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Abstract
 We examine the structure of the hydrated Ti(IV) complex under both ambient and 
supercritical conditions using first-principles molecular dynamics. We find that an unanticipated 
fivefold coordination of Ti(IV) is favoured under ambient conditions, with rapid interconversions 
between square pyramidal and trigonal bipyramidal structures. At supercritical conditions the 
Ti coordination increases from five to six, adopting both octahedral and trigonal prismatic 
geometries. At 1000 K, the magnitude of the increase in the Ti to oxygen coordination number 
with increasing water density is similar to that of Li-O under comparable conditions. We present 
a detailed picture of the bonding in the hydrated Ti(IV) complex under both ambient and 
supercritical conditions.
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Introduction
 The solvation of ions in aqueous solution governs many important chemical, biological 
and geological processes. Nevertheless our understanding of the detailed structure and dynamics 
of hydration shells, as well as the effects of ions on the hydrogen bond network of liquid water 
remains incomplete. First-principles simulations are increasingly capable of providing valuable 
information that complement and extend experimental data. Car-Parrinello (CP) molecular 
dynamics (MD) methods (Car and Parrinello 1985) based on density functional theory 
(Hohenberg and Kohn 1964; Kohn and Sham 1965) (DFT) have proved particularly valuable. 
With these methods many-body interactions and polarization effects are taken into account 
and there is no reliance on empirically derived interatomic potentials which may be exploring 
the energy landscape beyond their regions of validity. New insights from first-principles 
simulations are already making dramatic changes to the generally accepted textbook pictures. For 
example, recent studies have shown that solvated Cu(II) favours five-fold rather than octahedral 
coordination (Pasquarello et al. 2001), and solvated Hg(II) adopts an unexpected seven-fold 
coordination geometry (Chillemi et al. 2007), consistent with experimental visible near-infrared 
absorption, X-ray and nuclear magnetic resonance data.
 First-principles molecular dynamic (FPMD) studies have previously focused on 
monovalent (e.g. Li (Lyubartsev et al. 2001; Loeffler and Rode 2002; Krekeler et al. 2006; 
Ikeda et al. 2007a; Jahn and Wunder 2009), Na (Ramaniah et al. 1998; White et al. 2000; 
Krekeler et al. 2006; Ikeda et al. 2007a), K (Ramaniah et al. 1999; Krekeler et al. 2006; Ikeda 
et al. 2007a), Ag (Vuilleumier and Sprik 2001), Cu (Sherman 2007)), divalent (Be (Marx et al. 
1997), Mg (Lightstone et al. 2001; Ikeda et al. 2007b), Ca (Bako et al. 2002; Naor et al. 2003; 
Ikeda et al. 2007b), Sr (Harris et al. 2003a), Cs (Schwenk et al. 2004), V (Loeffler et al. 2002; 
Schwenk et al. 2003), Mn (Schwenk et al. 2003), Fe (Ensing and Baerends 2002), Co (Spezia 
et al. 2006), Ni (Inada et al. 2002), Cu (Pasquarello et al. 2001; Schwenk and Rode 2003), 
Zn (Harris et al. 2003b), Hg (Chillemi et al. 2007; Mancini et al. 2008), and trivalent Ti 
(Kritayakornupong et al. 2004), Al (Lubin et al. 2000), Fe (Amira et al. 2005), Cr (Yazyev and 
Helm 2006), Co (Buhl et al. 2005), Y (Ikeda et al. 2005a; Ikeda et al. 2005b), La (Ikeda et al. 
2005b), TI (Vchirawongkwin et al. 2007)) ions in aqueous solutions. To date, surprisingly few 
FPMD studies detail the behaviour of tetravalent ions in aqueous solution, although some 
static quantum-mechanical hydration studies have emerged in recent years (e.g. for Po (Ayala 
et al. 2008), Th (Tsushima et al. 2003; Yang et al. 2003; Tsushima 2008), U (Tsushima and Yang 
2005; Frick et al. 2009), Np (Tsushima and Yang 2005)).
 Despite its importance, hydrated Ti(IV) remains poorly understood. In this paper we 
consider the aqueous chemistry of Ti(IV) both under ambient conditions and above the critical 
point of water (647 K, 22.1 MPa, density 0.32 g cm-3), conditions under which the nature of 
the hydrogen-bond network is dramatically altered (Boero et al. 2000). Even under ambient 
conditions experimental data on hydrated Ti(IV) are scarce and there is considerable debate 
as to the nature and degree of hydrolysis (Einaga 1979; Ciavatta and Pirozzi 1983; Ciavatta 
et al. 1985; Grätzel and Rotzinger 1985; Comba and Merbach 1987; Holm 1987; Rotzinger 
1996). Whilst standard texts – in agreement with the assumptions made in these experiments 
and static computations – maintain that a coordination number of 6 is the most usual for Ti(IV) 
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(Greenwood and Earnshaw 1997), classical molecular dynamics (Guillot and Sator 2007b; 
Guillot and Sator 2007a) and spectroscopic studies (Farges et al. 1996a; Farges et al. 1996b; Farges 
et al. 1996c; Farges and Brown 1997; Romano et al. 2000; Liu and Lange 2001; Henderson et al. 
2003) of tetravalent titanium coordination in silicate melts and glasses have revealed that a large 
proportion of Ti(IV) in these systems is five-fold coordinated to oxygen; irrespective of small 
amounts of water and halide ions present in some natural samples (Farges and Brown 1997). In 
such systems Ti(IV) is found to be mainly five-coordinated in a square pyramidal configuration 
with one short Ti-O bond (~1.7 Å) and four longer Ti-O bonds (~1.95 Å). The unexpected five-
fold coordination is seen in only one out of 100 titanosilicate minerals (fresnoite, Ba2TiOSi2O7) 
where [5]Ti(IV) is coordinated in a square-prismatic configuration (Roberts et al. 1996).
 In contrast, ab initio geometry optimisation (in the static limit) of titanium-water 
complexes (Tachikawa et al. 1990; Åkesson et al. 1992; Åkesson et al. 1994; Rotzinger 1996; 
Hartmann et al. 1999), either isolated or embedded in a polarisable continuum, assume near-
octahedral Ti coordination. When a second hydration shell is explicitly included, the (a priori) 
octahedral geometry is maintained and a proton is transferred from the first to the second 
hydration shell (Uudsemaa and Tamm 2001; Bock et al. 2006). Calculated bond lengths in 
this configuration are in good agreement to those observed experimentally in, for instance, 
titanyl sulphate (TiOSO4), where reported Ti-O bond lengths are on average 1.7 Å and 2.05 Å 
(Gatehouse et al. 1993).
 In this work, we report the results of FPMD simulations carried out at 300 and 1000 K, 
with densities ranging from 0.9 – 1.3 g cm-3. We show that, under supercritical conditions, the 
coordination changes of Ti(IV) are far from assumptions made in textbooks. Titanium behaves 
unlike all cations previously examined using such simulations under non-ambient conditions in 
that there is a marked increase rather than a decrease in coordination number with increasing 
temperature. A number of local structural environments, unanticipated on the basis of static-
limit small molecule geometry optimisations, are possible for the Ti(IV) ion. We analyse the 
structure of the solvent as a function of density and calculate the dipole moments of water 
molecules by determining the centres of maximally localized Wannier functions.
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Computational details
 We investigate the hydration of Ti(IV) over a range of pressures and temperatures with 
FPMD simulations using the Car-Parrinello(Car and Parrinello 1985) method as implemented in 
the CPMD software package (CPMD 2010). The electronic structure calculations are performed 
according to the Kohn-Sham formulation of DFT using the gradient corrected BLYP functional 
(Becke 1988). The orbitals are expanded in plane waves with an energy cutoff of 85 Ry (Kuo 
et al. 2004) and the wavefunction convergence is 1×10-7 a.u. The Brillouin-zone is sampled 
at the G-point. Only valence electrons are considered explicitly, with core-valence interactions 
described by semi-local norm-conserving Trouiller and Martins pseudopotentials (Troullier and 
Martins 1991) with Kleinman-Bylander transformation to fully non-local form (Kleinman and 
Bylander 1982) including a nonlinear core correction for Ti (Louie et al. 1982). The maximum 
angular momentum of the non-local part, ℓmax, is 0, 1, 2 for H, O and Ti respectively. The 
fictitious electron mass is set at 400 a.u. permitting a time step of 4 a.u. (0.0968 fs) for the 
integration of the equations of motion (Kuo et al. 2004). The temperature of the system is 
controlled by Nosé-Hoover thermostats (Nosé 1984b; Nosé 1984a; Hoover 1985) for ionic and 
electronic degrees of freedom separately, with thermostat frequencies for ions and electrons of 
2500 cm-1 and 10000 cm-1 respectively.
 The titanium ion together with 64 water molecules are contained in a three-dimensional 
periodic cubic simulation cell with an edge length of 12.5 Å (corresponding to a density of 
~1.0 g cm-3). Overall charge neutrality is maintained by adding a compensating uniform 
negative background charge. At the start of the simulation, the system is brought to the desired 
temperature by velocity rescaling of the ions, followed by 2 ps NVT pre-production and 10 ps 
production runs. The system size effect was evaluated from a 5 ps high temperature production 
trajectory of a simulation cell containing 96 water molecules, but no significant differences were 
observed.
 The simulation time required for statistically reliable mean coordination numbers is 
related to the free energy barrier separating the different coordination environments. At room 
pressure and temperature conditions, this may easily exceed the timescales accessible with 
present-day computational resources. For low temperature simulations, an equilibrated initial 
geometry is traditionally achieved by pre-equilibrating and quenching from a high temperature 
simulation. As such, the low temperature simulation may reflect a ‘frozen-in’ out of equilibrium 
state. Recently developed metadynamics techniques are highly effective to escape local free 
energy minima, thereby accelerating the simulations while also permitting determination of the 
associated part of the specified free energy surface. Detailed descriptions of this technique are 
available elsewhere (Laio and Parrinello 2002; Iannuzzi et al. 2003). Here, ambient condition 
initial geometry configurations were taken from a metadynamics simulation at 300 K and a 
density of ~1 g cm-3, employing the titanium to oxygen coordination number as collective 
variable.
 Localised molecular analysis was performed by unitary transformation of extended 
Bloch orbitals to yield a unique set of maximally-localized Wannier functions (MLWFs) (Marzari 
and Vanderbilt 1997; Silvestrelli et al. 1998; Resta and Sorella 1999; Silvestrelli and Parrinello 
1999). This procedure is analogous to the Boys localisation (Boys 1960) in molecular quantum 
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chemistry, and readily yields molecular dipole moments via calculation of the MLWF centres.
 We compare our FPMD results with those from geometry optimisations of isolated 
molecular complexes. Spin-restricted BLYP, B3LYP, Hartree-Fock (HF) and second-order Møller-
Plesset (MP2) correlation energy corrected calculations were performed with Gaussian03W 
(Frisch et al. 2005). Standard 6-311++G(d,p) basis sets were used for hydrogen and oxygen 
(Ditchfield et al. 1971; Harihara and Pople 1973). For titanium a Dirac-Fock relativistic basis 
set (MDF10) is used which replaces 10 core-electrons with an effective core potential (Dolg et al. 
1989). All computations were performed on a pruned ultrafine grid yielding converged energies 
to less than a microhartree. We have checked that all geometries reported are energy minima with 
no imaginary vibrational frequencies.
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Results and Discussion

Solvent structure and dynamics 

 Free-energy curves obtained from first-principles metadynamics simulations, using the 
titanium-oxygen coordination number as the collective variable, show that the favoured Ti-O 
coordination number at 300 K and a density of 1.0 g cm-3 is five-fold rather than the anticipated 
six (van Sijl et al. 2010). The selected initial geometry for production runs at 300 K was thus 
chosen to contain a five-fold coordinated hydrated titanium complex. We then carried out NVT 
pre-equilibration runs (2 ps) before carrying out a production NVT run for 10 ps. The black 
dashed lines in Figure 3-1a and Figure 3-1b plot the radial pair distribution functions (RDFs), 
gij(r), between the Ti ion and O and H at 300 K (r = 1.0 g cm-3). The running integration 
number n(r), which corresponds to the average number of O or H atoms within a distance r from 
the Ti, is shown in the inset. At this temperature there is no water exchange between the first 
or higher order hydration shells over the timescale of the simulation, and the first shell contains 
five water molecules throughout, at an average Ti-O distance of 2.0 Å. The first hydration 
shell is thus well defined, as is clear from the width of the first gTiO(r) peak, the broad very low 
minimum in gTiO(r) between the peaks, and the value of n(r) over this region. Frequency analysis 
on statically converged gas phase complexes reveal only a single five-fold coordinated geometry 
with real vibrational frequencies (distorted square pyramidal). The optimized Ti-O bond lengths 
at the Hartree-Fock, MP2, BLYP and B3LYP levels are given in Table 3-1. The variation in 
Ti-O bond lengths of gas-phase Ti-(H2O)5 complexes (four bonds up to 3.8% larger than the 
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Figure 3-1. Radial pair distribution functions (RDF) gTiO (r) (a) and gTiH(r) (b) at 300 K, ρ=1.0 g 
cm-3 (dashed line) and 1000 K, ρ=0.9, 1.0 and 1.3 g cm-3. The insets show the integrated area under the RDF, 
i.e. the running coordination number n(r) in the transition region between first and second hydration shells.
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fifth, depending on the method) resembles that observed in five-fold coordinated complexes in 
simulations of titanium in silicate melts (four bonds up to 14.7% larger than the fifth), despite 
the different chemical environments. In this context we note that the Ti(IV) is only notionally 
d0. Mulliken population analyses on gas-phase complexes show that the total charge on the 
central ion is ~2.7 for HF and MP2, and ~2.0 for BLYP and B3LYP optimised geometries, clearly 
indicating d-electron density.
 Visual inspection of the FPMD trajectory, however, reveals the presence of two different 
five-coordinate geometries, as shown on the top left panel of Figure 3-2. These are approximately 
square pyramidal and trigonal bipyramidal and interconvert by a Berry pseudorotation over 
the timescale of the MD run. Similar behaviour has been observed in simulations of Cu(II)
(Pasquarello et al. 2001). This is evident from Figure 3-3 which plots the variation of the 
first hydration shell O-Ti-O angles during the simulation. We note though that the trigonal 
bipyramidal geometry is always distorted and the equatorial O atoms are not arranged in an 
equilateral triangle. While the distinct first-shell bond length variations that have been reported 
for Ti(III) in solution ([Ti(H2O)6]

3+) and the five-fold coordination for Cu(II) (Pasquarello et al. 
2001) are readily attributed to Jahn-Teller effects (Jahn and Teller 1937), well known for d1 and 
d9 electron configurations (Rotzinger 1996; Kritayakornupong et al. 2004), the unequal Ti-O 

HF MP2

Coordination rTi-O (Å) Charge rTi-O (Å) Charge
6 (6x) 1.984 2.686 1.991 2.660

5 (1x) 1.912 2.657 1.903 2.649

(2x) 1.930 1.950

(2x) 1.971 1.975

4 (4x) 1.885 2.587 1.894 2.587

BLYP B3LYP

Coordination rTi-O (Å) Charge rTi-O (Å) Charge

6 (6x) 2.036 1.887 2.005 2.047

5 (1x) 1.949 1.907 1.919 2.087

(2x) 2.013 1.974

(2x) 2.002 1.978

4 (4x) 1.908 2.067 1.909 2.191

Table 3-1. Ti-O bond lengths in four, five and six-fold coordinated gas-phase Ti-(H2O)n clusters 
and Mulliken charges on the central Ti atom. The basis set used was 6-311++G(d,p) in all cases.
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Figure 3-2. Variation of Ti(IV) first shell coordination environment with density at 1000 K. The 
top panel shows the five-fold square pyramidal and trigonal bipyramidal (left) and six-fold octahedral and 
trigonal prismatic (right) first hydration shell geometries (snapshots from the production runs with only first-
shell molecules displayed for clarity).
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Figure 3-3. O-Ti-O angles in the first hydration shell at 300 K and 1.0 g cm-3. The panel on the 
right shows a normalised time-averaged histogram of O-Ti-O angles indicating two distinct predominant 
sets of angles (~90° and ~165°). The Berry-pseudorotation is indicated by the interchanging blue and green 
curves.
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bond distances and the pseudorotations reported here for five-fold Ti(IV) (only formally d0) 
reveal a much more complex ion-water interaction than anticipated. Nevertheless the aqueous 
behaviour resembles that observed in silicate melts and glasses.
 The H atoms point outwards from the Ti towards the second hydration shell, and each 
water molecule is linked by hydrogen bonds to 15-18 water molecules in the second hydration 
shell. The minimum around 3.1 Å in the gTiH(r) plot (Figure 3-1b) is not as broad as that after the 
first peak in gTiO(r) reflecting some flexibility in the orientation of the first shell water molecules. 
The solvent structure is perturbed beyond the first hydration shell at 300 K, with an average 
second shell distance of 4.2 Å. There is no evidence that Ti(IV) causes a significant decrease in 
the distance between the first and second hydration shells compared with distances in pure water, 
in agreement with the conclusions of a study of the influence of aqueous Mg2+ on the second 
hydration shell distance (Lightstone et al. 2001).
 Consistent with the higher temperature, the main Ti-O peak in the RDF at 1000 K 
(Figure 3-1a) broadens, and there is also a much less pronounced second peak. The average Ti-O 
distance remains 2.0 Å. The top frame of Figure 3-2 also shows the two geometries adopted 
by six-coordinate Ti at elevated temperature – a trigonal prismatic as well as the anticipated 
octahedral coordination. In contrast to this, but similar to the results of five fold coordinate 
complexes, frequency analysis on statically converged six-fold coordinate gas phase complexes 
reveal only a single coordination geometry (octahedral) with real vibrational frequencies, with 
Ti-O bond lengths in good agreement with our FPMD results (see Table 3-1).
 The Ti-H RDF (Figure 3-1b) under the same conditions also shows that these distances 
are similar to those observed at lower temperatures, with the first peak broadening both towards 
and away from Ti compared with 300 K, consistent with increasing orientational flexibility. We 
have also run simulations at 1000 K at lower and higher densities (from 0.9 – 1.3 g cm-3) and the 
RDFs from these calculations are also shown in Figure 3-1a and b. Taken together, these results 
reflect gradual changes with the main peak height decreasing with increasing density, and the 
increase of average coordination number with density shown in Figure 3-2, which was calculated 
treating all oxygens less than 3 Å from titanium as belonging to the first hydration shell.
 At 300 K the hydrogen:oxygen ratio of the first hydration shell is approximately 2, 
indicating that water dissociation is not taking place. At 1000 K this ratio decreases to ~1.8 
indicating a certain degree of dissociation. We have identified, assuming a 1.3 Å cutoff for the 
O-H bond, the presence of e.g. [Ti(OH)(H2O)5]

3+, [Ti(OH)(H2O)6]
3+, [Ti(OH)2(H2O)5]

2+ and 
[Ti(OH)2(H2O)6]

2+ at various stages during the simulation at 1000 K and a density of 1.0 g cm-3. 
The hydronium species accompanying these species are found beyond the second hydration shell, 
and are also observed at lower and higher densities.
 Our results are consistent with a partial breakdown of the hydrogen bonding network 
in supercritical water, with simulations of pure water under these conditions (Boero et al. 2000), 
and with the preferential formation of a further Ti-O bond. The water exchange rate, i.e. number 
of oxygens interchanging their position between first and second hydration shell (assuming a 
3.0 Å cutoff) per unit time is negligible at low temperatures, consistent with a strong Ti-O 
interaction and consequent high energy barrier. At 1000 K, on average one complete exchange 
occurs every 0.5 ps at densities of 1.0 and 1.3 g cm-3, and every 0.2 ps at 0.9 g cm-3.
 The increase in coordination number in the first hydration shell with increasing 
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temperature contrasts sharply with simulations and spectroscopic results for e.g. Mg2+ (Jahn and 
Schmidt 2010), Ca2+ (Fulton et al. 2006), Rb+ (Fulton 2000), Sr2+ (Seward et al. 1999; Harris 
et al. 2003a), Ni2+ (Wallen et al. 1998; Hoffmann et al. 1999), Cu+ (Fulton et al. 2000; Sherman 
2007), Cu2+ (Fulton et al. 2000), Zn2+ (Harris et al. 2003b). In a recent study (Jahn and Wunder 
2009) of aqueous Li+, also performed at 1000 K, the coordination number of Li changes over 
the density range 0.57-1.42 g cm-3 from ~3.2 – 5. Despite the very different Li-O and Ti-O 
bond strengths, the magnitude of the increase in the coordination number with increasing water 
density at 1000 K is similar for both (approximately unity accompanying a density increase from 
0.9 to 1.3 g cm-3).

Molecular dipole moment and electronic structure

 Even though the dipole moment of water in the gas phase is well established 
experimentally (Clough et al. 1973) (μ=1.86 D), measurements on liquid water are lacking. 
Attempts (Gregory et al. 1997) to measure the dipole moment of small water clusters yield dipole 
moments up to 2.7 D, and the value for ice Ih ( μ=3.09 D, Coulson and Eisenber 1966; Batista 
et al. 1998) is usually assumed to be close to that of liquid water.
 We have examined the electronic structure of the solvent by carrying out a localised 
orbital (Wannier Function) analysis, and located the centres of each function (MLWFC). There 
are four tetrahedrally arranged Wannier functions per water molecule each corresponding 
to a pair of electrons. The centres that form the σ-orbitals of the O-H bonds (MLWFCe) 
lie approximately 0.5 Å from the oxygen and the centres corresponding to the lone-pairs 
(MLWFClp) are approximately 0.3 Å away. The positions of the Wannier function centres and 
the nuclei can be used straightforwardly to calculate the time average dipole moment ( μ) of the 
water molecules in the simulation (Silvestrelli and Parrinello 1999). The distribution of dipole 
moments at 300 K and 1000 K ( ρ=1.0 g cm-3) are shown in Figure 3-4a. For comparison, 
we also computed the dipole moments of liquid water in the absence of Ti(IV) at 300 K and 
1000 K (3.00±0.29 D and 2.63±0.46 D respectively). These absolute values and their spread, 
which is larger at supercriticality, are in good agreement with previous results from first principles 
MLWFC analysis under ambient and supercritical conditions (Silvestrelli et al. 1998; Silvestrelli 
and Parrinello 1999; Boero et al. 2000; Dyer and Cummings 2006). The influence of solvated 
chloride or fluoride (for example) on the surrounding electronic structure and hydration shell 
dipole moment distribution has previously been shown to be negligible (Heuft and Meijer 2003; 
Heuft and Meijer 2005). Cations in aqueous solution however, show a large variation in dipole 
moment with the location of the surrounding water molecules (Lightstone et al. 2001; Bako 
et al. 2002). The dipole moment varies considerably from cation to cation even where there is no 
change in overall charge. Li+ shows a 2.7 % increase in first shell dipole moment, which compares 
with 2.5 % and 4.5% decreases for Na+ and K+ respectively (Ikeda et al. 2007a). For Mg2+, the 
first shell dipole moment increases by 0.2 D relative to that of the bulk solvent (Lightstone 
et al. 2001), an increase only half that of hydrated Ca2+. We calculate that the first shell water 
molecules associated with hydrated Ti(IV) exhibit a large increase of 19% in dipole moment to 
3.58±0.26 D at 300 K. There is an increase of 6% relative to the pure solvent even for the more 
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Figure 3-4. (a) Distribution of the dipole moments at 300 and 1000 K differentiated between 
the first and higher order hydration shells around Ti(IV). The dipole moment distribution for pure water (64 
molecules) at 300 K is shown as reference. (b) Distribution of the angles between the Ti-O -and water dipole 
vectors in the first and higher order hydration shells around Ti(IV) at 300 and 1000 K.

Figure 3-5. Scatter graphs showing the distances of the MLWFCs plotted with respect to oxygen 
and titanium focussing on the area directly surrounding Ti(IV) at 300 and 1000 K and ρ=1.0 g cm-3. The 
regions 1 and 2 mark the lone-pair electrons and electron pairs participating in the OH bonding respectively. 
The corresponding radial pair distribution function (RDF) gO_MLWFC(r) indicates the difference between the 
first shell (a) and remaining (second shell and beyond) (b) oxygen-MLWFC clusters.
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distant water molecules (μ = 3.17±0.40 D). At 1000 K the dipole moment of the first hydration 
shell is even more enhanced, by 26% ( μ = 3.30±0.47 D), relative to bulk water while in marked 
contrast the influence of Ti(IV) on the outer shells is negligible ( μ = 2.62±0.48 D). The dipole 
moment of such shells is now changed from that of the pure solvent, demonstrating the very 
different nature of the interactions in the supercritical fluid.
 Figure 3-4b displays the distribution of the angles between the calculated dipole 
vector and the Ti-O vector in the first hydration shell at 300 and 1000 K. This plot illustrates 
dramatically the asymmetry of the preferred environments in solution since these two vectors are 
never parallel and suggests a preferential interaction of Ti with one of the water lone pairs. The 
majority of the angles at 300 K are in the range 10-15° tailing off to about 40°. There is a much 
wider spread of angles at 1000 K, with a marked increase in the mean angle (20-30°), but there 
is an accompanying decrease in the observed occurrence of small angles. The loss of influence 
of Ti(IV) on hydration shells other than the first at 1000 K, noted above, also emerges strongly 
from the analogous plot for water molecules beyond the first shell in Figure 3-4b.
 To elucidate the origin of the hydration shell asymmetry and increased dipole moment 
in the direct vicinity of Ti(IV) in solution, atomic- and localised electron pair distance and 
angle variations in the first hydration shell are compared to those at larger distances from Ti. 
In Figure 3-5 we plot distances rTi_MLWFC vs. rO_MLWFC at both temperatures for the same density. 
The Ti-O and O-H bonding regions of this plot are indicated and the first and part of the 
second hydration shell is shown. We note the negative correlation between rTi_MLWFC vs. rO_MLWFC 
in the first hydration shell. The form of this lower left red region is determined by the symmetry 
inequivalence of the lone pairs on the first hydration shell waters, the polarisation of the lone 
pairs (or equivalently the partial covalent character of the Ti(IV)-O interaction). These effects 
persist into the supercritical regime, but the region is much more diffuse as the first shell is less 
well defined. The O-H bond region (blue) is more circular at both temperatures, and at higher 
temperature we see the partial breakdown of the hydrogen bonding network between the first 
and second hydration shells, allowing a much wider range of accessible rTi_MLWFC values. The 
deviation of the first hydration shell oxygen-MLWFCs from those of the bulk, indicated by 
the corresponding RDFs (top of Figure 3-5) once again stresses the different behaviour of the 
lone-pair electrons relative to the electron pairs participating in the σ orbitals that form the OH 
bonds, the latter showing almost no deviation from bulk behaviour. The average bulk water 
lone-pair electron to oxygen distance at ambient conditions is larger than under supercritical 
conditions, whereas the bonded pair - oxygen distance only increases slightly, without noticeably 
affecting the average OH distance.
 Figure 3-6 shows the HOH angles, the electron pair - oxygen angles 
(MLWFCe-O-MLWFCe ) corresponding to σ orbitals participating in the OH bonding, and the 
angles of the two lone-pair electrons with their associated oxygen atom (MLWFClp-O-MLWFClp) 
at 300 and 1000 K and r=1.0 g cm-3. Average angles and corresponding 1σ standard deviations are 
reported in Table 3-2, including results from simulations of pure water under similar conditions 
for comparison. At 300 K, the bulk HOH angle in the absence of Ti (105.9°) is in excellent 
agreement with experimentally determined values (106°) and previous FPMD results (105.5°) 
(Silvestrelli and Parrinello 1999), and only deviates marginally from bulk water in the presence 
of Ti. The difference between bulk water and first shell HOH angles at supercritical conditions 



64

Solvation of Ti(IV)

is less pronounced than at 300 K. First shell MLWFCe-O-MLWFCe angles (Figure 3-6b) are 
2.0% (300 K) and 1.8% (1000 K) larger compared to bulk water in the absence of Ti. A small 
effect is present beyond the first shell at 300 K, but not at 1000 K. The most significant change 
compared to the bulk system without Ti involves the first-shell MLWFClp-O-MLWFClp angles 
(Figure 3-6c), which decrease by almost 6.5% and 5.3% at 300 and 1000 K respectively, where 
again a small effect is present beyond the first shell at 300 K, but not at 1000 K.
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Figure 3-6. Distribution of the (a) HOH, (b) MLWFCe-O-MLWFCe and (c) 
MLWFClp-O-MLWFClp angles (see text for explanation) at 300 and 1000 K and ρ=1.0 g cm-3 separated out 
the first hydration shell from the remainder of the water molecules around Ti(IV) in solution.
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T (K) Angle 1st shell > 1st shell Pure water

30
0 

K

HOH 106.4±5.0° 105.8±5.2° 105.9±5.2°

MLWFCe-O-MLWFCe 105.3±2.6° 103.5±2.8° 103.2±2.7°

MLWFClp-O-MLWFClp 110.9±2.9° 117.9±3.1° 118.6±2.8°

10
00

 K

HOH 104.9±9.2° 104.5±9.1° 104.7±8.9°

MLWFCe-O-MLWFCe 103.7±4.9° 101.9±4.8° 101.9±4.7°

MLWFClp-O-MLWFClp 114.8±5.0° 121.2±4.4° 121.2±4.2°

Table 3-2. Average angles compared in the first hydration shell and the bulk for Ti(IV) at 300 and 
1000 K. The last column shows results from equivalent runs in the absence of Ti.
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Conclusions
 We have examined the hydration structure of aqueous Ti(IV) in sub- and supercritical 
water using first-principles molecular dynamics. We find that an unanticipated five-fold 
coordination of Ti(IV) is favoured under ambient conditions, with interconversions between 
square pyramidal and trigonal bipyramidal structures. These results reveal a much more complex 
ion-water interaction than anticipated. Calculated Mulliken populations show that the Ti(IV) 
is only notionally d0. Under supercritical conditions the Ti coordination increases from five to 
six, adopting both octahedral and trigonal geometries. For Ti(IV) the higher pressure, favouring 
larger coordination numbers, dominates the increase in temperature, which favours lower 
coordination. This change is in marked contrast to that associated with virtually all other aqueous 
cations previously studied where coordination numbers decrease at elevated temperatures even at 
high pressure (e.g. Mg2+, Jahn and Schmidt 2010). Results from a localised orbital analysis of the 
water molecules show that hydrated Ti(IV) induces electronic structure changes that lead to:

1. A marked enhancement of the dipole moments of the water molecules in the first 
hydration shell by ~19% at 300 K and ~26% at 1000 K.

2. A smaller increase of the dipole moments (+6%) of water molecules in more distant shells 
under ambient conditions.

3. Identical dipole moments of water molecules beyond the first hydration shell of titanium 
at 1000 K with those of bulk supercritical water.

HOH angle variations as well as changes in the OH distance are negligible and thus do not 
contribute to the observed enhancement in first shell dipole moment. Instead, the following 
electronic structure changes contribute:

1. The effect of Ti on the spatial extent of the lone-pair electrons on oxygen.
2. The smaller angles between the two lone-pairs on the oxygens in the first hydration shell.
3. Polarisation of the electron density associated with the O-H σ-bonds by the central 

Ti(IV).
Overall we find Ti(IV) in aqueous solution has marked similarities to Ti(IV) in silicate melts 
and glasses. We hope our simulations may prompt new experimental studies that examine the 
coordination of Ti(IV) and other tetravalent cations in solution under ambient and supercritical 
conditions.


