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Despite the industrial importance of the process, the detailed chemistry of the high-temperature oxidation of
titanium tetrachloride (TiCl4) to produce titania (TiO2) nanoparticles remains unknown, partly due to a lack
of thermochemical data. This work presents the thermochemistry of many of the intermediates in the early
stages of the mechanism, computed using quantum chemistry. The enthalpies of formation and thermochemical
data for TiOCl, TiOCl2, TiOCl3, TiO2Cl2, TiO2Cl3, Ti2O2Cl3, Ti2O2Cl4, Ti2O3Cl2, Ti2O3Cl3, Ti3O4Cl4, and
Ti5O6Cl8 were calculated using density functional theory (DFT). The use of isodesmic and isogyric reactions
was shown to be important for determining standard enthlapy of formation (∆fH°298K) values for these
transition metal oxychloride species. TiOCl2, of particluar importance in this mechanism, was also studied
with CCSD(T) and found to have∆fH°298K ) -598 ( 20 kJ/mol. Finally, equilibrium calculations were
performed to identify which intermediates 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.

1. Introduction

Titanium dioxide is currently produced at a rate over 4 million
tons 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,
synthetic fibers, and ceramics. It is also used as a catalyst support
and photocatalyst. The preferred production method is the
chloride process, during which purified titanium tetrachloride
is oxidized at high temperatures (1500-2000 K) and pressures
(∼300 kPa) in a pure oxygen plasma or flame to produce TiO2

nanoparticles. The overall stoichiometry of this oxidation process
is

Current reactor designs feature multiple feed points with
independently controlled feed rates and pre-heat temperatures.
Experimental optimization of such a system is incremental and
costly. Although the chloride process is a mature technology,
which has been used in industry since 1958, understanding of
the gas-phase reactions of TiCl4 oxidation remains incomplete.1

A detailed kinetic model would ease the optimization of
existing reactors as well as the development of new ones.
Understanding the fundamentals of the chloride process for
titania production may also contribute to the development of
new processes for the industrial production of other powders
for manufacture of electronic or structural ceramics.

Over the past 2 decades excellent kinetic models for silicon
CVD chemistry have been developed,2,3 based on the funda-
mental thermochemistry of SiHxCly reactive intermediates from
quantum chemistry.4,5 In an analogous way, the present work
endeavors to provide the fundamental thermochemistry needed
to allow the future development of kinetic models for systems
involving titanium, oxygen, and chlorine.

Over the years, various mechanisms have been proposed to
describe TiCl4 oxidation. Pratsinis et al.6 proposed a mechanism
in which TiCl4 decomposes to TiClz radicals (z< 4) via thermal
decomposition and abstraction reactions. These radicals are then
oxidized to various TiOyClz oxychlorides (y e 2, z < 4). The
oxychlorides then dimerize to form TixOyClz (x ) 2, y e 4)
before reacting to yield species withx > 2, with subsequent
reactions resulting in (TiO2)n nanoparticles (n . 100). Like
Pratsinis, Karlemo et al.1 proposed a mechanism via oxychloride
intermediates, specifically TiOCl2, which they found in detect-
able quantities. Despite these proposed mechanisms, no detailed
simulations have been attempted due to a lack of thermochemi-
cal data for the intermediate species.

Experimentally, the only oxychloride intermediate to have
been observed directly is TiOCl2;1,7 its presence at detectable
levels suggests that it is likely to play an important role in the
mechanism. Yet, the only thermochemical data currently avail-
able for TiOCl2 and TiOCl, which are from the NIST JANAF
Thermochemical Tables,8 were estimated in 1963. Other reactive
intermediates in the chloride process are even more poorly
characterized. 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, particularly in the context of nanoclus-
ters. Albaret et al.9 have studied TinO2n+m clusters (n ) 1-3,
m ) 0, 1) using pseudopotential plane-wave density functional
theory (DFT), and Woodley et al.10 recently used DFT to study
the minimum energy structures of small (TiO2)n clusters (n )
1-8). While these studies shed light on the electronic and
structural properties of titania nanoclusters, chlorine-free mol-
ecules are not part of the mechanisms proposed by Pratsinis or
Karlemo and are unlikely to play an important role as inter-
mediates in the chloride process.1,6

The aim of this work is to provide thermochemical data for
some of the titanium oxychloride species (TixOyClz), which will
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enable the development of more detailed kinetic models of the
combustion of titanium tetrachloride. The results from three DFT
functionals are compared, giving some indication of the reli-
ability of DFT for these transition metal oxychloride species.

As well as probably playing an important role in the TiCl4

oxidation mechanism, TiOCl2 is a useful reference species for
calculating the enthalpies of many other species; it is therefore
subjected to a more detailed analysis using coupled cluster
CCSD(T), often called “the gold standard of quantum chemis-
try”.

Since the optical and catalytic properties of TiO2 depend
strongly on particle size, a major technological issue in this
large-scale industrial process is precisely controlling the particle
size distribution. The size distribution is expected to depend
strongly on the particle nucleation rate, which is strongly related
to the size of the critical nucleus. Here we perform equilibrium
calculations to identify which intermediates 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.

2. Methods

2.1. Quantum Calculations.Molecular geometries have been
optimized and analytical harmonic frequencies calculated using
three different DFT functionals: mPWPW91,11-13 B3LYP,14

and B97-1.15 It is useful to compare the results of different
density functionals because the absence of significant disagree-
ments between different types of functional suggests that their
predictions are not pathological. mPWPW91 is a generalized
gradient approximation (GGA) functional; the other two are
hybrid functionals as they also contain some exact Hartree-
Fock exchange. The B3LYP functional is included here for
comparison as it is probably the most widely used functional.
However, Boese et al.16 concluded that B97-1 is probably the
best choice when it comes to using density functional hybrid
calculations and speculated that the continued popularity of less
accurate first-generation functionals such as B3LYP is sheer
user inertia. All functionals were as implemented in the Gaussian
03 program package.17

The basis set for all reported DFT calculations was 6-311+
G(d,p).17 This consists of the 6-311G basis set18 for oxygen;
the McLean-Chandler (12s,9p) (621111,52111) “negative ion”
basis set19 for chlorine; the Wachters-Hay all-electron basis
set20,21 for titanium, using the scaling factors of Raghavachari
and Trucks;22 and supplementary polarization functions and
diffuse functions. Such a supplemented, triple-ú 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.16

Some species, such as TiOCl3, could not be adequately
described by the default settings in Gaussian, so the B3LYP
and B97-1 calculations were repeated with less restrictive
settings: spin restriction was removed to detect possible spin
contamination in singlet species, symmetry constraints were
lifted to allow symmetry-breaking Jahn-Teller type distortions,
the integral grid was increased to a pruned (99,590) grid, and
the geometry optimization convergence criteria were tightened.
To establish the spin multiplicity of the ground state, the lowest-
energy state of different spin multiplicity was also calculated
in many cases.

Species required to evaluate the enthalpy of formation of
TiOCl2 were investigated in more detail. Geometry optimization
and frequency analyses were performed with BPW9112,13,23and
PW91PW9112,13 in addition to the three DFT functionals
described above. These additional GGA functionals both use

the same PW91 correlation as mPWPW91, but with Becke’s
exchange functional and the PW91 exchange functional respec-
tively. Using B3LYP optimized geometries, single point coupled
cluster CCSD(T) calculations were performed using the software
GAMESS-UK version 7.24,25 This software can only perform
spin restricted CCSD(T) calculations; however, this is not a
problem in this case as none of the species studied with
CCSD(T) preferred a spin unrestricted solution at the 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.26 Oxygen
and chlorine were taken from 3-21G27,28 for the smallest basis
set and 6-311G18 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. 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 been
corrected with thermal contributions according to B97-1/6-
311+G(d,p) frequencies and rotational constants.

2.2. Statistical Mechanics and Equilibrium Composition.
Heat capacities (Cp), integrated heat capacities (H(T) - H(0 K)),
and entropies (S) were calculated for temperatures in the range
100-3000 K using the rigid rotator harmonic oscillator (RRHO)
approximation, taking unscaled vibrational frequencies and
rotational constants from the B97-1 calculations (see Table 4).

Polynomials in the NASA form29 were fitted toCp(T)/R, H°,
and S° over the temperature ranges 100-1000 K and 1000-
3000 K, constrained to ensureCp(T) and its first two derivatives
matched at 1000 K. Using the fitted polynomials forCp(T),
H°(T) andS°(T), the equilibrium composition as a function of
temperature was calculated using the open source software
Cantera.30

2.3. Enthalpies of Formation: Isodesmic and Isogyric
Reactions.The atomization energies reported in section 3.2 were
found by subtracting the DFT-computed absolute energies of
the component atoms in isolation from the absolute energies of
the species computed at the same level of theory. Standard
enthalpies of formation (∆fH°298K) are found by relating the
computed absolute enthalpies of the unknown species to those
of other reference species with previously known standard
enthalpies. Although a common choice for these reference
species are the isolated atoms, this can lead to systematic errors
in the DFT propagating to the final enthalpies; better results

TABLE 1: Reactions Used to Evaluate Standard Enthalpies
of Formation (∆f H°298K) from Computed Absolute Enthalpies

species type reaction

TiOCl isodesmic TiOCl2a + TiCl3b H TiOCl + TiCl4c

TiOCl2 isogyric 1/2TiCl4c + 1/2TiO2
c H TiOCl2

TiOCl3 anisogyric TiCl4c + TiOCl2a H TiOCl3 + TiCl3b

TiO2Cl3 isogyric TiCl4c + OClOc H TiO2Cl3 + Cl2c

TiO2Cl2 anisogyric TiCl2b + O2
c H TiO2Cl2

Ti2O2Cl4 isogyric 2TiOCl2a H Ti2O2Cl4
Ti2O2Cl3 isogyric 2TiOCl2a + TiCl3b H Ti2O2Cl3 + TiCl4c

Ti2O3Cl3 anisogyric 2TiOCl2a + TiOCl2a H Ti2O3Cl3 + TiCl3b

Ti2O3Cl2 isogyric 2TiOCl2a + TiOCl2a H Ti2O3Cl2 + TiCl4c

Ti3O4Cl4 isogyric 2TiOCl2a + TiO2
b H Ti3O4Cl4

Ti5O6Cl8 isogyric 6TiOCl2a H Ti5O6Cl8 + TiCl4c

a Enthalpy of formation from this work.b Enthalpy of formation from
Hildenbrand (1996).37 c Enthalpy of formation from NIST-JANAF
tables.8
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can usually be obtained using reference species that are more
similar in terms of electronic structure to the unknown species.

Ideally the reference species are chosen such that they are
linked to the unknown species via an isodesmic reaction, in
which the type of the bonds broken are the same as the type of
bonds formed. Because the products and reactants have similar
electronic structures, systematic errors in the DFT are largely
cancelled out.31 While less desirable than isodesmic reactions,
isogyric reactions, which conserve the number of electron pairs
in reactants and products, are still better than atomization
reactions.32,33

Reaction choice is particularly important with the titanium
oxychloride species, as shown here with the radical TiO2Cl3.
Calculation of standard enthalpy of formation from atomization
energies is equivalent to using the reaction

Here a doublet reactant (one unpaired electron) is compared to
three triplet and three doublet species (total of nine unpaired

electrons). Using 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, respectively. This
is a spread of 253 kJ/mol, far exceeding the expected accuracy
of DFT calculations.16

Reliable enthalpies of formation are available for TiCl3 and
O2; therefore, an alternative choice of reaction is

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 establish 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, respec-
tively, reducing the overall spread to 54 kJ/mol.

A third alternative reaction is

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 standard 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.34

Because of the paucity of thermochemical data for transition
metal oxychloride species, it was not possible to find isodesmic
or isogyric reactions linking all the species studied in this work
to species with reliable literature values for∆fH°298K. However,
any reaction that leaves some bonds intact is preferable to
atomization. The reactions used to evaluate standard enthalpies
of formation are shown in Table 1.

3. Results and Discussion

3.1. Geometries.Figure 1 shows the molecular geometries
of the ground state of each molecule after optimization with
B97-1/6-311+G(d,p).

At this level of theory, TiOCl3 in a C3V conformation has an
imaginary frequency. This is due to a Jahn-Teller distortion,
which results from a very low-lying first excited state (0.21 eV
for the C3V structure according to TDDFT with the B3LYP
functional). TheCs geometry reported here is stable at this 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, in which the O atoms are both bonded to the Ti.

3.2. Atomization Energies. Although we have not used
atomization reactions to calculate enthalpies of formation, we
report atomization energies here to facilitate reproduction of
our results. Table 2 shows the atomization energies for the

TABLE 2: Atomization Energies at 0 K in kJ/mol with
6-311+G(d,p) Basis Set (DFT Calculations Include ZPE
Correction)

species spin state mPWPW91 B3LYP B97-1 lit.

TiO2 singlet -1436 -1226 -1269 -1268a

TiCl4 singlet -1828 -1641 -1719 -1687a

TiCl3 doublet -1424 -1296 -1354 -1335b

TiCl2 triplet -974 -840 -921 -913b

TiCl quartet -481 -428 -438 -405b

TiOCl doublet -1231 -1085 -1127 -1074a

TiOCl2 singlet -1675 -1490 -1552 -1489a

TiOCl3 doublet -1838 -1627 -1694
Ti2Cl2 singlet -1953 -1715 -1785
TiO2Cl3 doublet -2188 -1935 -2018
Ti2O2Cl4 singlet -3705 -3335 -3457
Ti2O2Cl3 doublet -3281 -2960 -3061
Ti2O3Cl2 singlet -3515 -3133 -3238
Ti2O3Cl3 doublet -3697 -3300 -3421
Ti3O4Cl4 singlet -5558 -5001 -5167
Ti5O6Cl8 singlet -8481 -8771

a NIST-JANAF tables.8 b Atomization enthalpy at 298 K based on
Hildenbrand7 and the NIST-JANAF tables.8

TABLE 3: Enthalpies of Formation of TiOCl 2 Derived from
the Isogyric Reaction Described in Table 1, Where 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 ∆fH°298K
a

lit.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.8

TiO2Cl3 h Ti(atoms)+ 2O(atoms)+ 3Cl(atoms) (2)

TiO2Cl3 h TiCl3 + O2 (3)

TiO2Cl3 + Cl2 h OClO + TiCl4 (4)
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ground electronic state calculated with the 6-311+G(d,p) basis
set using three DFT functionals: mPWPW91, B3LYP, and B97-
1.

The lowest-energy states of different spin multiplicity from
the ground states were of considerably higher energies. The
smallest gap was for TiCl in which the doublet state is∼40
kJ/mol higher than the quartet state; all the other gaps were at
least 100 kJ/mol.

3.3. TiOCl2. As explained in the introduction, TiOCl2 and
the species required to find its enthalpy of formation (TiCl4 and
TiO2), were subjected to a more detailed analysis using two
additional DFT functionals as well as HF, MP2, and coupled
cluster calculations. The enthalpies of formation derived from
these calculations are reported in Table 3.

The MP2/CCSD/CCSD(T) results converge nicely with
respect to basis 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-ú basis set is sufficient for
DFT calculations,16 it is possible that the CCSD(T) calculations
are limited by basis set truncation error and would benefit from

TABLE 4: Calculated Thermochemistry at 298 K

a JANAF value: -244 kJ/mol (estimated in 1963).b Electronic energy from CCSD(T)/6-311+G(d,p) at B3LYP/6-311+G(d,p) geometry. Thermal
contribution to enthalpy from B97-1/6-311+G(d,p) frequencies. JANAF value:-546 kJ/mol (estimated in 1963).

Figure 1. Molecular geometries after optimization with B97-1/6-311+G(d,p). Bond lengths are in Å, and unlabeled atoms are chlorine.
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a larger basis set. Moving O and Cl from 3-21G, a poor double-ú
basis set, to 6-311G(d,p), a better triple-ú basis set with
polarization functions, lowers the enthalpy of TiOCl2 by 11 kJ/
mol for CCSD(T). A further 11 kJ/mol change occurs when
the all-electron triple-ú 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. Estimating a 10 kJ/mol error from basis set truncation
and allowing 10 kJ/mol error from omitting higher order
excitations, we think 20 kJ/mol is a reasonable estimate of the
overall uncertainty.

On the basis of these calculations we recommend a value of
∆fH°298K ) -598 ( 20 kJ/mol for TiOCl2. The NIST/JANAF
value of-546 kJ/mol, which apparently is an old estimate not
based on any direct measurement, lies outside our estimated
uncertainty, and so should be considered for revision. We have
used the value calculated here (-598 kJ/mol) in deriving
∆fH°298K values for other species in this paper.

3.4. Thermochemistry.The recommended standard entropies
and enthalpies of formation at 298 K are given in Table 4 along
with B97-1 frequencies. With the exception of TiOCl2 the
recommended enthalpies are based on the B97-1 functional,
which is probably the most accurate.16 For TiOCl2 the electronic
energy is from the CCSD(T)/6-311+G(d,p) calculation based
on the B3LYP geometry, with the thermal energy based on
B97-1 frequencies reported here.

For most species the enthalpies derived from B3LYP calcula-
tions differed from the B97-1 enthalpies by less than 2 kJ/mol.
The exceptions were the three species that were eval-
uated through anisodesmic reactions: 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 and so
behave similarly. MPWPW91, a pure DFT functional, gives
enthalpies that differ from B97-1 by∼20 kJ/mol on average
and as much as 59 kJ/mol for the anisodesmic 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.

3.5. Equilibrium Composition. Figure 2 shows the computed
equilibrium composition of a gas initially comprising a sto-
ichiometric mixture of TiCl4 and O2, at a pressure of 3 bar,
similar to that of the industrial process, and temperatures
between 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. Those for TiCl4, TiCl3, TiCl2, TiCl, Ti, TiO, TiO2,
O, O2, O3, Cl, ClO, ClO2, Cl2, and Cl2O were taken from the
NASA database29,35 supplied with Cantera. All other species,
including solid TiO2, were excluded from the simulation.

As anticipated, TiOCl2 has the highest equilibrium concentra-
tion of all Ti1 species 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 reaction with
O2, or via TiOCl3 from reaction with ClO. Because of 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 dimerization,
Ti2O2Cl4, is stable relative to the monomer at all temperatures
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 temperatures, they may still feature
in a detailed kinetic mechanism, much like the lesser TiOyClz
species.

Of the many possible Ti3 species, we expect Ti3O4Cl4 to be
one of the more stable due to the double-oxygen bridge between
each of the Ti atoms. However, the equilibrium concentration
of this species is predicted to be lower than that of the dimer
by at least an order of magnitude. This implies that the critical
nucleus size, above which molecules grow irreversibly and can
be safely treated as particles,36 is larger than Ti2.

Below ∼600 K the largest species in our simulation,
Ti5O6Cl8, is predicted to have the highest concentration of the

Figure 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 chlorides (TiClz), monomers (TiOyClz), and dimers (Ti2OyClz) grouped.

3564 J. Phys. Chem. A, Vol. 111, No. 18, 2007 West et al.



species containing titanium. This suggests that at low temper-
atures the critical nucleus 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.

4. Conclusion

Quantum calculations were used to obtain thermochemical
data, including standard entropies and enthalpies of formation,
for some titanium oxychloride species, TixOyClz, many of which
were not previously reported in the literature and are impossible
to obtain with available experimental techniques. These ther-
mochemical data will enable the development of more detailed
kinetic models of the combustion of titanium tetrachloride to
produce titanium dioxide. A comparison of the results from these
calculations with the NIST and JANAF tables suggests that the
literature values for TiOCl2 should be revised.
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