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Abstract: In this work the kinetics of the TiCl4  TiCl3 + Cl reaction is studied 
theoretically. A variable-reaction coordinate transition-state theory (VRC-TST) is 
used to calculate the high-pressure limit rate coefficients. The interaction energy 
surface for the VRC-TST step is sampled directly at the CASPT2(6e,4o)/cc-pVDZ 
level of theory including an approximate treatment of the spin-orbit coupling. 
The pressure-dependence of the reaction in an argon bath gas is explored using 
the master equation in conjunction with the optimised VRC-TST transition-state 
number of states. The collisional energy transfer parameters for the TiCl4–Ar 
system are estimated via a “one-dimensional minimisation” method and classi-
cal trajectories. The Ti–Cl bond dissociation energy is computed using a complete 
basis set extrapolation technique with cc-pVQZ and cc-pV5Z basis sets. Good 
quantitative agreement between the estimated rate constants and available liter-
ature data is observed. However, the fall-off behaviour of the model results is not 
seen in the current experimental data. Sensitivity analysis shows that the fall-off 
effect is insensitive to the choice of model parameters and methods. More experi-
mental work and development of higher-level theoretical methods are needed to 
further investigate this discrepancy.

Keywords: ab initio; master equation; rate constant; TiCl4; VRC-TST.

*Corresponding author: Markus Kraft, Department of Chemical Engineering and  Biotechnology 
University of Cambridge New Museums Site, Pembroke Street, CB2 3RA, Cambridge, UK; and 
School of Chemical and Biomedical Engineering Nanyang Technological University, 62 Nanyang 
Drive, Singapore 637459, e-mail: mk306@cam.ac.uk
Daniel Nurkowski and Jethro Akroyd: Department of Chemical Engineering and Biotechnology 
University of Cambridge New Museums Site, Pembroke Street, CB2 3RA, Cambridge, UK
Ahren W. Jasper: Sandia National Laboratories, Combustion Research Facility, Livermore, CA 
94551-0969, USA

Bereitgestellt von | De Gruyter / TCS
Angemeldet

Heruntergeladen am | 13.11.17 11:36

CORE Metadata, citation and similar papers at core.ac.uk

Provided by Apollo

https://core.ac.uk/display/226940077?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
mailto:mk306@cam.ac.uk


1490      D. Nurkowski et al.

1  Introduction
Titanium tetrachloride, TiCl4, is one of the most commonly used precursors for 
the industrial synthesis of TiO2 particles [1]. The main production route involves 
high-temperature oxidation of TiCl4 in flame reactors, the “chloride” process [2, 
3]. TiO2 particles have wide applications in various fields, with the pigment indus-
try being the largest area.

Despite the importance of the chloride process, knowledge of TiCl4 gas-phase 
chemistry is still incomplete. This poses difficulties in manipulating the proper-
ties of the produced particles (e.g. particle size, surface area) which are critical to 
its various applications. There have been a number of experimental and compu-
tational studies trying to tackle this problem.

Pratsinis et  al. [4] investigated the oxidation of TiCl4 vapour in a furnace 
aerosol reactor between 700 and 1000 °C. An overall rate constant was derived 
based on the observation of the TiCl4 conversion. It was observed that the TiCl4 
oxidation is first order with respect to TiCl4 and nearly zero order in O2 up to a 
10-fold oxygen excess. Similar observations were made by Kobata et al. [5] and 
Nakaso et al. [6]. Herzler and Roth [7] examined the thermal decomposition of 
TiCl4 diluted in argon at 1300–1500 K in a shock tube. The rate coefficients for 
two successive chlorine abstraction channels (TiCll → TiCll − 1 + Cl for l = 4, 3) were 
calculated via measured concentrations of chlorine. The standard enthalpies of 
formation and bond dissociation energies for TiCl, TiCl2 and TiCl3 were measured 
by Hildenbrand [8] who studied the gaseous equilibria with mass spectrometry.

Several computational studies have been conducted on the Ti–Cl system. 
Teyssandier and Allendorf [9] estimated the rate coefficients for the unimolecular 
decomposition of TiCl4, TiCl3 and TiCl2 using RRKM theory at 1000 and 1500 K 
and a wide range of pressures. Additionally, the Arrhenius parameters for the 
bimolecular reactions between the titanium chlorides and hydrogen (TiCll + H) 
were estimated via Benson’s methods and empirical correlation techniques. West 
et  al. [10] calculated the thermochemical properties of a number of important 
titanium oxychloride species (TijOkCll) and proposed the first thermodynamically 
consistent kinetic mechanism for the oxidation of TiCl4 [11]. This was success-
fully coupled with a multivariate population balance model [12–15] that solved 
for the size and structure of each particle. The mechanism was further improved 
by adding more species and reactions and by computing the rate constants for 
the important channels [16]. Shirley et al. [17, 18] investigated the role of AlCl3 on 
the TiCl4 reaction kinetics and extended the detailed thermochemistry of the Ti- 
containing species proposed by West et al. [10] to include aluminium-titanium-
oxychlorides (AliTijOkCll). However, these species were found to have no influence 
on the gas-phase chemistry. Further work has also been conducted on the 
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adsorption of TiCl4 on the TiO2 surface, and a new kinetic model for the surface 
growth was proposed [19].

Although the understanding of the TiCl4 gas-phase chemistry has increased 
in recent years, there are still areas where our knowledge remains incomplete. In 
this work we focus on the first and most important reaction in the Ti–Cl system.

 1

1
4 3TiCl TiCl Clk

k −
+���⇀↽���  (R1)

Reaction R1  has been previously studied using experimental and computa-
tional techniques [7, 9]. However, the experimental investigation was necessarily 
restricted to a rather narrow range of conditions and the computational study 
was limited to the use of relatively approximate techniques.

The aim of this paper is to study reaction R1 using a high level of theory and 
to calculate its rate coefficients for wide range of pressures and temperatures. To 
achieve this, a variable-reaction-coordinate transition-state theory is combined 
with multireference quantum chemistry methods to sample the potential energy 
surface for the reaction. Next, a master equation is constructed and solved for the 
TiCl4–Ar system using new collision parameters that are calculated as part of work.

2   Theory

2.1   Potential energy surface calculation

In order to explore the current reaction, three different quantum chemistry 
methods were employed. The starting point was finding the equilibrium geom-
etries and associated frequencies of the reactants and products. This was fol-
lowed by an accurate prediction of the Ti–Cl bond dissociation energy. Lastly, the 
long-range interaction potential energy surface was constructed for the TiCl3 + Cl 
association. The methods are described below.

The geometric structures and vibrational frequencies were obtained via 
unrestricted density functional theory employing the B3LYP functional and the 
6-311++G(d,p) basis set [20].

The Ti–Cl bond dissociation energy was calculated from restricted quadratic 
configuration-interaction calculations with perturbative inclusion of the triplet 
contribution RQCISD(T) [21], employing the correlation consistent, polarised-
valence quadruple and quintuple-ζ basis sets (cc-pVQZ and cc-pV5Z) [22]. The 
results were then extrapolated to the infinite-basis-set-limit according to the 
equation [23, 24]
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 4
max max( ) ( ) /( 1)E E l B l∞ = − +  (1)

where lmax is the maximum angular momentum in the basis set and B is the fitting 
parameter. The final energy was further updated with the zero-point and spin-
orbit corrections. The structure of the fragments and zero-point energies were 
taken from previous B3LYP calculations. The (2P1/2 − 2P3/2) splitting of the Cl-atom 
was taken from experimental measurements [25].

The long-range interaction potential of the TiCl3 + Cl association was obtained 
using multi-reference second order perturbation theory (CASPT2) [26] employing 
Dunning’s correlation consistent polarised valence double-ζ (cc-pVDZ) basis set 
[22]. The active space consisted of six electrons in four orbitals (6e,4o). At large 
separations this corresponds to the radical orbital of TiCl3 and to three equivalent 
p orbitals of the Cl atom. In order to avoid root flipping problems, the orbitals 
were optimised in a state-average way for the lowest three singlet states using 
equal weights. The states correlate with TiCl3(1 2A″) + Cl(1 2P) and are degenerate 
at large separations. Because only one of these three states is reactive, we chose 
the one with the lowest energy at each geometry to fit the reactive surface. The 
structure of the TiCl3 radical was kept fixed at its equilibrium B3LYP/6-311++G(d,p) 
geometry during this sampling process. The spin-orbit coupling for the TiCl3 + Cl 
geometries along the minimum energy path was calculated using the wave func-
tion constructed as discussed above and the Breit-Pauli Hamiltonian [27].

The B3LYP calculations were performed using Gaussian09 [28]. All other 
quantum computations were carried out using MOLPRO [29].

2.2   Rate constant calculation

2.2.1   High-pressure

The high pressure-limit rate constant (capture rate) for reaction R1  was calcu-
lated using variable-reaction coordinate transition-state theory, VRC-TST [30]. 
The details of this method have been extensively described elsewhere [30–33]. A 
brief explanation is provided here.

The reaction rate constant was computed variationally by minimising the 
reactive flux (proportional to the number of states) with respect to a user defined 
set of dividing surfaces. The method efficiently incorporates the important cou-
plings and anharmonicities in the nuclear motions by classifying them into 
conserved and transitional modes [34]. The conserved modes correspond to 
vibrations of the separated fragments and are assumed to not change along the 
reaction course. The transitional modes correspond to rotations and translations 
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of the fragments. The number of states for the conserved modes was evaluated 
quantum mechanically using a direct counting algorithm [35, 36]. The transi-
tional modes were treated with phase space integrals [32] evaluated via Monte 
Carlo integration thus incorporating fully anharmonic and mode-coupled transi-
tional mode contribution to the transition-state partition function.

The VRC-TST transition-state dividing surfaces were determined by pivot 
points associated with each fragment. These points were used as centres of 
rotation and to define the distance between the fragments. The transition-state 
number of states were then minimised with respect to both the position and rela-
tive separation of the pivot points.

In this work, the final computation of the available number of states was 
performed at the energy, E, and angular momentum, J, resolved (microcanoni-
cal) level. The transition-state dividing surfaces were constructed by placing one 
pivot point on the centre of mass of the TiCl3 fragment and one pivot point on the 
chlorine atom. The separation distances were varied on a grid from 5.5 to 18 au. A 
grid spacing of 0.2−0.3 was used for small (5.5−10 au) separations and 0.5 au for 
large (10−18 au) separations.

The overall expression for the high-pressure recombination rate coefficient at 
temperature T, in atomic units, is given as [37]

 

− 
=  

 
∫3/2 ‡ /

1 2
‡

1 2

d d ( , )1 2( )
2 ( ) ( )

E T

e

E JN E J e
k T g

T Q T Q T
σ σ π

γ
π µσ  

(2)

where ge is the electronic degeneracy factor, σ1, σ2 and σ† are the rotational sym-
metry numbers for the reactants and transition state, μ, Q1 and Q2 are the reduced 
mass and partition functions of the reactants, respectively. The quantity N‡(E, J) 
is the transition-state number of states at the E, J-resolved level. Additionally, a 
correction factor γ equal to 0.9 was used to account for recrossing as suggested in 
the literature [38] for atom-molecule reactions.

The spin-orbit coupling effect was not directly included in the interaction 
potential. Instead an approximation suggested by Jasper et al. [39] was used to 
correct the final results. The correction is given as,

 
so so( )

( ) ( )exp
C T E

k T k T
RT

 
= −  

 
(3)

where kso and k(T) are the rate constants with and without spin-orbit coupling 
included and the Eso is an asymptotic value of the spin-orbit stabilisation energy 
(in this case Eso = 0.78 kcal mol − 1 at the given level of theory). The coefficient, C, 
depends on the temperature and can be estimated using the following equation,
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 so

(CVT ( ))( ) 1 TC T
E

ε ∗

= −
 

(4)

where ε(CVT*(T)) is the value of spin-orbit stabilisation energy at the optimal 
dividing surface for a given temperature.

2.2.2   Pressure dependence

The pressure dependence was calculated using a chemical master equation [33, 
40] and the exponential down model [41].

The collisional parameters were calculated using a full-dimensional TiCl4 + 
Ar potential energy surface based on the separable pairwise approximation [42]. 
The intramolecular TiCl4 potential energy surface was modelled using a slightly 
modified UFF parametrisation [43], where the atomic radii of Ti and Cl were 
decreased by 5% to improve the equilibrium Ti–Cl bond distance in TiCl4 from 
2.33 to 2.22 Å (in better agreement with the experimental value [44] of 2.17 Å). This 
adjustment improved the rotational constant to 0.036 cm − 1, in good agreement 
with the experimental value of 0.038  cm − 1. The harmonic vibrational frequen-
cies calculated using the modified UFF parametrisation were 143, 160, 354, and 
511 cm − 1, which are in fair agreement with the experimental values of 114, 136, 
389, and 498 cm − 1. Although this description of the TiCl4 potential energy surface 
is approximate, collisional parameters have been shown to be fairly insensitive 
to the details of the intramolecular potential of the unimolecular reactant [41, 
45], and we do not expect deficiencies in the intramolecular TiCl4 potential to be 
a significant source of uncertainty in the collision parameters calculated below.

The intermolecular potential for TiCl4 + Ar was modelled using separable 
pairwise Buckingham interactions parameterized to reproduce the results of 
counterpoise corrected CCSD(T)/CBS calculations. This representation of the 
intermolecular potential has been shown to accurately reproduce the repulsive 
wall energies for systems involving atomic baths, which are important for predict-
ing accurate collision parameters [42].

Next, Lennard–Jones collision parameters were calculated using the “one 
dimensional minimization” method [46] and the potential energy surface 
described above. This scheme has been shown to accurately predict collision 
rates (within 15% of experimentally inferred values) for a wide variety of systems 
[46].

Finally, the range parameter, α, of the exponential down model was calcu-
lated using classical trajectories. The exponential down model estimates the 
probability of a given amount of energy being transferred in a collision between 
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species. The model assumes that the probability to transfer energy in a single col-
lision event depends exponentially on the amount of energy that is transferred. 
Small amounts of energy are more likely to be transferred than large amounts of 
energy. According to this model the probability is given as:

 

1( , ) exp
( )

E EP E E E E
N E α

 − ′= − ≥′ ′  ′  
(5)

where, P(E, E′) is the probability of the process where a reactant molecule, with 
initial energy E′ undergoes a collision with a bath gas and ends up with internal 
energy E. N(E′) is the normalisation constant and α is the range parameter.

When reasonable conditions are met, α can be shown to be equal to the 
average energy in deactivating collisions, 〈ΔEd〉 [40]. The probability for the 
upward collisions can then be found via the microscopic reversibility law. 
Values of 〈ΔEd〉 at various temperatures suitable for use in kinetic models can 
be straightforwardly calculated using ensembles of highly-vibrationally excited 
trajectories, as described in detail elsewhere [47]. Here, 〈ΔEd〉 was calculated 
at 1000 and 2000  K using the potential energy surface described above and 
ensembles of 1200 trajectories. These values were then fitted using the follow-
ing functional form,

 0 ( / 300K)nd dE E T∆ ∆〈 〉 = 〈 〉  (6)

where, T is a tempreature and 0
dE∆〈 〉  and n are the pre-factor and exponent to be 

fitted. This function was eventually used to model collisional energy transfer in 
the master equation calculations.

3   Results and discussion

3.1   Electronic structure calculations

The stationary point energies for reaction R1 are summarised at different levels 
of theory in Table 1. Additionally, the Ti–Cl bond dissociation energies, D0, are 
provided. It can be seen that D0 increases with the size of the basis set. The final, 
recommended value of D0 is 87.94 kcal mol − 1 and was estimated via the complete 
basis set extrapolation technique. This compares well with the Allendorf et al. 
[48] data where apart from the experiments they also performed coupled-cluster 
[49] calculations combined with a bond-additivity correction and found that D0 
lies in the range 86.5–91.7 kcal mol − 1.
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To the best of our knowledge, the only experimental data that exist for the D0 
parameter are the high-temperature flow reactor (HTFR) measurements of Allen-
dorf et al. [48] (D0  ≥  98 kcal mol − 1) and the Hildenbrand’s [8] mass-spectrometric 
measurements (D0 = 92.8 kcal mol − 1).

The Allendorf et al. [48] data were obtained by using the Gorin Model com-
bined with the master equation to adjust the bond dissociation energy so that 
their theoretical predictions match experimental observations. Noting that both 
the experiments and these theoretical calculations each have associated error 
bars of a factor of 2−3, it is considered that the bond dissociation energy derived 
by the Allendorf et  al. [48] is rather too high. Allendorf et  al. [48] themselves 
stated that the found D0 is surprisingly higher than any previous estimates of this 
parameter and suggested further theoretical or experimental work.

The Hildenbrand’s [8] experimental data, were obtained by monitoring the 
reaction equilibria of the Ti–Cl species with AgCl by effusion beam mass spectro-
metry at various temperatures. The required thermochemical properties of the 
Ti–Cl species were then evaluated from third-law analysis of the derived equilib-
rium data while relying on the accurately known dissociation energy of the AgCl 
species. In this procedure, however, the low-lying electronic states of the Ti–Cl 
species were not taken into account which are important in achieving accurate 
predictions. This can explain observed 4.9 kcal mol − 1 difference between ours 
and initial Hildenbrand’s [8] results. In a later work, Hildenbrand [50] updated 
his experimental data with an energetic effect caused by these low-lying elec-
tronic states and provided the revised thermochemistry for the Ti–Cl species. 
After this correction, the reported value of the bond dissociation energy was 
equal to 89.9 kcal mol − 1 at 298 K. If our bond dissociation energy is brought to 

Tab. 1: Stationary point energies for reaction R1.

Species B3LYPa

6-311++G(d,p)
RQCISD(T)a CBSb

VTZ VQZ V5Z

E0 (hartree)

TiCl4 − 2690.651 − 2687.786 − 2687.887 − 2687.921 − 2687.953
TiCl3 − 2230.350 − 2227.976 − 2228.053 − 2228.080 − 2228.104
Cl − 460.167 − 459.672 − 459.693 − 459.700 − 459.706

D0 (kcal mol − 1)c

TiCl3 + Cl 81.762 84.733 85.981 86.996 87.942

aElectronic B3LYP and RQCISD(T) energies.
bEnergies extrapolated with Eq. 1 using cc-pVQZ and cc-pV5Z basis sets.
cZero point and spin orbit corrections included throughout.
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the same temperature then it equals 88.6 kcal mol − 1 at 298 K. This is only 1.3 kcal 
mol − 1 lower than the revised Hildenbrand’s [50] predictions and is well within 
his experimental uncertainties which are estimated to be within ± 2 kcal mol − 1.

Given a good agreement with the literature data, especially with the revised 
Hildenbrand’s [50] results which are the most detailed among currently available 
estimates, it is believed that our CBS/RQCISD(T) predictions are enough accurate 
and provide an important theoretical complement for the studied reaction.

In order to estimate the spin-orbit coupling correction (SOC) via equations 
3 and 4, the reactive flux was optimised at the canonical (thermally-resolved) 
level. This technique has the advantage of simplifying the analysis of the reaction 
kinetics, where one optimal dividing surface is assigned to each temperature. 
However, it is less accurate than the microcanonical computations and it was 
only used to estimate the SOC term.

Figure 1 shows the minimum VRC-TST interaction energy found in the sam-
pling process. The reported energies at each considered fragments’ separation, 
measured as a distance between Ti atom in TiCl3 and approaching Cl atom (RTi−Cl), 
were obtained by performing a large number of single point calculations at dif-
ferent Cl approach angles. The number of samples taken at each Ti–Cl distance 
varied from 200 to 2000 depending on the convergence of the random sampling 
algorithm. The geometry of the TiCl3 was kept frozen at its UB3LYP equilibrium 
geometry during this process. The corresponding values of the scaled spin-orbit 
coupling stabilisation energies (SOC) are shown on Figure 2. It can be seen that 
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Fig. 1: Interaction energy between TiCl3 and Cl along the minimum VRC-TST energy path (see 
text). The structure of the TiCl3 fragment was kept frozen at its UB3LYP equilibrium geometry 
during the sampling process.
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the SOC strongly depends on the Ti–Cl distance. It is negligible for small separa-
tions (RTi−Cl < 3 Å) and it reaches its asymptotic value of 0.78 kcal mol − 1 at about 
4.5 Å. The optimal canonical surfaces (CVT*) are depicted on Figure 2 as a dashed 
line with square markers (right-hand axis). These are the locations of the bottle-
neck giving the minimal rate constant at each temperature. It can be seen that the 
kinetically relevant separations at this level of theory are lying at 3.3−4 Å. In this 
region, the spin-orbit coupling is within 20−75% of its maximum value.

Figure 3 shows part of the potential energy surface computed at the CASPT2 
level of theory. The plotting plane includes a C3 symmetry axis of the TiCl3 radical 
and one of the Ti–Cl bonds. Two chlorine addition sites are identified. These are 
the areas where the potential is strongly attractive (negative). The total rate con-
stant is the sum of the chlorine additions from both sites and, because of the 
symmetry, was computed by evaluating the reactive flux through one site and 
multiplying it by a factor of two.

3.2   Rate constants

The computed high-pressure limited association rate constant is depicted on 
Figure 4 with and without spin-orbit correction. The spin-orbit correction reduces 
the final rate coefficient by 10−15%. This is consistent with the literature [39], 
where a typical change caused by this effect was found to be within 10−13% for 
analogous kinetic systems.

A negative temperature dependence can be observed, which is common for 
barrier-less reactions. This occurs when an increase in temperature shifts the 
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Fig. 2: Spin-orbit coupling energy, εso, scaled by its asymptotic value, Eso (0.78 kcal mol − 1), 
along the minimum-energy path. The dashed line with square markers shows location of the 
optimal CVT* dividing surfaces as a function of the temperature (right axis).
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Fig. 3: Contour plot of the CASPT2(6e,4o)/cc-pVDZ interaction potential for the TiCl3 + Cl asso-
ciation. The plotting plane is spanned by a vector pointing from the Ti atom towards bonded 
the upper chlorine atom and by a C3 symmetry axis. The solid and dashed contours represent 
repulsive and attractive energies respectively. A zero energy contour is shown by the solid line 
with dot markers. The energy increment is 1 kcal/mol. The circle in the middle of the plot covers 
an irrelevant unplotted region of the potential surface.
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transition state along the barrier-less potential towards smaller separations 
(see Figure 2). This shift causes strong steric repulsion between the reactants 
while they try to form an energetically favourable configuration for the reaction 
to take place. Because of this, only a fraction of these configurations are reac-
tive while the others are strongly repulsive, giving rise to an inverse temperature 
dependence.

Figure 5 shows the calculated bimolecular rate constant so
1,bik  at two different 

pressures versus the experimental data of Herzler and Roth [7]. The bimolecular 
rate constant was obtained from the predicted first order rate coefficient so

1k  by 
adding the concentration of the bath gas at the corresponding pressure. The error 
bars represent the uncertainty in the experimental measurements implied by 
Herzler et al. (about a factor of two). It can be seen that the results from VRC-TST 
and ME computations are within the experimental error bars. However, the fall-
off behaviour evident in the computed rate constants is not seen in the experi-
mental observations, where the rates are about the same at the two pressures 
considered.

The cause of the observed discrepancy is unclear. A number of sensitivity 
studies were performed to test how the fall-effect is influenced by the model 
parameters. In particular, the pre-factor in the exponential down model and the 
Lennard–Jones constants were varied by ± 50% which is well beyond the uncer-
tainties of the methods used to obtain these parameters. However, no reduction 
in the fall-off behaviour was observed.

A further sensitivity analysis was conducted to cheque the sensitivity to any 
errors in the potential energy surface. In order to do that a Gorin Model [51] imple-
mented in the Unimol code [52] was employed to recompute the rate constants. 
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Fig. 5: Arrhenius plot of the calculated so
1k  rate coefficient at P = 1.5 and 3.7 bar versus experi-

mental data.
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This technique eliminates the complexity of the VRC-TST method by replacing 
the multidimensional potential by a simple one dimensional potential. All the 
remaining model parameters were the same as in the previous calculations. 
Figure 5 shows the outcomes of these computations. It can be seen that again no 
significant reduction in the fall-off effect was obtained.

It is worth noting that Teyssandier and Allendorf [9] studied reaction R1 using 
the Gorin Model with molecular hydrogen as a bath gas. They provided the final 
rates as a function of pressure and temperature in Troe form [53]. No fall-off effect 
can be observed in the Troe rates for the range of experimental conditions con-
sidered by Herzler and Roth [7]. We repeated the Gorin Model calculations using 
exactly the same methods and parameters as Teyssandier and Allendorf [9]. A 
fall-off effect of the same magnitude as in our Gorin computations with argon 
was observed in the raw reaction rates. However, this behaviour was lost once the 
data were fitted in Troe form.

In summary, given all the outcomes gathered so far, it was decided to present 
our VRC-TST and ME results as they are. The cause of the discrepancy between 
the calculated and measured fall-off remains an open question. Both the theory 
and experiment have similarly-sized error bars of a factor of 2, and agree within 
this level of uncertainty. Smaller error bars would be required to discriminate any 
sub-factor-of-2 features, including the details of the fall-off behaviour. If possi-
ble, experimental measurements of the high pressure limit of the reaction would 
provide further valuable insight. This information would help to test the accuracy 
of the employed methods in the case where the complex collision-induced transi-
tions do not influence the reaction rate.
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Fig. 6: Rate coefficients in the dissociation direction as a function of pressure at selected 
temperatures. The rates are normalised by their high-pressure limit values.
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Figure 6 depicts the normalised rate constant so
1k . It can be seen that for 

the experimentally studied conditions (P = 1.5–3.7 bar and T = 1200–1500  K) 
this rate is within 30–70% of its high-pressure limit value. It is a typical fall-
off regime. The computed reaction rates were fitted to the modified Arrhenius 
equation for the selected conditions and additionally to the Troe formula [53] 
for the full range of pressures and temperatures considered in this work. The 
fitted rate parameters are given in Table 2 along with the Lennard Jones coef-
ficients and pre-factor 0

dE∆〈 〉  for the exponential down model. The maximum 
fitting errors are within a factor of 1.1 and 2 for the Arrhenius and Troe formu-
las, respectively.

Tab. 2: Predicted rate constants for reaction R1 at different temperatures in modified Arrhenius 
and Troe form. The master equation parameters used in the pressure-dependency computa-
tions are also reported.a

Reaction ���⇀↽���1

14 3TiCl TiCl Clk

k −
+

P A n E0

500−2500 K (Arrhenius form)b

− ∞
so

1k inf 6.607 × 1014 − 0.583 − 141.4
so
1k 0.001 4.801 × 1046 − 10.805 47960

0.01 2.210 × 1046 − 9.805 48539
0.1 2.491 × 1044 − 8.970 48810
1 1.054 × 1040 − 7.477 48414
10 3.344 × 1033 − 5.434 47274
100 1.119 × 1027 − 3.468 45888

500−2500 K (Troe form)c

∞
so
1k inf 5.322 × 1021 − 1.883 44631
so
1ok lowP 1.645 × 1052 − 9.42 45968

a = 0.777, T*** = 31, T* = 804, T** = 3581
Master equation parameters for TiCl4–Ar system.d

−〈∆ 〉 = 1e0 1000 cmdE
σ = 4.507 Å ε = 259.05 cm − 1

aUnits are bar, cm3, s, K and mol.
bArrhenius equation of the form: k = ATn exp(− E0/T).
cTroe equation as in Ref. [53] for P = 10 − 10 − 105 bar.
dThis work, see text.
ePre-factor in exponent down model of the form: 〈∆ 〉 = 〈∆ 〉0 0.5

d d ( /300 ) .E E T K
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4   Conclusions
A theoretical study of the kinetics of the TiCl4  TiCl3 + Cl reaction has been 
performed for a wide range of temperatures and pressures. The high-pressure 
limit rate coefficients in the association direction have been calculated via 
variable-reaction coordinate transition state theory combined with multirefer-
ence CASPT2(6e,4o)/cc-pVDZ electronic structure calculations. Additionally, an 
approximate treatment of the spin-orbit coupling effect has been introduced 
resulting in a 10−15% reduction in the final rates.

The pressure dependence of the reaction has been calculated by constructing 
and solving the master equation using the number of states for the optimised transi-
tion state from the VRC-TST step. This is the first study that has estimated this effect in 
reaction R1 without making any assumptions about the values of the master equation 
collision parameters. Instead, they have been computed from first-principles using 
“one dimensional minimisation” and classical trajectories methods.

The calculated rate coefficients are in a good quantitative agreement with 
the available literature data. However, the low pressure fall-off behaviour 
visible from the modelling outcomes is in contrast with experimental observa-
tions. In order to investigate this discrepancy a number of sensitivity studies 
has been performed with respect to the model parameters and the methods 
employed. No significant change was observed in the predicted low-pressure 
fall-off behaviour and the cause of the discrepancy still remains unclear. The 
development of higher-level methods in addition to experimental measure-
ments at the high-pressure limit of this reaction would be helpful in resolving 
this puzzle.

5   Supporting information
Additional data related to this publication is available at the University of Cam-
bridge data repository (http://dx.doi.org/10.17863/CAM.4). This includes input 
files used to run the simulations reported in this work and the associated output 
files. In particular, the repository contains Gaussian and Molpro files with ener-
gies, geometries, and vibrational frequencies of the investigated species and 
Unimol, VRC-TST and Master Equation files with the obtained rate constants and 
all the employed parameters.
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