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Abstract

AlCl3 is added in small quantities to TiCl4 fed to industrial reactors during the
combustion synthesis of titanium dioxide nanoparticles in order to promote the rutile
crystal phase. Despite the importance of this process a detailed mechanism including
AlCl3 is still not available. This work presents the thermochemistry of many of the
intermediates in the early stages of the mechanism, computed using quantum chem-
istry. The enthalpies of formation and thermochemical data for AlCl, AlO, AlOCl,
AlOCl2, AlO2, AlO2Cl, AlOCl3, AlO2Cl2, AlO3ClTi, AlO2Cl2Ti, AlO2Cl4Ti,
AlOCl5Ti, AlO2Cl3Tia, AlO2Cl2Ti, AlO2Cl5Ti, AlOCl4Ti, AlO2Cl3Tib, AlCl7Ti,
AlCl6Ti, Al2Cl6, Al2O2Cl, Al2O2Cl3, Al2O3Cl2, Al2O2Cl2, Al2OCl4, Al2O3, and
Al2OCl3 were calculated using density functional theory (DFT). A full comparison
between a number of ab initio methods is made for one of the important species,
AlOCl, in order to validate the use of DFT and gauge the magnitude of errors in-
volved with this method. Finally, equilibrium calculations are performed to try to
identify which intermediates are likely to be most prevalent in the high temperature
industrial process, and as a first attempt to characterize the nucleation process.
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1 Introduction

Titanium dioxide (TiO2) is widely used as a pigment, as a catalyst support, and as a pho-
tocatalyst. The combustion of titanium tetrachloride (TiCl4) to synthesize TiO2 nanopar-
ticles is a multi-million tonne per year industrial process [8]. In this “chloride” process,
purified titanium tetrachloride is oxidized at high temperatures (1500–2000 K) in a pure
oxygen plasma or flame to produce TiO2 particles [6, 10]. The overall stoichiometry of
this oxidation process is

TiCl4 (g) + O2 (g) → TiO2 (rutile nanoparticles) + 2 Cl2 (g). (1)

TiO2 crystallizes in three different forms: rutile, anatase and brookite. AlCl3 is often
added to industrial reactors in order to promote formation of the rutile phase. The rutile
phase is photochemically stable with a high refractive index compared to anatase and
therefore preferred for pigmentary applications. AlCl3 is added in small quantities (<
5%mol) and it is unclear how significantly it alters the early gas phase reactions.

Although the chloride process is a mature technology, which has been used in industry
since 1958, understanding of the gas-phase reactions of TiCl4 remains incomplete[16].
Recently, West et al. have developed a detailed kinetic model for the process includ-
ing thermochemical data for the titanium oxychloride species involved[29–31]. However,
these models do not attempt to include the impact of AlCl3 on the reaction kinetics or on
the properties of the particles formed. The paper by Akhtar et al. describes how AlCl3
influences the crystal phase[2] of the particles but does not offer a mechanism to explain
how. Some authors suggest that Al accelerates the anatase to rutile transformation[18, 22]
but this is hard to reconcile with the theoretical studies showing that there is no significant
thermodynamic bias between the doped phases[15, 24, 27]. It may be that Al lowers the
barrier to phase transformation but it is also possible that in the industrial reactors, the
phase is determined by the nucleation process. A small number of TiAlClx species have
been studied experimentally[14, 25] but the system with excess oxygen has not been in-
vestigated. Varga et al.[28] provide thermochemical data for some of the aluminium oxy-
halides from computational studies but a number of possible species, particularly dimers,
are missing. It is also possible that the impact of AlCl3 is entirely physical in which case
it would be useful to rule out any significant chemical interaction.

The aim of this work is to provide thermochemical data for important titanium/aluminium
oxychloride species (AliOjClkTil), which will enable the development of detailed kinetic
models of the combustion of titanium tetrachloride with aluminium trichloride. The re-
sults from three DFT functionals are compared, giving some indication of the reliability
of DFT for these transition metal oxychloride species.

Since the optical properties of TiO2 depend strongly on particle size, a major technolog-
ical 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 nucle-
ation rate, which in turn may depend strongly on the concentration of AlCl3. We have
used the new thermochemical data to perform equilibrium calculations to identify which
intermediates are likely to be most prevalent in the high temperature industrial process.
This is a first step towards understanding how AlCl3 effects the nucleation process and
how it determines crystal phase.
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2 Computational Method

2.1 Species Generation

As no reaction scheme currently exists for the gas phase reactions of AlCl3, it was nec-
essary to propose possible intermediate aluminium species that may by created by the
reactions. These were then subject to geometry optimization calculations using density
functional theory.

A script written in the Perl programming language was used to automatically generate
possible aluminium species from those titanium species proposed by West et al.[31] in
their mechanism for combustion synthesis of TiO2. However, this is not as simple as a
direct substitution of Al atoms for Ti atoms in each structure. There are two sources of
additional complexity:

1. Some species have more than one Ti atom. Thus, aluminium-containing species
may be generated with some or all Ti atoms substituted for Al atoms.

2. Valence differs between titanium (+4) and aluminium (+3) atoms. As such, species
generated by direct substitution of Al for Ti are often unfeasible, and different
aluminium-containing species may also be generated by removing one or more di-
rectly bonded atoms.

Thus, the Perl script uses conditional loops to systematically include possible permuta-
tions arising from (1) and (2) and exclude clearly unfeasible aluminium species (e.g., five
directly-bonded atoms). Figure 1 illustrates the possible aluminium-containing species
generated (within reason) from Ti2O2Cl4.

Ti O Ti
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Ti
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Al
O

Al
O

Al
O

Ti AlO Al AlO

Ti2O2Cl4

AlO2Cl3Ti Al2O2Cl3 Al2O2Cl2 AlOCl5Ti Al2OCl4

Al AlO O

Figure 1: Generating possible aluminium-containing species from Ti2O2Cl4. Unlabeled
atoms are chlorine.

Where appropriate, further species were added heuristically in addition to those automat-
ically generated. Many of the generated structures could not be made to converge to a
stable geometry under DFT geometry optimization and are excluded.
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2.2 Quantum Chemistry Calculations

For consistency and comparability with the previous work of West et al.[29] on TixOyClz
species, most calculations in this work were performed with the same three functionals:
B3LYP[3, 17, 26], B97-1[13], and mPWPW91[1, 21]. These were carried out using the
Gaussian 03 package[9].

Table 1 compares basis sets and ab initio methods for the single species AlOCl. The basis
sets of Pople et al. (row 1-5 Table 1) do not show systematic convergence of ∆fH

◦
298.15 K

with increasing basis set size. However, it is individual species’ electronic energy that is
directly affected by basis-set truncation error and Figure 2 shows inconsistent improve-
ment in energies for each species used to calculate ∆fH

◦
298.15 K . Nonetheless, on average

larger basis sets should yield better accuracy. The correlation-consistent basis sets do ex-
hibit systematic improvement in the calculated formation enthalpies, which is expected
by their design.

The accuracy of results from MPn methods, MP3 in particular, are erratic and possibly
arise from sensitivity to spin contamination for the open-shell triplet ground state of O2

(used to calculate ∆fH
◦
298.15 K , cf. Reaction 3).

The agreement between CCSD(T) and B3LYP for this geometry gives confidence to the
DFT methods and reaction scheme employed in this work.

Table 1: Calculated ∆fH
◦
298.15 K values (kJ/mol) for AlOCl from different ab initio meth-

ods and basis sets using Reaction 3.

Hartree-Fock post Hartree-Fock DFT

Basis set HF PUHF MP2 MP3 MP4 CCSD CCSD(T) B3LYP
3-21G -102 -93 -247 -178 -311 -219 -244 -220
6-31G -136 -125 -281 -221 -323 -256 -272 -243
6-311G -131 -119 -278 -215 -316 -250 -266 -247
6-311G(d,p) -81 -68 -194 -147 -212 -175 -191 -203
6-311+G(d,p) -96 -82 -210 -139 -232 -189 -204 -216
cc-pVDZ -83 -70 -191 -145 -218 -174 -190 -209
cc-pVTZ -109 -94 -229 -181 -247 -204 -221 -234
aug-cc-pVTZ -112 -97 -239 -190 -256 -211 -229 -236

Calculations consist of single point energies based on the B97-1/6-311+G(d,p)-optimized geometry, with
thermal contributions to enthalpy calculated from B97-1/6-311+G(d,p) frequencies

2.3 Statistical Mechanics and Equilibrium Composition

Heat capacities (C◦
p ), thermal enthalpy (H(T )−H(0 K)), and entropies (S) were calcu-

lated for temperatures in the range 100-4000 K using the rigid rotator harmonic oscillator
(RRHO) approximation, taking unscaled vibrational frequencies and rotational constants
from the B3LYP calculations. The contribution of the excited electronic states to the
partition function is ignored.

Polynomials in the NASA[12] form were fitted to C◦
p (T )/R, H◦ and S◦ over the tem-

perature ranges 100-x K and x-4000 K, constrained to ensure that all three functions are
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Figure 2: Decrease in total electronic energy with larger basis sets (i.e., reduction in
basis-set truncation error). Energies are calculated by the B3LYP functional.

continuous and smooth across the boundary, x, which was varied to optimize the fit. Us-
ing these NASA polynomials, the equilibrium composition as a function of temperature
was calculated using the open source software Cantera[11].

3 Results and Discussion

3.1 Geometries

A large number of the species generated automatically and some of the species generated
manually could not be made to converge to a sensible structure under geometry optimiza-
tion with the B3LYP functional. Where a given molecule had numerous isomers, the low-
est energy isomer was chosen and all others were neglected. Other species were omitted
because they had very large enthalpies of formation and were only present to a negligible
degree at equilibrium. Figure 3 shows the geometries of all the convergent species after
optimization at the B3LYP/6-311+G(d,p) level of theory. The gaussian output files and
the geometries in mol format are available as supporting information.

3.2 Enthalpy of Formation

The paucity of literature thermochemical data for the aluminium oxychloride species in-
vestigated in this work means it was not feasible to form isodesmic or isogyric reactions
linking a species with unknown ∆fH

◦
298.15 K to species for which ∆fH

◦
298.15 K have been

experimentally determined. An obvious starting point for AlOCl, for instance, might have
been the isogyric reaction (all three species are in singlet states)

1
3
AlCl3 (g) + 1

3
Al2O3 (g) 
 AlOCl (g). (2)

The NIST–JANAF thermochemical tables list ∆fH
◦
298.15 K = −584.59 kJ/mol for gaseous

AlCl3 [4]. However, reliable thermochemical data for Al2O3 are only available for the
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Figure 3: Molecular geometries after optimization with B3LYP/6-311+G(d,p). Un-
marked atoms are chlorine. Exact geometries are available in the supporting
information.
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condensed phase; the gaseous species has only been observed in plasmas [7]. Hence
Reaction Equation 2 could not be used to determine ∆fH

◦
298.15 K for AlOCl.

The validity of the few available experimental data for AlxOyClz species is also rather
questionable. Varga et al. [28] suggest the JANAF value ∆fH

◦
298.15 K = −348.11 kJ/mol

for AlOCl(g) may require review; they cite a value of −280.3 kJ/mol from experiment.
Table 2 also shows the considerable discrepancy between values reported in JANAF and
the CRC Handbook [19] for less observable aluminium species.

Table 2: Literature values of ∆fH
◦
298.15 K (kJ/mol) for some aluminium species differ sig-

nificantly.

∆fH◦
298.15 K CRC[19] JANAF[4]

Al2O −130.0 −145.19
AlO 91.2 66.94
AlCl −47.7 −51.46
AlCl2 −331.0 −280.33
AlCl3 −583.2 −584.59
TiCl4 −763.2 −763.16

Given these constraints, the following reaction scheme was used to determine enthalpies
of formation:

aAlCl3 (g) + bTiCl4 (g) + 1
2
cO2 (g) 
 AlaOcCldTib (g) + 1

2
(3a + 4b− d)Cl2 (g). (3)

This reaction is generally anisodesmic and often anisogyric; however, literature values of
∆fH

◦
298.15 K for AlCl3 and TiCl4 are at least in good agreement with each other (Table 2).

The main source of error in anisogyric reactions is due to systematic errors associated
with given bonds where correlation energy is inaccurate at computationally realistic lev-
els of theory [5]. However, these errors are in general likely to be smaller than or at least
comparable to errors that might propagate through a series of coupled isodesmic/isogyric
reactions with unreliable experimental ∆fH

◦
298.15 K of the order of those seen in Table 2.

If and when accurate experimental data becomes available enthalpies can be rapidly re-
calculated from the information available in the supporting information.

Calculated formation enthalpies are consolidated in Table 3 alongside the few literature
values that exist. The right hand column shows the value that was used for the equilibrium
calculations performed here. The enthalpy that is chosen for the equilibrium calculations
is that calculated using B3LYP, or, if experimental data is available, that theoretical value
that is closest to the mean of the experimental values. The absence of reliable experimen-
tal data makes validation of the ∆fH

◦
298.15 K values somewhat difficult. However, where

available the literature values agree reasonably well (±∼40 kJ/mol). Agreement between
the pure DFT (mPWPW91) and hybrid functionals (B3LYP, B97-1) is also good; these are
calculated independently and thus their consistency gives confidence to the results. For
example, the literature value of ∆fH

◦
298.15 K = −1295 kJ/mol for Al2Cl6[4] agrees well

with −1255, −1270, and −1274 kJ/mol calculated by B3LYP, B97-1, and mPWPW91,
respectively; the spread between functionals is 19 kJ/mol in this case. Errors of this order
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Table 3: Calculated ∆fH
◦
298.15 K values (kJ/mol) for three functionals with the 6-

311+G(d,p) basis set using Reaction 3.

DFT calculation Literature

species B3LYP B97-1 mPWPW91 B3LYPa JANAF[4] CRC[19]/other used
AlCl −74 −57 −77 −85 −51 −47.7 −57
AlO 75 101 58 51 67 91.2 75
AlOCl −216 −199 −230 −236 −348 −280.3[28] −236
AlOCl2 −412 −399 −396 −424 −412
AlO2 −49 −72 −79 −86 −79
AlO2Cl −118 −101 −138 −145 −118
AlOCl3 −514 −514
AlO2Cl2 −471 −468 −480 −494 −471
AlO3ClTi −957 −957
AlO2Cl2Ti −936 −936
AlO2Cl4Ti −1230 −1230
AlOCl5Ti −1107 −1091 −1058 −1107
AlO2Cl3Tia −1229 −1214 −1223 −1214
AlO3Cl2Ti −1044 −1017 −1021 −1017
AlO2Cl5Ti −1291 −1326 −1326
AlOCl4Ti −1117 −1117
AlO2Cl3Tib −1157 −1157
AlCl7Ti −1361 −1361
AlCl6Ti −1207 −1207
Al2Cl6 −1255 −1274 −1270 −1295 −1274
Al2O2Cl −657 −657
Al2O2Cl3 −1030 −1012 −1032 −1030
Al2O3Cl2 −842 −842
Al2O2Cl2 −815 −815
Al2OCl4 −1186 −1186
Al2O3 −441 −397 −441
Al2OCl3 −836 −836

Calculations consist of geometry optimisation and vibrational analysis with the specified functional. The
final column indicates the values used for equilibrium calculations. awith the aug-cc-pVTZ basis set.
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of magnitude are expected and consistent with those obtained by West et al. [29] for tita-
nium oxychloride species. Reaction Equation 3 is still preferred over direct computation
of ∆fH

◦
298.15 K using atomization reactions; there is vastly more electronic correlation en-

ergy in molecules than in a collection of single atoms and retaining at least some bonds
is always preferable provided the reference formation enthalpies taken from literature
are reliable. West et al. [29] demonstrated a spread of 253 kJ/mol between formation
enthalpies for TiO2Cl3 computed through atomisation (−865, −612 and −694 kJ/mol),
which reduced to a spread of 38 kJ/mol when determined using an isogyric reaction.

3.3 Thermochemistry

Table 4 shows computed molecular and standard thermochemical data for species con-
vergent under geometry optimization at the B3LYP/6-311+G(d,p) level of theory. Excited
electron states are not considered. The smallest excitation energy was for Al2O3Cl2 where
the singlet state was found to be 130 kJ/mol higher than the triplet state and thus does not
contribute significantly to the thermochemistry. This was also the only species to favor the
higher spin state, which yields a C2v conformation and higher symmetry order than the
C1 singlet-state structure. In other species, the lowest-energy states of different spin states
from the ground state were typically several hundred kJ/mol higher in energy, and thus
contribution of these to the molecular partition function will be insignificant. It is instruc-
tive to compare the entropy to the sparse literature values in order to reassure ourselves
that the equilibrium plots are meaningful. Entropy makes a comparable contribution to
the free energy at high temperatures and at very high temperatures (> 2000 K) dominates
the free energy.

Table 5 shows that agreement for the entropy is stronger than for ∆fH
◦
298.15 K . This is

probably because DFT produces reliable geometries and entropy is not directly affected by
errors due to bond energies. It also goes some way to validating the RRHO assumption for
this system and suggests that electronic contributions are not significant. Experimentally
measured enthalpies of formation would be useful for improving thermochemistry. At the
high temperatures of an industrial reactor enthalpy and entropy are of similar importance
to the equilibrium concentration.

3.4 Equilibrium Composition

Computed equilibrium data are shown in Figure 4 for a mixture initially containing AlCl3
and TiCl4 at conditions similar to those of the industrial chloride process [2] using thermo-
chemical data calculated by this work. In industrial reactors it is common to use quantities
of AlCl3 ranging from 0 to 10 %mol[23]. We first tested a number of low concentrations
of AlCl3 in order to gauge the sensitivity to initial concentration. In fact the behavior
of the high concentration species is very insensitive to the amount of Al. We therefore
chose a relatively large amount of AlCl3 (5 %mol) in order to produce instructive graphs
that highlight the impact of Al. Figure 4 incorporates the titanium species from the TiO2

mechanism proposed by West et al.[31]. Thermochemical data for TiClx (x = 1, . . . , 4),
TiO, TiO2, chlorine oxides and standard gases were taken from the NASA database[20].
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Table 4: Standard thermochemistry at 298.15 K and molecular properties calculated at
the B3LYP/6-311+G(d,p) level of theory for stable electronic ground states using
Reaction 3. The electronic degeneracy, g, is included.

species g ∆fH◦
298.15 K S◦298.15 K rot. const. vibrational frequencies
kJ/mol J/mol K GHz cm−1

AlCl 1 −74 228 7.0380 452
AlO 2 75 219 18.5982 925
AlOCl 1 −216 248 3.0948 178, 178, 485, 1108
AlOCl2 2 −412 320 5.0340 2.1351 1.4992 143, 153, 213, 425, 624, 818
AlO2 2 −49 236 5.7265 215, 215, 768, 826
AlO2Cl 3 −118 313 14.388 2.5526 2.4810 143, 161, 411, 478, 605, 1144
AlOCl3 1 −514 363 2.4067 1.1790 0.7913 77, 85, 137, 215, 218, 412, 609, 629, 906
AlO2Cl2 2 −471 340 2.8383 2.0287 1.2715 141, 155, 164, 198, 398, 461, 626, 675, 1135
AlO3ClTi 1 −957 355 7.0330 0.8439 0.8017 78, 131, 181, 248, 312, 356, 559, 562, 707, 768,

847, 1038
AlO2Cl2Ti 2 −936 384 9.8416 0.5366 0.5088 29, 73, 115, 165, 257, 312, 420, 558, 578, 725,

767, 842
AlO2Cl4Ti 2 −1230 470 0.9708 0.4985 0.3581 34, 54, 84, 97, 108, 125, 170, 188, 276, 282, 399,

415, 448, 500, 554, 587, 685, 830
AlOCl5Ti 3 −1107 534 0.7408 0.2748 0.2697 8, 28, 29, 60, 76, 97, 130, 141, 193, 243, 255,

284, 289, 369, 449, 585, 618, 996
AlO2Cl3Tia 1 −1157 464 1.4896 0.3705 0.3407 15, 28, 38, 71, 109, 153, 207, 259, 277, 332, 448,

591, 616, 994, 1071
AlO3Cl2Ti 2 −1044 401 1.7052 0.8143 0.6182 58, 106, 111, 164, 166, 177, 318, 332, 465, 505,

577, 683, 762, 768, 939
AlO2Cl5Ti 1 −1291 514 0.7465 0.3527 0.2843 27, 29, 56, 93, 101, 116, 129, 159, 185, 193, 241,

244, 280, 363, 382, 461, 471, 490, 601, 661, 755
AlOCl4Ti 2 −1117 479 1.0230 0.3249 0.3177 10, 30, 32, 84, 95, 135, 148, 248, 257, 307, 404,

484, 587, 620, 994
AlO2Cl3Tib 1 −1229 406 1.7036 0.5327 0.4408 47, 97, 104, 148, 166, 174, 284, 326, 422, 504,

576, 590, 763, 767, 852
AlCl7Ti 1 −1361 540 0.6225 0.2666 0.2536 13, 27, 74, 94, 101, 110, 123, 139, 160, 168, 168,

195, 216, 288, 335, 371, 433, 467, 492, 511, 596
AlCl6Ti 2 −1207 503 0.7476 0.3465 0.2870 23, 48, 78, 83, 84, 106, 118, 154, 163, 194, 266,

291, 325, 376, 429, 491, 498, 602
Al2Cl6 1 −1255 473 0.7768 0.3902 0.3204 22, 63, 95, 116, 117, 129, 137, 165, 175, 217,

263, 311, 331, 412, 475, 514, 608, 617
Al2O2Cl 2 −657 322 9.7125 1.4497 1.2614 116, 151, 336, 352, 594, 628, 730, 762, 837
Al2O2Cl3 2 −1030 416 1.8714 0.5182 0.4345 23, 110, 125, 139, 158, 201, 255, 280, 445, 446,

567, 586, 664, 714, 902
Al2O3Cl2 3 −842 409 1.8678 0.7845 0.6072 27, 129, 130, 139, 173, 200, 263, 306, 437, 477,

588, 655, 694, 718, 972
Al2O2Cl2 1 −815 384 2.2057 0.6983 0.5304 42, 71, 134, 174, 204, 287, 297, 349, 576, 620,

1000, 1209
Al2OCl4 1 −1186 445 1.1094 0.3538 0.3538 13, 39, 39, 110, 155, 179, 179, 280, 280, 323,

451, 612, 612, 669, 1113
Al2O3 1 −441 293 1.0077 71, 71, 186, 199, 312, 313, 420, 929, 1137, 1234
Al2OCl3 2 −836 425 1.8729 0.5101 0.4305 17, 47, 61, 134, 173, 237, 264, 362, 480, 605,

632, 1079
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Table 5: Comparison of S◦298.15 K values (J/mol K) for three functionals with the 6-
311+G(d,p) basis set.

DFT calculation Literature Max. error

species B3LYP B97-1 mPWPW91 B3LYPa JANAF[4] CRC[19]/other DFT Lit.
TiCl4 353.4 353.8 355.2 354.8 353.2 1.8 2.0
Cl2 223.6 223.3 223.7 223.1 223.1 223.1 0.6 0.6
O2 205.1 205.1 205.3 205.0 205.1 205.2 0.2 0.2
AlCl3 313.9 313.9 314.9 314.0 314.4 1.0 0.4
AlCl 228.3 228.2 228.4 228.3 228.0 228.1 0.2 0.4
AlO 218.7 218.7 218.7 218.6 218.3 218.4 0.1 0.4
AlOCl 247.7 247.7 248.4 247.7 248.9 0.7 0.4
AlOCl2 319.7 319.9 322.5 319.3 3.2
AlO2 236.3 236.4 236.5 251.8 0.3 15.3
AlO2Cl 313.2 312.9 314.1 312.8 1.3
AlOCl3 362.7
AlO2Cl2 340.0 345.8 347.5 345.3 7.5
AlO3ClTi 355.4
AlO2Cl2Ti 384.3
AlO2Cl4Ti 469.5
AlOCl5Ti 533.6 532.3 538.9 6.6
AlO2Cl3Tia 405.8 406.0 409.1 3.2
AlO3Cl2Ti 401.0 401.4 406.0 5.0
AlO2Cl5Ti 513.6 508.4 5.1
AlOCl4Ti 478.6
AlO2Cl3Tib 463.6
AlCl7Ti 539.9
AlCl6Ti 503.2
Al2Cl6 473.2 473.7 476.7 475.0 3.5 1.8
Al2O2Cl 322.1
Al2O2Cl3 416.1 416.9 392.6 24.2
Al2O3Cl2 409.4
Al2O2Cl2 384.2
Al2OCl4 444.9
Al2O3 293.3 298.9 5.6
Al2OCl3 425.1

All values computed from frequencies obtained after geometry optimisation with specified functional. Final
column indicates maximum unsigned error between DFT–DFT and DFT–literature values. awith the aug-
cc-pVTZ basis set.
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Figure 5 is also included, which shows only the very upper part of the concentration plot
in order to show the specific species that are most stable. Interestingly, AlCl3 is the most
stable aluminium species across the temperature range.

For clarity, the individual species concentrations in Figure 4 have been consolidated into
the following groups: Ti oxychlorides (TiOCl, TiOCl2, TiOCl3, TiO2Cl2, TiO2Cl3,
Ti2O2Cl3, Ti2O2Cl4, Ti2O3Cl2, Ti2O3Cl3, Ti3O4Cl4, Ti5O6Cl8, Ti2O2Cl6, Ti2O2Cl5,
and TiCl2OCl), Al chlorides (Al2Cl6, AlCl2, AlCl3, and AlCl), Ti chlorides (TiCl4,
TiCl3, TiCl2, and TiCl), chlorine oxides (ClO, Cl2O, and ClO2), Al monomers (AlO2Cl2,
AlOCl2, AlO2Cl, AlOCl, AlOCl3, AlO2, and AlO), Ti-Al species (AlO3ClTi, AlO2Cl2Ti,
AlO2Cl4Ti, AlO3Cl2Ti, AlO2Cl3Tia, AlO2Cl5Ti, AlOCl5Ti, AlOCl4Ti, AlO2Cl3Tib,
AlCl7Ti, and AlCl6Ti) and Al dimers (Al2O3Cl2, Al2O2Cl3, Al2O2Cl2, Al2OCl4, Al2OCl3,
Al2O2Cl, and Al2O3). There are ∼50 species overall in the system. Oxygen and chlorine
gases have been omitted from Figure 4, as their overall concentrations show little varia-
tion with temperature. The computed equilibrium compositions at other sensible initial
AlCl3 concentrations do not differ considerably with respect to the logarithmic scale, nor
did pressure influence the position of equilibrium substantially.
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Figure 4: Computed equilibrium for a combined Al/Ti system, initially 5 mol% AlCl3,
47.5 mol% TiCl4 and O2 at 101.3 kPa. Thermochemical data for Ti species
from [31] and the NASA database [20]. For clarity, individual species are
grouped, oxygen/chlorine omitted.

AlO2Cl2Ti, AlO3ClTi, and AlOCl4Ti are the most populous species containing both
titanium and aluminium but none of these is present above a mole fraction of 10−5 at
temperatures below 2000 K. This suggests that there is little interaction between AlCl3
and TiCl4 in the gas phase. Comparison to the equilibrium plots reported by West et
al.[30] show that the new aluminium species have little to no effect on the equilibrium
curves of the titanium species when AlCl3 is present at the low concentrations used in
industry. However, It is still possible that AlCl3 reacts to form Al2O3 particles much faster
than TiCl4 decomposes and that these Al2O3 particles act as nucleation sites. Further
investigation in to the gas phase kinetics is required.
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Figure 5: Computed equilibrium for a combined Al/Ti system, initially 5 mol% AlCl3,
47.5 mol% TiCl4 and O2 at 101.3 kPa. Thermochemical data for Ti species
from [31] and the NASA database [20]. Only the very top of the equilibrium
plot is shown. The majority of species are excluded.

4 Conclusion

This work has extended the detailed thermochemistry of the gas-phase titanium oxychlo-
ride species investigated by West et al.[29] to a similar system of aluminium-containing
species. These were not previously included in their work but play an important role in
the industrial combustion synthesis of rutile TiO2. New aluminium species have been
proposed through automated species generation and investigated using ab initio and DFT
methods of computational quantum chemistry. This enabled detailed thermochemical data
to be computed for the generated species, many of which have not been reported in the
literature and are impossible to obtain with currently available experimental techniques.

Using the thermochemical data, temperature-dependent equilibrium compositions were
obtained through simulations at industrially-relevant operating conditions. The aluminium–
titanium species are only found to exist at very low concentrations. This seems to suggest
that there is not significant interaction between the two systems in the early stages of the
reaction. It seems to suggest that AlCl3 is likely to impact the particle processes rather
than the gas phase chemical reactions, or that its impact is purely physical. Further stud-
ies into the kinetics of the TiCl4/AlCl3/O2 system are required in order to make reliable
conclusions about the stage at which AlCl3 might determine phase.
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