+01-0.75500616E-03-0.18307549E-07 0.25760144E-09-0.72498810E-13    2
 0.21195063E+05 0.89596695E+00 0.42374363E+01 0.30856631E-02-0.17249985E-05    3
-0.48162478E-08 0.43059666E-11 0.21420799E+05 0.65626817E+01                   4
!Data from D. L. Hildenbrand "Thermochemical Properties of Gaseous TiCl, 
!TiCl2, and TiCl3" High Temp. Mater. Sci. Vol. 35, p. 151, 1996.
!
!TiCl2: DELTA_Hf -47.0 kcal/mol
!S0 71.0 cal/mol*K
TiCl2              40196Ti  1Cl  2    0    0G   300.000  2000.000  500.00      1
 0.73957505E+01 0.32238199E-03-0.37277763E-06 0.18556560E-09-0.31996300E-13    2
-0.25894832E+05-0.64782686E+01 0.68304868E+01 0.28625240E-02-0.25691154E-05    3
-0.34222591E-08 0.46921612E-11-0.25811361E+05-0.38843935E+01                   4
!Data from D. L. Hildenbrand "Thermochemical Properties of Gaseous TiCl, 
!TiCl2, and TiCl3" High Temp. Mater. Sci. Vol. 35, p. 151, 1996. 
!
!TiCl3: DELTA Hf-118.9 kcal/mol = -497.5 kJ/mol
!SO 81.6 cal/mol*K
TiCl3              40196Ti  1Cl  3    0    0G   300.000  2000.000  700.00      1
 0.96783991E+01 0.51349140E-03-0.26299205E-06 0.22587961E-10 0.99088032E-14    2
-0.62773215E+05-0.14279404E+02 0.81944485E+01 0.55063856E-02-0.24422889E-05    3
-0.70140658E-08 0.61338100E-11-0.62492023E+05-0.70820851E+01                   4
!Data from D. L. Hildenbrand "Thermochemical Properties of Gaseous TiCl, 
!TiCl2,and TiCl3" High Temp. Mater. Sci. Vol. 35, p. 151, 1996. 
!
!TiCl4: DELTA_Hf -182.4 kcal/mol
!SO 84.8 cal/mol*K
TiCl4              51596Cl  4Ti  1    0    0G   300.000  5000.000  800.00      1
 0.12202298E+02 0.10031968E-02-0.47788586E-06 0.98778825E-10-0.74164655E-14    2
-0.95592891E+05-0.27433811E+02 0.90492020E+01 0.10305555E-01-0.50740919E-05    3
-0.73819519E-08 0.60543853E-11-0.94893984E+05-0.11671705E+02                   4
!
!
! from Cantera's NASA_GAS.CTI file
!#  This is the NASA thermodynamic database, which is available for download
!#  from http://www.galcit.caltech.edu/EDL/public/thermo.html. 
!#  
!
Ti                 9/79 Ti  1    0    0    0G   200.000  6000.000  1000.0      1
 4.14448119E+00-6.80469009E-03 1.18867765E-05-9.75223462E-09 3.09064423E-12    2
 5.59438352E+04-3.48187822E-01 3.03774314E+00-1.11117144E-03 7.58571090E-07    3
-1.27073773E-10 6.90819279E-15 5.61236728E+04 4.73001888E+00                   4
!
! these polynomials are the wrong way around...
!Cl2O              12/65 Cl  2O   1    0    0G   300.000  5000.000  1000.0      1
! 3.25452380E+00 1.27994490E-02-1.78824600E-05 1.12643830E-08-2.59642520E-12    2
! 9.16574230E+03 1.05712106E+01 6.43400620E+00 6.27288090E-04-2.69332520E-07    3
! 5.10763940E-11-3.56915450E-15 8.48605300E+03-4.93672407E+00                   4
!
! this is from http://www.galcit.caltech.edu/EDL/public/nasa-modified
Cl2O              J12/65Cl  2O   1    0    0G   300.000  5000.000 1000.        1  
 6.43400620E+00 6.27288090E-04-2.69332520E-07 5.10763940E-11-3.56915450E-15    2
 8.48605300E+03-4.93672407E+00 3.25452380E+00 1.27994490E-02-1.78824600E-05    3
 1.12643830E-08-2.59642520E-12 9.16574230E+03 1.05712106E+01 1.05680184E+04    4
! 
! From http://www.galcit.caltech.edu/EDL/public/thermo/nasadat
TiO2(ru)          J12/73Ti  1O   2    0    0C   300.000  2130.000  1000.0      1
 6.84891510E+00 4.24634610E-03-3.00889840E-06 1.06025190E-09-1.43795970E-13    2
-1.15992460E+05-3.45141060E+01-1.61175170E-01 3.79666600E-02-6.51547500E-05    3
 5.25521360E-08-1.62000510E-11-1.14788970E+05-1.88740350E+00-1.13628959E+05    4
!
!
! FROM therm.dat FILE THAT CAME WITH CHEMKIN2
! Not sure what the original source was
!
Ar                120186Ar  1               G  0300.00   5000.00  1000.00      1
 0.02500000E+02 0.00000000E+00 0.00000000E+00 0.00000000E+00 0.00000000E+00    2
-0.07453750E+04 0.04366000E+02 0.02500000E+02 0.00000000E+00 0.00000000E+00    3
 0.00000000E+00 0.00000000E+00-0.07453750E+04 0.04366000E+02                   4
Cl                 42189Cl  1               G  0300.00   5000.00  1000.00      1
 0.02920236E+02-0.03597985E-02 0.12942943E-06-0.02162776E-09 0.13765171E-14    2
 0.13713381E+05 0.03262690E+02 0.02381576E+02 0.08891079E-02 0.04070475E-05    3
-0.02168943E-07 0.11608274E-11 0.13839987E+05 0.06021817E+02                   4
Cl2                42189Cl  2               G  0300.00   5000.00  1000.00      1
 0.04274586E+02 0.03717336E-02-0.01893489E-05 0.05337465E-09-0.05057602E-13    2
-0.13311486E+04 0.02256946E+02 0.03439587E+02 0.02870774E-01-0.02385870E-04    3
 0.02892918E-08 0.02915057E-11-0.11317875E+04 0.06471359E+02                   4
ClO                40992 O  1Cl  1          G  0300.00   4000.00  1500.00      1
 0.04320627E+02 0.01730970E-02-0.07157875E-06 0.14246387E-10-0.11155428E-14    2
 0.13286006E+05 0.01764361E+02 0.02918696E+02 0.04664857E-01-0.05654825E-04    3
 0.03131108E-07-0.06515478E-11 0.13659889E+05 0.08877238E+02                   4
! note that ClOCl is not currently used (as of May 2008)
ClOCl              53090O   1Cl  2          G  0300.00   5000.00  1500.00      1
 0.06635185E+02 0.03284434E-02-0.12253275E-06 0.02123621E-09-0.14043771E-14    2
 0.07672351E+05-0.06410996E+02 0.03397879E+02 0.10801274E-01-0.13246551E-04    3
 0.07392960E-07-0.15465835E-11 0.08527797E+05 0.09981834E+02                   4
ClOO               40992 O  2Cl  1          G  0300.00   4000.00  1500.00      1
 0.06500858E+02 0.04259430E-02-0.14714964E-06 0.02312041E-09-0.13570326E-14    2
 0.14650676E+05-0.05831007E+02 0.03097113E+02 0.10885305E-01-0.12745864E-04    3
 0.06909658E-07-0.14196788E-11 0.15601365E+05 0.11593553E+02                   4
O                 120186O   1               G  0300.00   5000.00  1000.00      1
 0.02542059E+02-0.02755061E-03-0.03102803E-07 0.04551067E-10-0.04368051E-14    2
 0.02923080E+06 0.04920308E+02 0.02946428E+02-0.16381665E-02 0.02421031E-04    3
-0.16028431E-08 0.03890696E-11 0.02914764E+06 0.02963995E+02                   4
O2                121386O   2               G  0300.00   5000.00  1000.00      1
 0.03697578E+02 0.06135197E-02-0.12588420E-06 0.01775281E-09-0.11364354E-14    2
-0.12339301E+04 0.03189165E+02 0.03212936E+02 0.11274864E-02-0.05756150E-05    3
 0.13138773E-08-0.08768554E-11-0.10052490E+04 0.06034737E+02                   4
O3                121286O   3               G  0300.00   5000.00  1000.00      1
 0.05429371E+02 0.01820380E-01-0.07705607E-05 0.14992929E-09-0.10755629E-13    2
 0.15235267E+05-0.03266386E+02 0.02462608E+02 0.09582781E-01-0.07087359E-04    3
 0.13633683E-08 0.02969647E-11 0.16061522E+05 0.12141870E+02                   4
!
!
!
!
!
!   Generated by my MATLAB
!
! Generated from tiocl_bent-b971-6311+gdp.ultrafine.log 
! on 04-Dec-2007 with Hf=-274.5 kJ/mol
TiOCl             Dec07 Ti  1O   1Cl  1     G       100      3000 910.103      1
+5.948117E+000 +1.585494E-003 -9.786111E-007 +2.773388E-010 -2.976432E-014     2
-3.492227E+004 +5.769214E-001 +4.173265E+000 +0.00881354    -1.276654E-005     3
+9.420266E-009 -2.845566E-012 -3.455532E+004 +9.15916                          4               
!
! Generated from tiocl2-b971-6311+gdp.ultrafine.log 
! on 04-Dec-2007 with Hf=-598.0 kJ/mol
TiOCl2            Dec07 Ti  1O   1Cl  2     G       100      3000 612.583      1
+7.997174E+000 +3.541831E-003 -2.500956E-006 +7.924391E-010 -9.328081E-014     2
-7.448195E+004 -6.293939E+000 +4.306840E+000 +0.0274381     -6.728819E-005     3
+8.548912E-008 -4.345403E-011 -7.397635E+004 +9.94355                          4
!
! Generated from tiocl3_C1-b971-6311+gdp.ultrafine.log 
! on 04-Dec-2007 with Hf=-639.2 kJ/mol
TiOCl3            Dec07 Ti  1O   1Cl  3     G       100      3000 666.633      1
+1.144338E+001 +2.785926E-003 -1.971450E-006 +6.235880E-010 -7.317446E-014     2
-8.046480E+004 -2.050863E+001 +4.607408E+000 +0.0451524     -1.062237E-004     3
+1.196932E-007 -5.248969E-011 -7.952686E+004 +9.69222                          4
!
! Generated from tio2cl2tet-b971-6311+gdp.ultrafine.log 
! on 04-Dec-2007 with Hf=-558.0 kJ/mol
TiO2Cl2           Dec07 Ti  1O   2Cl  2     G       100      3000 894.024      1
+1.082867E+001 +3.377574E-003 -2.135987E-006 +6.171615E-010 -6.728555E-014     2
-7.065675E+004 -2.193940E+001 +4.177686E+000 +0.0341444     -5.795648E-005     3
+4.724262E-008 -1.502630E-011 -6.944885E+004 +9.34403                          4
!
! Generated from tio2cl3-b971-6311+gdp.freq.log 
! on 04-Dec-2007 with Hf=-773.7 kJ/mol
TiO2Cl3           Dec07 Ti  1O   2Cl  3     G       100      3000 632.197      1
+1.279591E+001 +5.616922E-003 -3.937482E-006 +1.240226E-009 -1.452873E-013     2
-9.717730E+004 -2.612747E+001 +4.054396E+000 +0.0629141     -1.558477E-004     3
+1.901237E-007 -9.087327E-011 -9.602025E+004 +12.0971                          4
!
! Generated from ti2o2cl3-b971-6311+gdp.ultrafine.log 
! on 04-Dec-2007 with Hf=-1257.1 kJ/mol
Ti2O2Cl3          Dec07 Ti  2O   2Cl  3     G       100      3000 790.516      1
+1.603729E+001 +4.895039E-003 -3.250214E-006 +9.770766E-010 -1.100475E-013     2
-1.563790E+005 -4.056537E+001 +4.446516E+000 +0.0662782     -1.312255E-004     3
+1.239259E-007 -4.542739E-011 -1.545294E+005 +12.4172                          4
!
! Generated from ti2o2cl4-b971-6311+gdp.ultrafine.log 
! on 04-Dec-2007 with Hf=-1552.2 kJ/mol
Ti2O2Cl4          Dec07 Ti  2O   2Cl  4     G       100      3000 761.006      1
+1.843916E+001 +5.981213E-003 -4.025560E-006 +1.223612E-009 -1.390690E-013     2
-1.926477E+005 -5.329086E+001 +4.554945E+000 +0.081868      -1.678573E-004     3
+1.646960E-007 -6.284773E-011 -1.904957E+005 +9.75832                          4
!
! Generated from ti2o3cl2-b971-6311+gdp.ultrafine.log 
! on 04-Dec-2007 with Hf=-1330.6 kJ/mol
Ti2O3Cl2          Dec07 Ti  2O   3Cl  2     G       100      3000 801.249      1
+1.503869E+001 +6.437891E-003 -4.225942E-006 +1.259813E-009 -1.409951E-013     2
-1.650206E+005 -3.972992E+001 +3.506462E+000 +0.0646837     -1.210492E-004     3
+1.103608E-007 -3.958740E-011 -1.630841E+005 +13.5648                          4
!
! Generated from ti2o3cl3-b971-6311+gdp.ultrafine.log 
! on 04-Dec-2007 with Hf=-1417.8 kJ/mol
Ti2O3Cl3          Dec07 Ti  2O   3Cl  3     G       100      3000 925.177      1
+1.895807E+001 +4.696843E-003 -2.946515E-006 +8.449048E-010 -9.149517E-014     2
-1.766765E+005 -5.460694E+001 +5.483762E+000 +0.0705786     -1.277169E-004     3
+1.077201E-007 -3.464502E-011 -1.743641E+005 +7.986                            4
!
! Generated from ti3o4cl4-b971-6311+gdp.ultrafine.log 
! on 04-Dec-2007 with Hf=-2300.5 kJ/mol
Ti3O4Cl4          Dec07 Ti  3O   4Cl  4     G       100      3000 823.661      1
+2.549669E+001 +8.936290E-003 -5.850258E-006 +1.738548E-009 -1.939690E-013     2
-2.850628E+005 -8.402229E+001 +4.854875E+000 +0.113969      -2.156342E-004     3
+1.944349E-007 -6.803589E-011 -2.816452E+005 +11.1254                          4
!
! Generated from ti5o6cl8-b971-6311+gdp.log 
! on 04-Dec-2007 with Hf=-4010.6 kJ/mol
Ti5O6Cl8          Dec07 Ti  5O   6Cl  8     G       100      3000 698.271      1
+4.436292E+001 +1.851703E-002 -1.283861E-005 +3.998622E-009 -4.636148E-013     2
-4.968043E+005 -1.600830E+002 +8.197640E+000 +0.227902      -4.966586E-004     3
+5.263495E-007 -2.191190E-010 -4.914848E+005 +2.20751                          4
!


END

! reactions made from csv file  units: A=cm3/mol/s and Ea=J/mol 
REACTIONS JOULES/MOLE 

!---------
! Thermal Decomposition 
!---------

!  rxn 1 dH= 387kJ/mol  
! Source: Herzler:2003
! Comment: 3body +M 
TiCl4 + M = TiCl3 + Cl + M           5.4e+18        0   336000
! Teyssandier:1998
!TiCl4 (+M) = TiCl3 +Cl (+M)  2.32e+20   -1.17  387900
!     LOW  /                 8.77e+47   -8.23    387400  /



!  rxn 2 dH= 422kJ/mol  
! Source: Herzler:2003
! Comment: 3body +M 
TiCl3 + M = TiCl2 + Cl + M           7.7e+18        0   387000
! Source: Teyssandier:1998
!TiCl3 (+M) = TiCl2 +Cl (+M)  1.02e+18     -0.742  422600
!     LOW  /                 4.09e+37    -5.32   419200  /



!  rxn 3 dH= 507kJ/mol  
! Source: Teyssandier:1998
! Comment: 3body +M 
TiCl2 + M = TiCl + Cl + M            3.2e+17        0   511000
!TiCl2 (+M) = TiCl +Cl (+M)  3.65e+20     -1.06  509600
!     LOW  /                   0.677     4.75     433900  /



!  rxn 4 dH= -405kJ/mol  
Ti + Cl = TiCl                         1e+13        0        0

!  rxn 5 dH= -567kJ/mol  
TiCl2 + Cl2 = TiCl4                    1e+13        0        0

!  rxn 6 dH= -687kJ/mol  
TiCl + Cl2 = TiCl3                     1e+13        0        0


!---------
! Abstraction 
!---------

!  rxn 7 dH= -144kJ/mol  
TiCl3 + Cl2 = TiCl4 + Cl               1e+13        0        0

!  rxn 8 dH= -180kJ/mol  
TiCl2 + Cl2 = TiCl3 + Cl               1e+13        0        0

!  rxn 9 dH= -265kJ/mol  
TiCl + Cl2 = TiCl2 + Cl                1e+13        0        0

!  rxn 10 dH= -162kJ/mol  
Ti + Cl2 = TiCl + Cl                   1e+13        0        0

!  rxn 11 dH= -121kJ/mol  
TiCl4 + TiCl = TiCl3 + TiCl2           1e+13        0        0

!  rxn 12 dH= -18kJ/mol  
TiCl4 + Ti = TiCl3 + TiCl              1e+13        0        0

!  rxn 13 dH= -17kJ/mol  
TiCl2 + TiCl = TiCl3 + Ti              1e+13        0        0

!  rxn 14 dH= -103kJ/mol  
TiCl + TiCl = TiCl2 + Ti               1e+13        0        0

!  rxn 15 dH= -95kJ/mol  
Cl2 + TiO2Cl2 = Cl + TiO2Cl3           1e+13        0        0

!  rxn 16 dH= -174kJ/mol  
Cl2 + Ti2O2Cl3 = Cl + Ti2O2Cl4         1e+13        0        0


!---------
! Disproportionation 
!---------

!  rxn 17 dH= 35kJ/mol  
! Source: Herzler:2003
! Comment: Herzler's ESTIMATE 
2 TiCl3 = TiCl2 + TiCl4              9.6e+12        0    35000

!  rxn 18 dH= -85kJ/mol  
TiCl3 + TiCl = 2 TiCl2                 1e+13        0        0


!---------
! Oxidation 
!---------

!  rxn 19 dH= -277kJ/mol  (R1 in West et al 2008)
! Comment: falloff MODELLED WITH TROE!! 
!TiCl3 + O2 = TiO2Cl3                   1e+13        0        0
TiCl3 + O2 (+M) <=> TiO2Cl3 (+M)     	1.9247e+35       -6.577       41383.525 	
     LOW  /  1.0596e+36      -6.3189            0   /
     TROE /  0.11832       26.931        1e+05  5219.3 /
! These values are valid only between 0.001 bar and 3.5 bar, + 30 bar, and 450 - 2000 K.
! they are weighted for accuracy btw 1 and 3 torr and 1000 and 2000 K.
! the activation energies were given by cfgold as 9890.9 and 0 cal/mol
! and have been converted to 41383.525 and 0 joules/mol by rwest
! Updated 1 May 2008


!  rxn 20 dH= -115kJ/mol  
TiOCl3 + ClO = TiO2Cl3 + Cl            1e+13        0        0

!  rxn 21 dH= -162kJ/mol  
! Comment: falloff 
TiOCl2 + Cl = TiOCl3                   1e+13        0        0

!  rxn 22 dH= -384kJ/mol  
! Comment: falloff 
TiOCl3 + O = TiO2Cl3                   1e+13        0        0

!  rxn 23 dH= -337kJ/mol  
! Comment: falloff 
TiO2Cl2 + Cl = TiO2Cl3                 1e+13        0        0

!  rxn 24 dH= -61kJ/mol  
TiO2Cl2 + Cl = TiCl3 + O2              1e+13        0        0

!  rxn 25 dH= -108kJ/mol  
TiOCl3 + O = TiCl3 + O2                1e+13        0        0

!  rxn 26 dH= -152kJ/mol  
! Comment: spin-forbidden? 
TiCl2 + O2 = TiOCl2 + O                1e+13        0        0

!  rxn 27 dH= -289kJ/mol  
TiO2Cl2 + O = TiOCl2 + O2              1e+13        0        0



!---------
! O Radical stuff 
!---------

!  rxn 28 dH= -118kJ/mol  
TiCl3 + ClO = TiCl4 + O                1e+13        0        0

!  rxn 29 dH= -153kJ/mol  
TiCl2 + ClO = TiCl3 + O                1e+13        0        0

!  rxn 30 dH= -239kJ/mol  
TiCl + ClO = TiCl2 + O                 1e+13        0        0

!  rxn 31 dH= -136kJ/mol  
Ti + ClO = TiCl + O                    1e+13        0        0

!  rxn 32 dH= -228kJ/mol  
TiCl3 + O = TiOCl2 + Cl                1e+13        0        0


!  rxn 33 dH= -243kJ/mol  
TiCl3 + Cl2O = TiCl4 + ClO             1e+13        0        0

!  rxn 34 dH= -122kJ/mol  
TiCl3 + ClO = TiOCl3 + Cl              1e+13        0        0

!  rxn 35 dH= -60kJ/mol  
TiO2Cl2 + Cl = TiOCl2 + ClO            1e+13        0        0


!---------
! Cl/O Chemistry 
!---------

!  rxn 36 dH= -107kJ/mol  
! Source: Atkinson:1997
! Comment: 3body +M from sally 
O + O2 + M = O3 + M                  1.84e+21     -2.8        0

!  rxn 37 dH= 24kJ/mol  
! Source: Atkinson:1997
! Comment: 3body +M from sally had Ea 5.16 
ClOO + M => Cl + O2 + M              1.69e+14        0    15130

!  rxn 38 dH= -24kJ/mol  
! Source: Atkinson:1997
! Comment: 3body +M from sally 
Cl + O2 + M => ClOO + M              8.68e+21     -2.9        0

!  rxn 39 dH= -161kJ/mol  
! Source: Atkinson:2001
! Comment: from Sally 
Cl + O3 = ClO + O2                   1.75e+13        0     2180

!  rxn 40 dH= -99kJ/mol  
! Source: Atkinson:2001
! Comment: from Sally 
Cl2O + Cl = Cl2 + ClO                3.73e+13        0    -1090

!  rxn 41 dH= 229kJ/mol  
! Source: Baulch:1981
! Comment: from Sally 
Cl + O2 = ClO + O                    8.79e+14        0   230500

!  rxn 42 dH= -26kJ/mol  
! Source: Wine:1985
! Comment: from Sally 
O + Cl2 = ClO + Cl                   4.46e+12        0     3730


!  rxn 43 dH= -243kJ/mol  
! Source: Baulch:1981
! Comment: 3body +M from kinetics.nist.gov 
2 Cl + M = Cl2 + M                   2.23e+14        0    -7530


!---------
! Dimerisation 
!---------

!  rxn 44 dH= -356kJ/mol  
! Comment: falloff 
2 TiOCl2 = Ti2O2Cl4                    1e+13        0        0

!  rxn 45 dH= -375kJ/mol  
TiO2Cl2 + TiCl3 = Ti2O2Cl4 + Cl        1e+13        0        0

!  rxn 46 dH= -141kJ/mol  
TiO2Cl2 + TiOCl2 = Ti2O3Cl3 + Cl       1e+13        0        0

!  rxn 47 dH= -194kJ/mol  
TiOCl2 + TiOCl3 = Ti2O2Cl4 + Cl        1e+13        0        0

!  rxn 48 dH= -164kJ/mol  
Ti2O3Cl3 + TiOCl2 = Ti3O4Cl4 + Cl      1e+13        0        0

!  rxn 49 dH= -208kJ/mol  
! Comment: falloff 
Ti2O3Cl2 + Cl = Ti2O3Cl3               1e+13        0        0

!  rxn 50 dH= -29kJ/mol  
! Comment: my additon. Worth going this way? 
Ti2O2Cl3 + TiCl4 = Ti2O2Cl4 + TiCl3    1e+13        0        0


!  rxn 51 dH= -232kJ/mol  (R2 in West et al 2008)
! Comment: new in 2007/11 
TiO2Cl3 + TiCl3 = Ti2O2Cl6             1e+13        0        0

!  rxn 52 dH= -225kJ/mol  (R3 in West et al 2008)
! Comment: new in 2007/11 
2 TiOCl3 = Ti2O2Cl6                    1e+13        0        0


!---------
! More abstraction 
!---------

!  rxn 53 dH= -110kJ/mol  (R4 in West et al 2008)
! Comment: new in 2007/11 
Cl2 + Ti2O2Cl5 = Cl + Ti2O2Cl6         1e+13        0        0

!  rxn 54 dH= -401kJ/mol  (R5 in West et al 2008)
! Comment: new in 2007/11 
Cl + Ti2O2Cl5 = Cl2 + Ti2O2Cl4         1e+13        0        0

!  rxn 55 dH= -546kJ/mol  (R6 in West et al 2008)
! Comment: new in 2007/11 
TiCl3 + Ti2O2Cl5 = TiCl4 + Ti2O2Cl4    1e+13        0        0

!  rxn 56 dH= -35kJ/mol  (R7 in West et al 2008)
! Comment: new in 2007/12 
TiCl3 + Ti2O2Cl6 = TiCl4 + Ti2O2Cl5    1e+13        0        0


!---------
! Some TiCl2OCl reactions 
!---------

!  rxn 57 dH= -2kJ/mol  (R8 in West et al 2008)
! Comment: falloff 
TiCl2OCl = TiOCl2 + Cl                 1e+13        0        0

!  rxn 58 dH= -42kJ/mol  (R9 in West et al 2008)
TiCl2OCl + Cl = TiCl3 + ClO            1e+13        0        0

!  rxn 59 dH= -164kJ/mol  (R10 in West et al 2008)
TiCl2OCl + Cl = TiOCl3 + Cl            1e+13        0        0

!  rxn 60 dH= -244kJ/mol  (R11 in West et al 2008)
TiCl2OCl + Cl = Cl2 + TiOCl2           1e+13        0        0


!---------
! Some Cl2 from start to get things started 
!---------

!  rxn 61 dH= -219kJ/mol  (R16 in West et al 2008)
! Source: DeMore:1997
! Comment: found via kinetics.nist.gov 
ClOO + Cl = Cl2 + O2                 1.39e+14        0        0


!---------
! Slow reactions 
!---------

!  rxn 62 dH= -363kJ/mol  (R12 in West et al 2008)
! Comment: 07/12/2007 
TiCl3 + ClOO = TiCl4 + O2              1e+13        0        0

!  rxn 63 dH= 226kJ/mol  (R13 in West et al 2008)
! Comment: enthalpy and Ea typed manually 
TiCl4 + O3 = TiCl3 + ClO + O2          1e+13        0   226000

!  rxn 64 dH= -391kJ/mol  (R17 in West et al 2008)
! Source: kinetics.nist.gov
! Comment: fit to all data in kinetics.nist.gov database 
O3 + O = 2 O2                        5.47e+12  0.00322    17400


!---------
! Chain Branching 
!---------

!  rxn 65 dH= -277kJ/mol  (R14 in West et al 2008)
! Comment: 07/12/2007 
TiOCl3 + O3 = TiO2Cl3 + O2             1e+13        0        0

!  rxn 66 dH= -314kJ/mol  (R15 in West et al 2008)
! Comment: 07/12/2007 
TiO2Cl2 + ClOO = TiO2Cl3 + O2          1e+13        0        0
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Chapter 7

Population Balance Model

In which a multivariate population balance solver is described, im-
proved, and used to model the formation and evolution of titania
nanoparticles in laboratory and industrial reactors.

7.1 Introduction

CHAPTERS 4 to 6 were concerned with the gas-phase chemistry, build-
ing up from first principle quantum calculations to a detailed kinetic

model. Although understanding the gas-phase chemistry in isolation is
of academic interest, the holy grail of titiania producers is to control their
product’s particle size distribution — something that has barely been men-
tioned for 103 pages.18

The size of particles depends not only on the chemical reactions be-
tween TiCl4 and O2 which lead to the inception of new particles, but
also on other particle processes. Once formed, particles can undergo het-
erogeneous reaction with the gas phase; they can undergo coagulation,
whereby two particles collide and stick together; and they can undergo
sintering, whereby irregularly shaped particles become more spherical.

18 there was also a brief mention on page 78
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Particle breakage is not currently modelled. Sintering and surface reac-
tions depend only on an individual particle’s size and surface area. Co-
agulation, however, depends also on the properties of all the other parti-
cles in the system. To model such a system requires a Population Balance
Model (PBM).

Fortunately, the Computational Modelling research group has a long
history of population balance modelling, especially using stochastic meth-
ods to solve the population balance equation (Goodson and Kraft, 2002).
Two pieces of software developed in the group were particularly useful:
Sweep, which solves a population balance, and MOPS, which couples
Sweep to gas-phase chemistry solvers. This chapter begins by describ-
ing the Sweep and MOPS programs developed by other researchers, then
describes the changes made to improve the usability and speed of the soft-
ware and the detail included by the model. After an explanation of the
sub-models specific to titanium dioxide, some simulation results are pre-
sented.

7.2 Sweep: a particle population-balance solver

SWEEP uses a Monte-Carlo algorithm to solve the particle population
balance, but with various enhancements to improve efficiency. The

main components of the solver are the particle ensemble, the event defini-
tions, and the driver routine.

7.2.1 Particle ensemble

Sweep uses a finite, variable size list of distinct computational particles to
represent the entire population of particles in the real system. Sweep stores
the particle ensemble in a binary tree. This allows very efficient selection
of particles based on different properties, but restricts the maximum par-
ticle count to a predefined power of two. Full details of the binary tree
implementation are given by Patterson et al. (2004).
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Sample volume

The sample volume is the actual volume in the real system in which the
number of real particles matches the number of computational particles.
The relationship is

V =
N

M0
(7.1)

where V is the sample volume, N is the number of computational parti-
cles, and M0 is the particle number density in the real system (called M0

because it is the zeroth moment of the size distribution).
The sample volume is changed when the particle ensemble is modified

by contraction or doubling (see below), and is also expanded and con-
tracted by the gas-phase chemistry simulation due to heating and cooling.

Contractions

In the current code the binary tree cannot be resized during a simula-
tion, so if the tree is full to capacity when another inception event occurs,
there is a problem. In this event, another particle is uniformly selected
(randomly chosen with uniform probability) from the ensemble and dis-
carded. The sample volume is contracted, because the ensemble in the
simulation now represents a smaller volume in the real system. Contrac-
tion events can significantly alter the particle distribution; this is most no-
ticeable when a particle far larger than the mean size is randomly deleted,
suddenly reducing the overall mass in the system. Contraction events are
best avoided, by choosing a sample volume small enough that all the par-
ticles can fit in the binary tree.

Doubling

As well as getting too full due to inception, the ensemble can become too
empty, due to coagulation events. In order to maintain a statistically sig-
nificant number of computational particles in the simulation, whenever
the binary tree falls a little below half full, the entire ensemble is dupli-
cated, and the sample volume is doubled. To prevent doubling when the

122



VII. PBM

particle count is still increasing, particle doubling is only enabled once the
ensemble first reaches 75% capacity.

7.2.2 Processes and events

The particles in the ensemble are modified by events relating to physical
processes. The processes that are modelled by the Sweep particle popula-
tion balance solver are inception, coagulation, surface reaction, and sinter-
ing. Details about the sub-models specific to this work on titanium dioxide
will be given in §7.5.

Inception. Particle inception is the creation of a particle, caused by the
collision and combination (or reaction) of two precursor molecules in the
gas phase. The rate is therefore dependent on the concentration of the pre-
cursor species, and is predicted in Sweep using the same collision kernels
as coagulation.

Coagulation. Particle coagulation is when two particles collide with
each other and stick together. The new particle has a mass and surface
area equal to the sum of the two colliding particles. The rates of collisions
between particles of different sizes and shapes are determined by the co-
agulation kernel, in this case a function of mass and surface area. Different
coagulation kernels are used for different conditions (particle size and gas
pressure); see Singh et al. (2004) for details.

Surface reaction. Species from the gas phase can react with the surface
of particles. The reaction mechanism is specified in a similar way to the
gas-phase kinetic model, but the rates are dependent on the surface area
of the particle, and the processes serve to change (in this work, increase)
the particle size.

Sintering. Sintering is the process by which an agglomerate particle at
high temperature reduces its surface area and becomes more spherical,
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through coalescence of the primary particles making up the agglomerate.

7.2.3 Driver routine: Monte-Carlo algorithm

The Sweep particle population balance solver is based upon a direct sim-
ulation Monte-Carlo algorithm (DSMC/DSA). The DSA algorithm, illus-
trated in figure 7.1, is this:

1. Set the start time t← t0 and initial state x ← x0.

2. Calculate a random waiting time ∆t, exponentially distributed with
an expectation of 1/Rtot where Rtot is the total rate of all processes.

3. Increment the time t← t + ∆t

4. If t > tstop then end

5. Select a process randomly, where the probability of selecting process
i is Pi = Ri/Rtot.

6. Perform the process

7. Go to step 2

The Sweep processes act upon no particles (inception events), one par-
ticle (surface growth and sintering events), or two particles (coagulation
events). Particles are selected from the ensemble randomly, weighted by
the appropriate property.

The DSA algorithm spends a lot of computational time performing
events which act on one particle: surface growth and sintering. These
processes are linear with respect to the particles they act upon, in contrast
to coagulation which is quadratic with respect to particle concentration.
The simulation can be greatly sped up, with only modest reduction in pre-
cision, by deferring the linear processes until either the particle has been
chosen for a coagulation event, or the end time tstop has been reached.
This is the Linear Process Deferment Algorithm (LPDA) developed by
Patterson et al. (2006), illustrated in figure 7.2, which is the algorithm used
by Sweep.
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7.3 MOPS: a coupled population-balance and

chemistry solver

TO COUPLE the population balance solver and the gas-phase chemistry
solver, MOPS uses an operator splitting method. This software was

developed by Matthew Celnik — the name stands for Matt’s OPerator
Splitting; full details can be found in Matthew’s PhD thesis (Celnik, 2007).
MOPS contains coupled solvers for both batch and perfectly stirred reac-
tors, although only the batch (plug flow) reactor solver was used in this
work. Most simulation and model parameters are specified in text (XML)
input files, rather than being hard-coded into the software, facilitating its
use in diverse applications other than modelling soot formation (for which
it was created).

The aim of the simulation is to find out how things vary with time,
based on known initial conditions. For this purpose, time is divided into a
series of timesteps. At the end of each timestep, the gas phase species con-
centrations, temperature, pressure, and a subset of bulk ensemble proper-
ties (e.g. average particle size) are recorded in an output file. The entire
particle list is only recorded at a few specified savepoints, to keep data stor-
age requirements reasonable. The XML input file for a simulation specifies
a list of savepoints — simulation times at which the entire detailed particle
list is saved — and for each savepoint, the number of timesteps to take be-
tween that savepoint and the previous (or, for the first savepoint, the start):
if savepoint i is at time ti and the corresponding number of steps is ni, then
between ti−1 and ti each timestep will be of length ∆t = (ti − ti−1)/ni.

We now have a series of initial value problems; given the state of the
system at the start of a timestep, we wish to find the solution at the end of
the timestep.

As explained above, the particle population balance is solved using
a Monte-Carlo solver, Sweep. However, the gas-phase chemical reactions
are described by deterministic ordinary differential equations (ODEs), and
are best solved with standard ODE solvers (like Cantera does in chapter 6).
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The discrete jump nature of the Monte-Carlo solver means it cannot be
incorporated into standard ODE solvers.

Although we wish to solve them with different methods, the two can-
not be solved independently: the gas-phase chemical mechanism alters
the chemical species concentrations, temperature and pressure, but also
the population balance’s sample volume; the particle population balance
alters the particle ensemble, but also the species concentrations in the gas
phase. This is resolved in MOPS using operator splitting.

A simple splitting algorithm is as follows:

1. Divide each timestep into Ss splitting steps.

2. For each splitting step:

(a) Solve the gas-phase chemistry using an ODE solver.

(b) Starting with the new gas-phase properties, solve the particle
population balance using the Monte-Carlo solver.

This is illustrated in figure 7.3 (top) for the case of Ss = 3. MOPS in fact
uses a refinement of this method as suggested by Strang (1968): staggering
the two solvers by half a step (figure 7.3, bottom) leads to higher order
convergence and more accurate results for a similar computational cost.
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Figure 7.3: Simple spitting (top) and Strang splitting (bottom) for a sin-
gle timestep with Ss = 3.

7.4 Improving the population balance codes

ALTHOUGH already very useful, MOPS and Sweep, like all programs,
will always have room for improvement. Some of the contributions

made during work on this thesis are described in this section. The smallest
improvement worth mentioning does not make the program more accu-
rate, fast, or detailed — though such improvements will be described later
— just more easy to use. Specifically, it makes the MOPS program easier to
run for new simulations and conditions, without prior knowledge of the
answer.

7.4.1 Sample volume estimation

The initial sample volume is calculated based on a guess of the maximum
particle number density, Mmax

0 , which is provided in the XML input file.
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The relationship is

Vi =
Nc

Mmax
0

(7.2)

where Vi is the initial sample volume, Nc is the capacity of the binary tree
storing the computational particles, and Mmax

0 is the guessed maximum
particle number density in the real system.

The first change necessary for the simulations in this work is to allow
for thermal expansion of the gas, so that the guessed maximum particle
number density can occur at a different temperature and pressure from
the initial conditions. This is done by modifying the input XML file to
include the temperature that corresponds to the Mmax

0 guess, so that the
sample volume can be corrected accordingly.

The second difficulty is guessing a good Mmax
0 value so that the ensem-

ble is filled to at least 75% to activate particle doubling, and by not much
more than 100% to minimise contractions. For the soot simulations, the
maximum M0 was typically known from prior work. For the simulations
in this work the values of Mmax

0 vary by 9 orders of magnitude depending
on the temperatures and flow-times used, and were not usually known in
advance.

To help guess Mmax
0 a new variable Nr is tracked, which is an estimate

of the number of computational particles required to just hold the current
simulation without contraction events. Initially Nr ← 1. At the end of each
population balance splitting-step, if N > Nr then the estimate is updated:

Nr ← N (7.3)

When Nr > Nc, contractions occur to keep N 6 Nc. For every contraction
event, the estimate is increased:

Nr ← Nr ×
Nc + 1

Nc
(7.4)

At the end of the simulation, the program uses the estimated require-
ment Nr to suggest a suitable Mmax

0 guess based on the previous guess:
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Mmax
0,proposed = Mmax

0 × Nr

Nc
(7.5)

With this built-in suggestion-generator, it is often possible to get a good
guess for Mmax

0 , which causes the simulation to fill the ensemble to almost
(but not more than) 100% of capacity, with only one trial run.

An ancillary script used to generate input files for a series of simula-
tions at different temperatures and flow-times was able to use these pro-
posed Mmax

0 guesses from completed simulations to make initial guesses
for other conditions, by interpolating or extrapolating with respect to both
temperature and flow-time. This combination of tools greatly reduces the
number of trial runs required to set up a series of new simulations.

7.4.2 Adaptive splitting

There is a numerical instability inherent in the splitting method. This
arises when a source term for a species in the gas phase chemistry is
matched by a sink term in the population balance (e.g. particle inception).
In reality the concentration will reach a steady-state concentration where
the two terms balance. In the splitting simulation, however, the concentra-
tion first rises during the gas phase calculations, then decreases when the
population balance is solved. For long splitting time steps this can lead
to unphysical oscillations in the concentration which causes inaccuracies
(the inception rate is a function of concentration, which is incorrectly pre-
dicted) and instabilities (the ODE solver is repeatedly restarted far from
the steady-state). These problems are tackled by using smaller splitting-
steps.

Sometimes lots of very small splitting-steps are needed to maintain
adequate coupling. Under other conditions, when the concentration of
precursor species is changing slowly, or when there are no particles yet
formed, small splitting-steps lead to an unnecessary increase in computa-
tional time, as restarting the stiff ODE solver is computationally costly. The
simulations for which MOPS had been developed typically lasted 50 ms,
and the entire simulation could be resolved with small splitting steps. The
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residence time of flow-tube reactor used for this titanium dioxide work,
including the pre-heat zone, can reach several seconds; solving the entire
simulation with small time-steps is very slow. Also, it is not clear without
performing several numerical experiments for each simulation, just how
small the splitting steps should be in order to moderate the coupling error.

To resolve these difficulties, an adaptive splitting capability was added
to MOPS. In the original MOPS, the number of splits per timestep, Ss, is
defined in the XML input file. With the new adaptive splitting enabled, a
target splitting accuracy αtarget is defined in the XML input file, along with
a number of splits for the first step, S0

s (typical values: αtarget = 0.05, S0
s =

256).
At the start of each step, before the first chemistry splitting-step, the

number of splits per step is updated as follows:

1. Evaluate the rate of change of concentration of all inception precur-
sors due to gas phase reactions.

2. Extrapolate these rates to the end of one splitting step (tsplit = ∆t/Ss)

3. Calculate α, the fractional change in the total concentration of incep-
tion precursors in one splitting step predicted by this extrapolation.

4. If α > 2αtarget then double the number of splits per step to increase
accuracy: Ss ← 2 Ss

5. If α < 0.5αtarget then halve the number of splits per step to increase
speed: Ss ← 0.5 Ss

This keeps the size of the splitting-step adjusted to prevent unphysical
oscillations in inception precursor concentrations. Figure 7.4 shows the
adaptive splitting routine in action for a typical simulation of a flow-tube.
The gas and particle solutions are not closely interdependent for the first
200 steps which are in the pre-heat zone and the simulation is greatly ac-
celerated by reducing the number of splitting steps; the hotter section of
the reactor however requires up to 4,096 splits per step in order to main-
tain adequate coupling.
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Figure 7.4: The number of splits per step during a typical flow-tube sim-
ulation, showing adaptive splitting in action.

7.4.3 Primary particle tracking

The final improvement to MOPS, undertaken in collaboration with
Matthew Celnik, was extending the two-dimensional surface–volume
model (Patterson and Kraft, 2007), to track primary particles. The pre-
vious surface–volume model provided some shape information about the
particles and allowed particle sintering to be modelled. Using the surface–
volume model for this system, a stochastic particle would be defined in the
solver as a vector of TiO2 monomer count and surface area; all other parti-
cle properties, and hence particle process rates, would be calculated from
these.

In this extension to the model, the sizes of the primary particles within
each agglomerate particle are also tracked. An agglomerate particle in this
extended population balance is therefore described by the number of TiO2

monomers in the particle, M, the surface area of the particle, A, and the
number of TiO2 monomers in each of the primary particles that make up
the agglomerate (m1, m2, m3, . . .). For each primary particle the volume is
found by multiplying the monomer count by the molar volume of rutile,
and the surface area by assuming the primary particles are spherical.
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For a simulation in which the highest number of primaries in a single
agglomerate reaches Npp, the population balance effectively has (Npp +
2− 1) dimensions (the −1 is because ∑

Npp
i=1 mi = M). This expansion of the

population balance to Npp + 1 dimensions (Npp ∼ 102) rules out the use
of sectional methods, in which the computation times scale exponentially
with the number of dimensions.

Changing the list of primary particles when events occur

Having extended the particle description to include a list of primary parti-
cle sizes we must now specify how this list is affected by particle processes
such as coagulation and sintering, i.e. how events cause computational
particles to move around the (Npp + 1)-dimensional state space. The sub-
models used to calculate the rates of these processes will be described in
§7.5.

Inception. When a particle is first incepted from the gas phase, it is as-
sumed to be spherical, and its primary particle list is initiated with one
entry whose size (monomer count) equals that of the incepted particle.

For example, a newly incepted particle containing four titanium diox-
ide monomers would have the properties

M = number of Ti atoms = 4 (7.6)

A = π1/3
(

6M
ρ

)2/3

(7.7)

m1 = M (7.8)

where ρ is the molar density of bulk rutile.

Coagulation. When two particles coagulate the monomer count and sur-
face area are conserved, and the lists of constituent primary particles are
appended to one another. For example, when two particles a and b, with
properties (Ma, Aa, ma1, ma2, ma3) and (Mb, Ab, mb1, mb2), coagulate as il-

133



VII. PBM

1

2

3 1

2

1

3

4

2

5

a b

Figure 7.5: Coagulation of particles a and b.

lustrated in figure 7.5, the resulting agglomerate particle will be given by

M = Ma + Mb

A = Aa + Ab

m1 = ma1

m2 = mb1

m3 = ma2

m4 = ma3

m5 = mb2.

Surface growth. When surface growth is determined to have added a
certain number (∆M) of monomer units to a particle, these are distributed
amongst the constituent primary particles randomly, with probabilities
proportional to their spherical surface areas (pi ∝ m2/3

i ).

Sintering. As specified above, the surface area of an aggregate particle in
this simulation is tracked independently and determined by the sintering
and surface growth models. The list of primary particles is updated to
match this surface area value according to the following scheme, inspired
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by Ostwald ripening:

1. If the sum of the primary particle surface areas exceeds the required
aggregate surface area, then go to step 2, otherwise end.

2. Select the smallest primary particle.

3. Remove this primary particle from the list, noting its monomer count
(size).

4. Redistribute the monomers across the other primary particles ran-
domly, with probabilities in proportion to their surface areas.

5. Recalculate the surface areas of the primary particles.

6. Go to step 1.

Figure 7.6: Primary particles before (top) and after (bottom) sintering.

Shape estimation

In order to generate shape information, to aid visualisation of the particles,
the positions of the primary particles within a particle are generated in
a post-processing step: the primary particles are shuffled into a random
order and one of them is placed at the origin. The remaining primary
particles are placed according to this algorithm:

1. The centre of mass is found for the primary particles that have al-
ready been placed.

2. A vector from this centre of mass is chosen in a random direction.
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Figure 7.7: Example 3D and TEM-style images from POV-Ray ray
tracer.

3. The next primary particle is placed on this vector in a position where
it just touches an already placed primary particle.

The resulting coordinates are used to generate an input file to a Per-
sistence of Vision Ray Tracer (POV-Ray) script to render images of the
particles (figure 7.7). This algorithm is attractively simple and produces
sensible-looking geometries. Physical reality, however, differs from this
algorithm: in reality, primary particles do not join the agglomerate parti-
cle one at a time but in groups that have already agglomerated; in real-
ity, collisions are not always head-on, moving towards the centre of mass,
but can be glancing collisions that just touch an outlying edge. Dr. Sebas-
tian Mosbach has programmed an algorithm for estimating agglomerate
geometries based on motion and collision in the free-molecular regime,
which produces less densely packed agglomerates with a more fractal-
looking shape. Although probably closer to reality than the algorithm
outlined above, even this is unrealistic: in reality, larger primary particles
are older and probably collided earlier than small primary particles which
have only just been incepted, whereas the algorithm choses sub-particles
for collision in a random order. Shape estimation from an unordered list
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of primary particles is unavoidably imperfect,19 but the results presented
here do help to visualise the distribution of primary particle sizes within
an agglomerate.

7.5 Process sub-models

PROCESSES included in the Sweep population balance solver were out-
lined above in general terms (§7.2.2), and their effects on the primary

particle size list were described (§7.4.3). The rate of each of these processes
is calculated according to a sub-model. This section details and discusses
the sub-models specific to this work on titianium dioxide.

7.5.1 Inception

At some point in the simulated growth mechanism the collision and merg-
ing of two molecules to form a third will necessarily be treated as a parti-
cle coagulation event rather than a gas-phase chemical reaction. Because
the particle model does not include a breakage term, this coagulation is
treated as irreversible, unlike a gas-phase chemical reaction.

In the current study, the collision of any two molecules containing two
or more Ti atoms each is treated as a particle inception. For example, the
inception reaction

Ti2O2Cl4 + Ti2O3Cl2 → (TiO2)4︸ ︷︷ ︸
particle

+3 Cl2 − 1.5 O2 (7.9)

would create a particle in the population balance of size M = 4, and up-
date the Cl2 and O2 concentrations in the gas phase accordingly.

The rate of these events is dependent on the concentration of the
species involved, and is estimated according to collision theory, with the
collision diameter estimated from the DFT results to be 0.65 nm (the di-

19 a new particle data structure consisting of an asymmetric binary tree of sub-particles
may solve this problem, and allow more advanced sintering models (see §9.1.3)
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ameter of the sphere with a volume equivalent to that occupied by the
Connolly surface20 of Ti2O2Cl4).

Studies of thermodynamic equilibrium composition (chapter 5) based
on the calculated thermochemistry (chapter 4) suggest that at tempera-
tures above 600 K the critical nucleus size, above which molecules (or
particles) prefer to grow than to shrink, probably contains at least five
titanium atoms. In the present model, the transition from reversible gas
phase reaction to irreversible particle coagulation is premature, so the
nucleation rate computed using this model is expected to be an overes-
timate. However, the present approach is a significant improvement over
previous studies of this system which have treated the unstable triatomic
molecule TiO2 as a nucleated particle (Pratsinis and Spicer, 1998; Spicer
et al., 2002; Tsantilis and Pratsinis, 2004; Morgan et al., 2006).

7.5.2 Surface Growth

The mechanism for surface growth of TiO2 (deposition from the gas phase)
is the subject of both experimental (Smith et al., 2002) and computational
(Inderwildi and Kraft, 2007; West et al., 2007b) studies. Although progress
is being made towards a better understanding of the surface chemistry of
this system, due to a lack of detailed kinetic data, like other recent popula-
tion balance models (Pratsinis and Spicer, 1998; Spicer et al., 2002; Tsantilis
and Pratsinis, 2004; Morgan et al., 2006; West et al., 2007b), this work relies
on the simple first-order rate expression measured by Ghoshtagore (1970)
at 673–1020 K :

dM
dt

= A[TiCl4]4.9× 103 cm s−1 × exp

(
−74.8 kJ mol−1

RT

)
(7.10)

20 The Connolly surface is a solvent-accessible surface traced out by the centre of a
probe sphere as it rolls over the molecule’s van der Waals surface. See Connolly
(1985)
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where M is the amount of TiO2 deposited (number of molecules), A is the
surface area (cm2), and [TiCl4] is the concentration of TiCl4 in the gas phase
(molecules cm−3).

When chemical reactions on the surface increase the number of TiO2

monomer units in a particle by a number ∆M, the volume of the particle
increases by ∆M/ρ, where ρ is the molar density of bulk rutile. For non-
spherical particles, the effect this surface growth has on the surface area of
the particle (dA/dM and thus dA/dt) is less obvious. To calculate this, the
radius of curvature method explained by Patterson and Kraft (2007, eq. 8)
is used. This model causes surface reactions to increase the sphericity of
particles as suggested by TEM images of soot particles.

7.5.3 Coagulation

The standard coagulation kernels mentioned above and described in
Singh et al. (2004) were not modified for this work on titanium dioxide.

7.5.4 Sintering

The sintering model for TiO2 follows the approach of Xiong and Pratsinis
(1993) and assumes that the excess agglomerate surface area, over that of
a spherical particle with the same mass, decays exponentially:

dA
dt

= − 1
τf

(
A− π1/3

(
6M

ρ

)2/3
)

(7.11)

As in previous works (Xiong and Pratsinis, 1993; Morgan et al., 2006), the
characteristic time was given by the expression for TiO2 particles sintering
through grain boundary diffusion obtained by Kobata et al. (1991):

τf = 7.4× 108 T
K

(
dp

cm

)4

exp
(

3.1× 104K
T

)
(7.12)

where dp = 6M/ρA is a measure of average primary particle diameter.
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7.6 Simulating plug-flow reactors

THIS COMBINED model coupling the gas phase kinetic model to the
particle dynamics model was used to simulate laboratory- and

industrial-scale plug flow reactors. The simulations were performed on
2 GHz single core computers running Linux and took up to several hours
per run.

7.6.1 Laboratory reactor at constant temperature

Figure 7.8 shows the evolution of the primary particle size distribution
from a simulation of a plug flow reactor at constant temperature of 1073 K
starting with a feed of 0.2 mol% TiCl4 and 1 mol% O2 in Argon, similar to
the conditions of the laboratory reactor described by Pratsinis et al. (1990).
To give an indication of the possible shapes of the agglomerate particles,
figure 7.9 shows TEM-style images of the first particle from the same sim-
ulation. The geometric information was generated as described above.

Because the kinetic model is thought to be incomplete and has not had
any free parameters adjusted to fit experimental data, the time-scales on
this simulation are likely to be inaccurate. According to the simulation, at
0.5 seconds most of the particles are newly incepted and so the primary
particle size distribution is very narrow and the average diameter is very
small: the particles are essentially all (TiO2)4 molecules. After 1 second
the particles have had opportunities to coagulate and form agglomerates.
Those primary particles which coagulated early will have also had suffi-
cient time to sinter together and to grow through surface reactions. How-
ever, there are still many new primary particles nucleating from the gas
phase at this stage. The primary particle size distribution is seen to grow
and broaden, both within the population (figure 7.8) and within individ-
ual particles (figure 7.9). Although the flow time through the experimental
reactor was∼1 second, the simulation was continued until 10 seconds. Af-
ter 5 seconds the average primary particle diameter has increased to about
50 nm. The absolute width of the distribution is similar to that at 1 sec-
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ond, so the relative width is much narrower, leading to much more mono-
disperse appearance as seen in the TEM-style images. This trend continues
up to 10 seconds, by which time the primary particles have reached nearly
80 nm diameter.
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Figure 7.8: Primary particle size distribution (mass weighted) after var-
ious times at 1073 K.

7.6.2 Laboratory reactor with temperature profile

The flow tube reactor simulations used in chapter 6 to investigate the
temperature-dependence of overall reaction rate were performed using
the coupled population balance model. These simulations use the tem-
perature profiles and inlet concentrations given by (Pratsinis et al., 1990).
The ∼30 cm hot-zone of the tubular reactor is heated to a range of tem-
peratures, and the gas flow-rate is adjusted to give a variety of residence
times in the hot-zone; the results here are for the case when the gas spent
0.49 s in the hot-zone. Further details of the experiments and simulations
are given in §6.6.2. Figure 7.10 shows the size distribution of agglomer-
ate titania particles at the end of the simulation (40 cm downstream from
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Figure 7.9: TEM-style images of the oldest particle in the simulation af-
ter 0.5, 1, 2.5, 5 and 10 seconds at 1073 K.

the midpoint of the tube, when the temperature has returned to 298 K)
and figure 7.11 shows TEM-style images of some of the particles formed
at different temperatures. As the temperature of the PFR is increased, the
average size of the particles produced also increases. This is the same as
the trend observed by Akhtar et al. (1991) in a similar PFR.

7.6.3 Industrial reactor

The simulation was repeated for conditions nearer those of an industrial
reactor: an equimolar ratio of TiCl4 and O2 fed to a plug flow reactor at 3×
105 Pa pressure, with a temperature profile constant at 1500 K for 100 ms,
falling linearly to 1000 K over the next 100 ms.

The very high concentration of reactants and high temperature causes
a large burst of particle inception, peaking at 0.1 ms. Particles from 0.1
and 0.2 ms are shown in figure 7.12. Within 0.4 ms, 90 % of the TiCl4 is
consumed and the inception rate has dropped to 0.5 % of its peak value.
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Figure 7.10: Particle size distributions from the exit of the PFR simula-
tion with residence time in the hot-zone of 0.49 s.

Figure 7.11: Simulated TEM images from the exit of the PFR simulation
with residence time in the hot-zone of 0.49 s and furnace
temperatures 993, 1073 and 1293 K (left to right).
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This rapid burst of particle inception near the beginning of the reactor
leads to a very narrow primary particle size distribution (figure 7.13). Af-
ter 200 ms most primary particles in the simulation have a diameter of
about 45 nm. Pigmentary titania from industrial reactors, after a further
10 seconds in a plug flow cooler, typically has an average primary particle
size of 250 nm (Edwards, 2007). Given the approximations in the current
set of sub-models, this level of agreement is encouraging.

Figure 7.12: TEM-style images of the oldest particle after 0.1 and 0.2 ms
in the industrial reactor simulation.
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Figure 7.13: Primary particle size distributions (mass weighted) at var-
ious times in the industrial reactor simulation.

7.7 Chapter summary

THIS CHAPTER opened with a description of existing population bal-
ance solver programs that have been developed within the Com-

putational Modelling group: Sweep uses an enhanced Monte Carlo al-
gorithm to solve the dynamics of a population of particles undergoing
inception, coagulation, surface growth and sintering, and MOPS uses an
operator splitting technique to couple Sweep to ordinary differential equa-
tion solvers running the gas-phase chemistry kinetic model.

Improvements were made to both these programs. Some changes help
the user to estimate an appropriate initial sample volume — an impor-
tant parameter for successful simulations. Adaptive splitting capabilities
were added to ensure adequate coupling between the gas- and particle-
solvers with minimum computational cost. Finally, in collaboration with
Matthew Celnik, a new multivariate population balance model was de-
vised in which, in addition to surface area and volume, the size of ev-
ery primary particle within each agglomerate particle in the population
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is tracked. This new population balance model allows the primary parti-
cle size distribution to be followed explicitly, and simple post-processing
generates spatial information, presented here in the form of TEM-style im-
ages.

The sub-models for each of the particle processes — inception, coag-
ulation, surface growth, and sintering — were detailed, and simulations
were performed for a furnace flow-tube reactor and at industrial reactor
conditions.
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Chapter 8

Automatic Reaction Mechanism
Generation

In which automatic reaction mechanism generation is discussed; the
reaction mechanism generator RMG is introduced, modified for ti-
tanium oxychloride chemistry, and demonstrated in action; and an
algorithm for estimating molecular geometries is invented.

8.1 Introduction

THE KINETIC model described in this thesis took three years for a grad-
uate student to develop, with the help and guidance of a professor, a

reader, two post-docs and several other graduate students. Although this
kinetic model of 67 reactions is a significant improvement upon the pre-
vious single reaction, it still only progresses as far as species containing
two or three titanium atoms, and does not reach the critical nucleus size
(chapter 5).

As species get larger, complexity rapidly increases (table 8.1), and man-
ually extending this model to four or five titanium atoms would proba-
bly take twice as many graduate-student-hours, most of which would be
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Table 8.1: Sizes of SiH4 pyrolysis mechanisms terminated by maximum
species size (Wong et al., 2004, table 4). Even with only two
elements (Si and H) complexity rapidly increases when larger
molecules are considered.

maximum number of Si
atoms in largest species

number of species number of reactions

1 3 2
2 7 14
3 14 40
4 35 134
5 109 530
6 390 2,298
7 1,526 10,294
8 6,314 46,938

much more boring. It would be vastly preferable to have a computer per-
form this task automatically in a couple of minutes. Even computation
times of weeks or months are acceptable if the process is automated and
the computers can be left unattended. Such an automated system could
also be applied to other inorganic nanoparticle synthesis problems, such
as silicon- and silver-oxides.

8.2 Requirements

SOME components are required in any automatic reaction mechanism
generator, as outlined by Broadbelt and Pfaendtner (2005). A repre-

sentation of molecules — their constituent atoms and the bonds between
them — is needed. A method for converting reactants to products in
a computationally convenient manner must be included. Finally, some
means of identifying uniqueness of molecules and telling them apart is
needed.

To generate useful detailed kinetic models, the program must also pro-
vide estimates of the thermochemistry of each species and the rate of each
reaction. If these estimates are evaluated alongside the mechanism gener-
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ation, they can be used to guide the mechanism generator: an unfeasible
molecule or the product of a very slow reaction can be excluded from the
next generation of reactions, so only important pathways are followed.

8.3 Introducing RMG

SEVERAL programs have been developed to automatically generate re-
action mechanisms. The first generation of reaction modelling soft-

ware tended to embed chemical knowledge into the source code of the
software itself, leading to very complex programs that were hard to extend
or debug. Reaction Mechanism Generator (RMG), a “second-generation”
mechanism generator developed by members of Prof. Green’s research
group at the Massachusetts Institute of Technology, attempts to avoid the
drawbacks of earlier mechanism generators (Van Geem et al., 2006). It
is written in Java, an object-oriented programming language, and is in-
tended to be easily extensible. For further history, background, and a de-
tailed description of the development of RMG, refer to the Ph.D. thesis by
Jing Song (Song, 2004). This section will now describe how RMG meets
each of the requirements outlined in the previous section, §8.2.

A common way to represent molecules for automatic mechanism gen-
eration is a bond-electron matrix (Ugi et al., 1979), in which the element ij
gives the number of electrons in the bond between atoms i and j. Matrices
are easy for computers to manipulate, but hard for chemists to concep-
tualise. Rather than use a predefined programming construct such as
a matrix to represent molecules, RMG uses the object-oriented approach
of programming and creates a new class of object specifically for the pur-
pose. In RMG molecules are represented as graphs: each atom is a node
and each bond is an edge, connecting two nodes (figure 8.1).

To tell species apart and recognise equivalents, such as the two graphs
in figure 8.1, many reaction generators attempt to create a unique text
string for each graph structure, often running into difficulties with poly-
cyclic species (Weininger et al., 1989; Wong et al., 2003). Instead, RMG
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Figure 8.1: Two equivalent graphs for acetic acid (Song, 2004, fig. 3.6).

Figure 8.2: Reaction template: functional group representations of re-
actants in hydrogen abstraction reaction (after Song, 2004,
fig. 6.2).

directly compares the graph objects. The algorithm for comparing graphs
is reused for thermochemistry estimation and reaction generation.

The methods for transforming reactants to products are expressed in
RMG as simple recipes, e.g. “remove the bond between atoms 1 and 2;
create a bond between atoms 2 and 3; increase the radical count on atom
1; decrease the radical count on atom 3” that are simpler to understand
and debug than matrix representations. To identify when a given reaction
recipe can be applied to certain molecules, RMG uses reaction templates
for each family of reactions. For example, the hydrogen abstraction reac-
tion family

XH + Y·� X ·+YH (8.1)

requires one reactant with a —H and one reactant with a radical centre.
These requirements can also be represented by graphs, as shown by the
reaction template in figure 8.2 (the numbers on the nodes correspond to
the reaction recipe described above). The graph matching algorithm can
then determine if the required functional groups are sub-graphs of the re-
actant graphs, in which case the reaction template matches and the reac-
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tion recipe can be applied.

To obtain the thermochemical data for each species in the simulation,
RMG uses Benson’s group additivity (GA) method (Benson, 1976). This is
based upon the idea that most molecular properties are made up, roughly,
of additive contributions from each atom and bond. The molecule is di-
vided into distinct groups, each consisting of a central atom and several
ligands. Each group is assigned a value based on correlation with known
results. The molecular properties are found by adding the values for each
group. For example, the first carbon atom in CH3COOH is a group. In
the most general terms, it is a carbon atom. More specifically, it is a car-
bon atom bonded to three hydrogen atoms and one heavier atom. More
specifically still, the heavier atom is another carbon atom. Benson pro-
vided a set of contributions for exactly such a C-(H)3(C) group. Matching
these groups against the atoms in the molecule is done using the same sub-
graph matching algorithm as matching reaction templates. Because it is
useful to search for the most specific group possible, but to use a more gen-
eral group if a specific one does not exist, RMG stores and searches these
group definitions in a tree structure. A similar approach is used to match
increasingly specific reaction templates in order to find the best possible
estimate of reaction rate.

There are also special groups for calculating the thermochemistry of
radical species: the molecular properties are estimated for the parent
molecule saturated with H atoms, and then the radical site groups spec-
ify corrections that are applied to calculate the properties of the radical
species which is missing an H.

8.4 Modifications to RMG

RMG was designed for hydrocabon chemistry, and currently works for
species containing only the elements carbon, hydrogen and oxygen.

To simulate the oxidation of titanium tetrachloride various changes had to
be made. New GA values were devised, primary reference libraries were
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updated, and the Java source code was modified.

8.4.1 New Benson groups

RMG comes with the original functional group library devised by Benson
(1976) with various extensions and additions (Stein and Fahr, 1985;
Sumathi and Green, 2002a,b). This library contains over 100 group val-
ues, but they are all for C and O groups with H ligands and are no use for
titanium oxychlorides. To use RMG for TiCl4 oxidation, new group values
must be provided.

Suppose we hope to estimate yi, the enthalpy of species i, by multi-
plying Xij, the number of times group j appears in species i, by aj, the
enthalpy value assigned to the group j, and summing over all the groups:

yi ≈∑
j

Xijaj (8.2)

To find the best values to use for the group values aj we use a training
set of molecules with known enthalpies yi, and minimise the error in the
estimate (8.2) in a least-squares sense:

min
aj∈R

√
∑

i

((
∑

j
Xijaj

)
− yi

)2
∀j ∈ [1, 2, . . . J] (8.3)

where J is the number of groups. By writing this in matrix and vector form
using the Euclidean norm, equation (8.3) becomes

min
a∈RJ
‖Xa− y‖. (8.4)

Solving this minimisation problem21 provides values for aj, the contribu-
tion to enthalpy of each group j. This procedure is repeated for the en-
tropy, and heat capacities at seven different temperatures (as in table 4.6).

For this initial proof-of-concept, Benson-type values were derived for

21 This is performed in MATLAB with the command a=X\y
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Table 8.2: Benson-type groups for Ti-O-Cl chemistry

Group ∆ f H◦298 K
a S◦ b C◦pb

300 400 500 600 800 1000 1500 K
O(-Ti) -32.877 10.135 5.137 5.621 5.948 6.17 6.439 5.486 5.601
Ti -290.02 -21.205 6.141 5.972 6.133 6.30 6.546 9.184 9.177
Cl 26.939 26.946 3.122 3.375 3.446 3.47 3.476 4.032 4.070
TiJ correction 91.842 -8.948 -2.025 -2.185 -2.28 -2.34 -2.4 -5.335 -5.3

a kcal/mol b cal/mol/K

the four simplest essential functional groups: Ti, O bonded to a Ti, Cl,
and the radical correction for a radical site on a Ti. The training set of
molecules was also very small, consisting of the six molecules TiCl4, TiClJ3,
TiClJJ2 , OCl2, TiO2ClJ3, TiOClJ3 where, for consistency with the input and
output files of RMG, a J represents a radical (presumably chosen because
the letter J does not appear in the periodic table of elements). Thermo-
chemical data for the fitting was taken from chapter 4 and from Linstrom
and Mallard (2005). The resulting group values are shown in table 8.2.

8.4.2 Reference libraries

RMG can be started with a primary reference library of reactions that are
explicitly included in the mechanism before the generation process begins.
For this work the library was populated with 10 reactions with known
rates: the thermal decomposition of TiClz (R1–R3 in table 6.2, page 96), and
the oxygen-chlorine reactions (R37–R44). In addition to these reaction rate
expressions, the primary thermochemistry library was supplemented with
thermochemical data for 11 small species, mainly the species occurring in
the reactions just described. When these species occur in the mechanism
generation, their values are looked up in the primary thermochemistry
library instead of being estimated by group additivity theory.
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8.4.3 Modifications to the source code

Although the primary aims of software developer were “chemical flexi-
bility, reusability and extendibility” (Song, 2004), i.e. to generalise RMG
and make it easily extensible to any chemical system by editing the library
files without reprogramming the software itself, this goal was not quite
realised. A few small changes were required, one of the largest problems
being the process for estimating radical thermochemistry.

RMG uses the hydrogen-atom bond increments (HBI) method for esti-
mating free radicals’ thermochemistry (Lay et al., 1995). The idea is that the
differences between a radical species (R·) and its stable “parent” species
(RH) are stored and retrieved in a similar way to the Benson groups.
For this to work, RMG must deduce the thermochemistry of the parent
species RH, which it does by saturating all radical sites with H atoms be-
fore searching the database for groups as usual. Although efficient and
accurate for hydrocarbons, this causes problems for the Ti-O-Cl system.
For example, it will try to find the enthalpy of TiOCl3 by relating it to
TiCl3OH, a species for which no suitable group values have been devised.

The source code was modified so that if the radical species contained
Ti or Cl, then it would be saturated with Cl atoms rather than H atoms,
and the radical correction group value was defined relative to Cl rather
than H. This is a work-around rather than a long-term solution: it is unde-
sirable to have arbitrary rules based on chemical knowledge hard-coded
into the program, especially when only applicable to the current situation.
Nevertheless, it works for the time-being.

8.5 Results 1: RMG in action

ONCE modified, RMG was used to simulate an equimolar mixture of
TiCl4 and O2 at 1 atmosphere pressure and a temperature of 1550 K.

The simulation was set to run for 100 ms and the mechanism expansion
was set to terminate once an error tolerance of 0.01 had been reached. The
calculation took less than five minutes on a MacBook Pro laptop, and the
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finished kinetic model contained 123 species and 231 reactions.

The reaction templates were unchanged from those designed for hy-
drocarbon chemistry, and with thermochemistry being calculated from
only four functional groups fitted to a training set of 6 species, the results
are largely nonsensical. They do however demonstrate that it is possible
to run RMG for inorganic species — a significant result in itself.

The problem of inappropriate reaction templates can probably be fixed
within the current framework. The problem of inaccurate thermochem-
istry may well require a different approach and a departure from the group
additivity method, as no better group values exist.

8.6 Improving thermochemistry: beyond group

additivity

GROUP ADDITIVITY (GA) is a very fast and quite accurate method of
estimating thermochemistry for species made up of simple groups

with well-characterised values. It does not perform so well for more com-
plicated 3D structures such as poly-aromatic and poly-cyclic hydrocar-
bons. Not only are TixOyClz species complicated 3D structures (for all
x > 1), but there are no well-characterised group values available even for
the smallest and simplest of molecules. GA is thus inappropriate for deter-
mining thermochemical properties of these species, at least until a large set
of species have been evaluated by other means and detailed group values
derived.

A better way to proceed would be to automate the quantum chemistry
calculations. As illustrated by the length of chapter 4, the procedure for
devising accurate thermochemical data from quantum calculations can be
rather involved and tiresome. This means that automating the entire pro-
cess will be challenging, but also that the reward for success is great.

Once a large set of molecules have been characterised accurately using
quantum chemistry, they could be used to derive improved Benson-style
groups, just as six species were used to find four groups in section §8.4.1.

155



VIII. RMG

This leads to the possibility of an iterative process in which a mechanism
is generated using increasingly better functional groups, the new species
from each iteration are recalculated using quantum chemistry, and these
values are used to derive improved functional groups for the next itera-
tion. It is feasible that all stages of this process could ultimately be auto-
mated.

An important step towards this goal is the automation of quantum
chemistry job creation. These quantum geometry optimisations require
reasonable guesses of the molecular geometry as starting points so that the
calculation converges to the correct geometry in a reasonable time. Jobs
with poor starting guesses often fail to converge.

8.7 Estimating molecular geometries

AMONG the results output by RMG are graphs for each species in the
mechanism. These describe the bonding or connectivity between

the atoms in the molecule, but no information about the molecule’s shape.
Incorporating 3-D geometries into RMG so as to automate quantum chem-
istry calculations for cases where GA estimates are insufficiently accurate
is the subject of Gregory Magoon’s PhD Thesis Proposal (Magoon, 2008).
Fully incorporating 3D geometry estimation into RMG is beyond the scope
of this thesis (Greg hopes to finish his thesis in the autumn of 2011). Nev-
ertheless, as it is an interesting problem it was hard to leave alone, and a
first attempt was made by way of a feasibility study.

8.7.1 Algorithm for geometry estimation

WITH the advent of Materials Studio version 4.2 in late 2007, DMol3

and the Materials Studio GUI became scriptable using the Mate-
rialsScript application programming interface (API). This API is based on
the Perl programming language described in §4.3.2, and allows many pro-
cedures usually performed via the GUI to be performed by a Perl program.
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The algorithm below was devised to create 3D geometries directly from
RMG-outputted graphs using only operations available as part of the Ma-
terialsScript API. The Clean function in Materials Studio performs a crude
geometry optimisation using a look-up table of standard bond lengths and
angles. It is usually used to quickly clean up a hand-sketched geometry
prior to performing a more detailed geometry optimisation calculation.
The algorithm is as follows:

1. Create a waiting-list of atoms to be placed, initially containing one
atom (any atom).

2. Select the first atom in the waiting-list and call it Ai. Remove it from
the waiting-list.

3. Place this atom (Ai) on top of an atom to which it should be bonded,
if any have already been placed, else place it at the origin

4. Move Ai a set distance (1.5 Å) in a random direction

5. For each bond that this atom should have:

(a) Select the atom at the other end of the bond and call it Aj.

(b) If Aj has not yet been placed, add it to the end of the waiting-list
of atoms to be placed, and go on to the next bond (step 5).

(c) Create the bond between Ai and Aj, noting the bond order (sin-
gle, double, triple).

(d) Select all the atoms that are bonded to Aj and have already been
placed (including at least Ai) and optimise the position of these
atoms using the Clean function.

6. Unless the waiting-list is empty, go to step 2.

7. Optimise the overall geometry using the Clean function.
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8.8 Results 2: Molecular geometries

THE 123 species generated by RMG in §8.5 were used to test the geom-
etry estimating algorithm. The program was able to generate geome-

tries for all 123 species; seven examples are shown in figure 8.3.

1 2 3

4 5

6 7

Figure 8.3: Some of the 123 guessed geometries.

Comparison with the optimised geometries in figure 4.1 (page 41) al-
lows the results to be evaluated. TiOCl3 (1) is well estimated. TiCl2OCl (2)
should be in a planar configuration rather than the bent geometry guessed
here. This reveals a fault of the tables of preferred bond angles used by the
Clean function that will probably reoccur in other molecules. This might
be solvable by specifying the hybridisation of the Ti and O atoms before
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Figure 8.4: Geometry of Ti2O2Cl6 before and after DFT geometry opti-
misation in DMol3.

“cleaning” the geometry so that Ti adopts a trigonal planar shape rather
than tetrahedral, and O adopts a linear shape.

Ti2O2Cl5 (4) and Ti2O2Cl6 (5) have strange-looking geometries, but this
is the fault of the single-bonded –O–O– bridge present in the graph rather
than a fault in the geometry estimation algorithm. Several of these –O–O–
bridges can be seen in species 7, and many of the other species not shown
in figure 8.3. This is because the reaction templates and reaction recipes
were not adjusted in this work, and were designed for hydrocarbon chem-
istry. It should be possible to create reaction templates designed for this
Ti-O-Cl system that would lead to the double-oxygen bridges observed in
figure 4.1. Figure 8.4 shows that even starting from a geometry based on
the incorrect –O–O– connectivity, a DFT geometry optimisation converges
to the correct geometry.

8.9 Chapter summary

AUTOMATING the process of generating a reaction mechanism, as per-
formed manually in chapters 4 to 6, will allow the existing mech-

anism to be extended to larger molecules, as well as the generation of
kinetic models for other systems. This chapter introduced RMG, a reac-
tion mechanism generator designed for hydrocarbons. Modifications were
made to allow it to simulate titanium oxy-chlorides, and a first run was
performed as proof of concept.
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Without a detailed functional group library, the group additivity
method used by RMG for estimating thermochemistry is not useful. An
alternative would be to automatically run quantum chemistry jobs; this re-
quires molecular geometries for each species. An algorithm for estimating
such geometries was developed and programmed using the MaterialsS-
cript API. Finally, it was shown that using this script in Materials Studio
to create starting geometries for DFT calculations is feasible. Perhaps one
day chapters 4–6 of this thesis will be repeated by a robot.
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Chapter 9

Conclusions

9.1 Follow-up work

WORKING on this thesis has uncovered many avenues worthy of fur-
ther investigation. The inquisitive reader will no-doubt have ideas

of her own, but here are a few suggestions for research topics of possible
interest.

9.1.1 Improving the existing kinetic model

Many of the parameters in the existing kinetic model could be improved.
Specifically, transition state theory and VTST calculations could improve
estimates of reaction rates, most importantly for those reactions affected
by fall-off. The very first step in the mechanism — the pressure-dependent
decomposition of TiCl4 — causes the whole kinetic model to be sensitive
to both the enthalpy of TiCl3 and the rate expression for reaction R1; both
of these, currently taken from the literature, could be determined more
accurately using careful quantum calculations in combination with avail-
able experimental data (Hildenbrand, 1996; Teyssandier and Allendorf,
1998; Herzler and Roth, 2003). The current kinetic model is incomplete
and would benefit from being extended to include larger species. This job,
however, is probably better done automatically, which brings us to:
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9.1.2 Automatic mechanism generation

Automating the process of generating kinetic models like this is an obvi-
ous area for future research. Chapter 8 demonstrates that this is feasible,
and shows one possible way forward. As detailed in that chapter, reac-
tion templates must be found that are suitable for this system, and better
Benson-style group values must be derived. Automatically starting quan-
tum chemistry calculations looks to be within reach, but experience shows
that it is not uncommon for such calculations to fail, and for these transi-
tion metal compounds the variety of reasons for failure seems unlimited.

As emphasised in §4.3, performing a quantum calculation is not the
full story: deducing isodesmic and isogyric reactions that link the target
species to species with known enthalpies is an important part of deduc-
ing accurate thermochemistry. To benefit from automatically performed
quantum calculations, this too must be automated.

Deducing these reactions can be thought of as a constrained optimisa-
tion problem: the aim is to find a reaction that minimises the number of
bonds broken or made, yet is constrained to conserve atom types, must
produce some of the target species, and must involve no other unknown
species. It is possible to formulate this optimisation as a Linear Program-
ming (LP) problem, which means it can be solved very quickly using the
simplex method (Dantzig et al., 1955) provided in standard libraries such
as the GNU Linear Programming Kit (Makhorin, 2008).

It is of course possible to apply an approach similar to that used in
this thesis to study other particle-forming systems, an obvious example
being silicon dioxide. This possibility increases the attractiveness of a gen-
eralised automatic reaction mechanism generator.

9.1.3 Advanced sintering models

There is evidence that the sintering rate is the main material parameter
controlling the formation of agglomerates (Grass et al., 2006), so research
into sintering models could be worthwhile.

Currently the sintering rate is determined from an aggregate particle’s

162



IX. CONCLUSIONS

volume and surface area only; the information now available in the pri-
mary particle size list could be put to better use. For example, small pri-
mary particles sinter faster than large ones, causing a narrowing of the
primary particle size distribution (Heine and Pratsinis, 2007b).

A new particle data structure, in which a computational particle con-
tains an asymmetric binary tree of sub-particles, would allow not only
better shape estimation algorithms (§7.4.3), but also more advanced sin-
tering models. With the knowledge of which subparticles are touching
each other, mass could be redistributed between neighbours instead of
randomly across all primary particles. By modelling continuous sintering
between neighbouring subparticles, two large subparticles could gradu-
ally sinter together over time, which does not happen with the current
smallest-first deletion method. Sintering between neighbouring subparti-
cles could be modelled in terms of neck growth, rather then surface area
loss, allowing direct calculation of hard- and soft-agglomerate shapes and
sizes. It would also be possible to include the physics of heat release due to
sintering, size-dependent melting points of small nanoparticles, and dif-
ferent modes of sintering (grain boundary diffusion or viscous flow), as
modelled by Mukherjee et al. (2003).

This subparticle tree structure could improve calculations of other par-
ticle properties besides sintering rates: new methods for calculating colli-
sion diameters of partially sintered nanoparticles (Wells et al., 2006) would
be particularly applicable.

9.2 Final summary

AFTER the introduction, background, and discussion of related work,
chapter 4 described the bulk of the work deriving important ther-

mochemical data using quantum chemistry and statistical thermodynam-
ics. These data were used in chapter 5 to perform equilibrium calculations
and in the kinetic model developed and tested in chapter 6. Chapter 7
introduced, extended and applied a population balance model to predict
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particle sizes and shapes, and chapter 8 set the groundwork for automat-
ing the work of chapters 4 to 6. For a more detailed reminder of the work
involved, refer to the individual chapter summaries on pages 77, 88, 119,
145, and 159.

The new thermochemical data for TixOyClz species are an important
contribution to the modelling community. For decades, attempts at de-
tailed kinetic simulations have been thwarted by the need for this knowl-
edge. Most species did not have any values in the literature, and the re-
sults for TiOCl2 suggest that the literature values should be revised (West
et al., 2007a).

It was also interesting to discover just how important the choice of
isodesmic and isogyric reactions can be for these transition metal species
with different spin states.

Demonstrating that the critical nucleus at high temperatures proba-
bly contains more than five Ti atoms shows that the details of particle-
formation will not be properly characterised without detailed chemistry.
Using the new data, the first thermodynamically consistent detailed ki-
netic model for the oxidation of TiCl4 was developed (West et al., 2007b).
As well as providing insight into the mechanism, this acts as a base on
which more detailed and complete kinetic models can be built.

As well as providing insight into the chloride process, the new pop-
ulation balance model which tracks primary particles is proving useful
outside the field of titanium dioxide; it has already been applied to mod-
elling soot formation in flames (Celnik et al., 2008) and even in engines
(Mosbach, 2008).

The overall framework for tackling the problem is also proving useful:
a similar approach is now being followed to develop detailed models for
the formation of nanoparticles of SiO2 from Si(OCH2CH3)4 and of silver
from AgNO3.
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Nomenclature

Acronyms

6-311+G(d,p) etc. a basis set. For an explanation see §4.2.1, page 33

API application programming interface

B3LYP a hybrid DFT functional (Becke, 1993)

B97-1 a hybrid DFT functional (Hamprecht et al., 1998)

CBS complete basis set. CBS-QB3 (Montgomery et al., 2000) is
a compound method involving geometry optimisation with
B3LYP and single-point energy calculations with CCSD(T),
with extrapolations to approximate the infinite-basis-set limit

CCCBDB Computational Chemistry Comparison and Benchmark
DataBase (NIST, 2005)

CC[SD(T)] coupled cluster methods. S includes single excitations, D dou-
bles, T triples. A letter in parentheses indicates the effect is
estimated with perturbation theory. CCSD(T) is often called
the “gold standard” of quantum chemistry because of its high
accuracy and feasible computational cost.

DFT density functional theory

DMA differential mobility analyser

DSMC direct simulation Monte-Carlo (algorithm)

ECP effective core potential

FTIR Fourier transform infrared (spectroscopy)

GA group additivity
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NOMENCLATURE

GGA generalized gradient approximation (type of DFT functional)

GTO Gaussian-type orbital

GUI graphical user interface

HCTH a hybrid DFT functional developed by, and named after, Ham-
precht, Cohen, Tozer, and Handy (1998). HCTH/407 was up-
dated by Boese and Handy (2001)

HF Hartree-Fock

HWHM half-width at half-maximum

JANAF Joint Army, Navy, Air Force

LDA local density approximation (type of DFT functional)

LPDA linear process deferment algorithm

LP linear programming (optimisation)

MEP minimum energy pathway

MIT Massachusetts Institute of Technology

MPn Møller-Plesset perturbation method to the nth order (n =
2, 3, 4)

mPWPW91 a GGA DFT functional (Adamo and Barone, 1998; Perdew
et al., 1992, 1993)

NIST National Institute of Standards and Technology

ODE ordinary differential equation

PBM population balance model

PES potential energy surface

PFR plug flow reactor / flow-tube reactor

PSD particle size distribution

RCM rapid compression machine
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NOMENCLATURE

RMG Reaction Mechanism Generator, an automatic mechanism
generator developed by members of Prof. Green’s research
group at MIT

RRHO rigid-rotator/harmonic-oscillator

RRKM Rice-Ramsberger-Kassel-Marcus (theory for unimolecular re-
actions)

SCF self-consistent field

SEM scanning electron microscopy

SMPS scanning mobility particle sizer

STO Slater-type orbital

TDDFT time-dependent density functional theory

TEM transmission electron microscopy

TiCl4 titanium tetrachloride

TiO2 titanium dioxide

TST transition state theory

TTIP titanium tetraisopropoxide

UFF universal force field (Rappe et al., 1992)

VTST variational transition state theory

XML extensible markup language

XRD X-ray diffraction

ZPE zero-point vibrational energy

Grεεκ

∆ change in. . .

Θ characteristic temperature

Ψ wavefunction in the molecular Schödinger equation, see equa-
tion (4.1)
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NOMENCLATURE

α fractional change in total concentration of inception precur-
sors in one splitting step (chapter 7)

α number of vibrational degrees of freedom (chapter 4)

εi energy of molecular energy level i

κ transmission coefficient

λi element potential of element i

µj chemical potential of species j

νj frequency of the jth vibrational mode (chapter 4)

νkj stoichiometric coefficient of species j in reaction k (chapter 5)

ρ electron density of the ground state (chapter 4)

ρ molar density of bulk rutile (chapter 7)

σ rotational symmetry number

τf characteristic sintering time, see equation (7.12)

Roman

A pre-exponential factor in Arrhenius rate expression, see equa-
tion (3.3)

A surface area of particle

Ai atom being placed (in geometry estimation algorithm)

Aj atom bonded to Ai (in geometry estimation algorithm)

C2h a symmetry point group in Schönflies notation (2-fold rotation
plus a mirror plane)

C3v a symmetry point group in Schönflies notation (trigonal pyra-
midal)

Ci concentration of TiCl4 entering the flow-tube reactor

Co concentration of TiCl4 leaving the flow-tube reactor

Cp heat capacity at constant pressure
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NOMENCLATURE

C◦p standard molar heat capacity at constant pressure

Cs a symmetry point group in Schönflies notation (single mirror
plane)

Cv heat capacity at constant volume

E energy

Ea activation energy, see equation (3.3)

∆E(mol) dissociation energy of TinO2n into n isolated TiO2 molecules,
divided by n

G◦ standard Gibbs free energy

H enthalpy

Ĥe-e term in Ĥ for the pairwise interaction of electrons

Ĥe all the terms in Ĥ that involve electrons

∆ f H◦ standard molar enthalpy of formation

Ĥ Hamiltonian operator in the molecular Schödinger equation,
see equation (4.1)

Ij jth moment of inertia (j ∈ (A, B, C))

J number of groups

Kc equilibrium constant (in terms of concentrations)

Kp equilibrium constant (in terms of partial pressures)

M number of TiO2 monomers in particle

M0 particle number density

Mmax
0 (guessed) maximum particle number density used to calculate

initial sample volume

N number of computational particles

N number of dimensions in population balance problem

N number of electrons
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NOMENCLATURE

Nc capacity of binary tree storing computational particles (maxi-
mum number of computational particles)

Nel number of elements

N/N0 fraction of TiCl4 remaining after reaction in the rapid compres-
sion machine

Npp highest number of primary particles in a single agglomerate

Nr estimate of number of computational particles required to
hold the current simulation without contraction events

Nrx number of reactions required to solve equilibrium problem,
page 80

Nsp number of species

Q system partition function, see equation (4.23)

R molar gas constant

S entropy

S◦ standard molar entropy

Ss number of splitting steps per timestep

T temperature

T̂e term in Ĥ for the kinetic energy of the electrons

T̂n term in Ĥ for the kinetic energy of the nuclei

Tp peak temperature reached in rapid compression machine

V sample volume (chapter 7)

V volume, molar volume

V̂e term in Ĥ for the potential energy of an electron in the poten-
tial field caused by the average of other electrons

Vi initial sample volume

V̂n-e term in Ĥ for the potential energy of electron-nucleus attrac-
tion
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NOMENCLATURE

V̂n term in Ĥ for the potential energy of nucleus-nucleus repul-
sions

Xij number of times group j appears in species i

X‡ transition state

a length of cubic box containing a molecule

ai (i = 1, . . . 7) coefficients in polynomials for thermochemical
properties. See equations (4.41–4.43)

aj enthalpy (or entropy or heat capacity) value assigned to the
group j

aij number of atoms of element i in species j

bi amount of element i (in equilibrium problem)

g Gibbs free energy of a mixture

gei degeneracy of ith electronic energy level

h̄ Planck’s constant divided by 2π

h Planck’s constant

kB Boltzmann constant

kb backwards reaction rate coefficient

keff effective first order rate coefficient

k f forwards reaction rate coefficient

ktotal first order rate coefficient for overall reaction, see equa-
tion (3.2)

m mass of molecule

mi number of TiO2 monomers in primary particle i

n number of (TiO2) units in a (TiO2)n nanoparticle, cluster or
molecule

n temperature exponent in modified Arrhenius rate expression,
see equation (6.7)
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NOMENCLATURE

nj amount of species j

p partial pressure

q molecular partition function, see equation (4.22)

r overall rate of reaction, see equation (3.2)

t residence time of flow-tube reactor

tc reaction time in the rapid compression machine (specifically,
the HWHM of a Lorentzian fitted to match the temperature-
time profile for T > 0.90Tp)

v vibrational quantum number

x x-coordinate of position

x number of Ti atoms in TixOyClz species

xi x-coordinate of the position of electron i

y y-coordinate of position

y number of O atoms in TixOyClz species

yi enthalpy (or entropy or heat capacity) of species i estimated
from group additivity, see equation (8.2)

yi y-coordinate of the position of electron i

z z-coordinate of position

z number of Cl atoms in TixOyClz species

zi z-coordinate of the position of electron i
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