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Abstract

CaTiF6(H2O)2 was synthetized by a solvothermal method and was found to be 

isostructural to SrTiF62H2O. The structure, refined from Powder X-Ray Diffraction 

(PXRD) data, is built from the connectivity of dimers [Ca2F10(H2O)4] of square antiprisms 

(SAP) [CaF5(H2O)3] and TiF6 octahedra. To assign the six 19F resonances to the six fluorine 

crystallographic sites of same multiplicity, 19F magnetic shielding tensors have been 

calculated using the GIPAW method. Unusually, the plot of the experimental 19F isotropic 

chemical shift (δiso) values, as a function of the calculated 19F isotropic shielding (iso) 

values, shows a much better alignment for the experimental than for the DFT-optimized 

structure. Whereas, the dynamics of the structural water molecules under experimental 

conditions are not captured by the optimized structure, the experimental averaged 

structure provides a good account of the experimental data and a reliable assignment of 

the 19F resonances to the F sites. Finally, the previously established bond-valence (BV) 

parameter Rij for the Ti4+/F- ion pair (1.76 Å) leads to overestimated BV sum values for Ti. 

This trend has been observed for almost all other fluorotitanates. We then undertook to 

refine its value, using the Ti-F bond lengths from 70 carefully selected structures 

containing 134 Ti sites forming TiF6 octahedra, and leading to Rij. = 1.706 Å.

Keywords 

Inorganic hydrated hexafluorotitanate (or Inorganic fluorides); Powder X-ray diffraction; 

Crystal structure; 19F solid state NMR; DFT calculations, Bond-valence
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1. Introduction

The solid state chemistry of titanium(IV) fluoride complex presents a rich structural 

diversity. Numerous anionic (in which the titanium atom is present as a complex anion) 

fluoride complexes of Ti(IV) with various inorganic and organic cations have been 

synthesized and structurally studied [1]. Some of them possess properties of interest such 

as gas adsorption ([Cu(bipy)2TiF6], [2]), negative thermal expansion (CaTiF6, [3]), 

photoluminescence when doped by Mn4+ (K2TiF6 [4] and Cs2TiF6 [5]) and 

[Cu(bpy)2(H2O)]2[TiF6]2·3H2O is noncentrosymmetric [6]. CaTiF6(H2O)2 does not have 

interesting properties or these have not yet been identified. Nevertheless, its synthesis 

and its structure determination were not useless as the reader will see.

CaTiF6(H2O)2 expands the list of inorganic hydrated hexafluorotitanates which includes, 

in addition to SrTiF6(H2O)2 [7,8], of which CaTiF6(H2O)2 is isotype, M(H2O)6(TiF6) with M 

= Mn, Zn [9,10] and Ni [11], Cu(H2O)4TiF6 [12], Li2TiF6(H2O)2 [13], (NH3OH)2(TiF6)(H2O)2 

[14] and (H5O2)2(TiF6)(H2O)2 [15]. NH4CuTiF7(H2O)4 [16] does not meet the definition of 

hexafluorotitanate but also presents isolated [TiF6]2− octahedral complexanions.

After its synthesis, the refinement of the structure of CaTiF6(H2O)2 from powder X-ray 

diffraction (PXRD) data is reported. While the Ti-F bond lengths in CaTiF6(H2O)2 are not 

unusual, due to poorly determined bond-valence (BV) parameters for the Ti4+/F- ion pair, 

the BV sum (BVS) of Ti significantly differs from its atomic valence (oxidation state). We 

therefore decided to refine the BV parameters for the Ti4+/F- ion pair.

Then, the 19F solid state NMR spectrum of CaTiF6(H2O)2 is reported to confirm the number 

of inequivalent fluorine crystallographic sites and their relative multiplicities and DFT 

calculations of the 19F magnetic shielding tensors have been performed, using the Gauge 

Including Projector Augmented Waves (GIPAW) method [17,18], to assign the 19F NMR 

resonances to the crystallographic sites. In the present case, the dynamics of the 
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structural water molecules under experimental conditions are not captured by the DFT 

geometry optimized structure at 0 K leading to a poorer quality of the calculations after 

geometry optimization. 

2. Materials and methods

2.1. Material preparation

CaTiF6(H2O)2 was synthetized by a solvothermal synthesis. 750 mg (6.75 mmol) of CaCl2 

were dissolved into isopropanol inside a Teflon liner cup. 2 mL (6.75 mmol) of titanium 

isopropoxide and a variable volume of HF (aqueous hydrofluoric acid - 40 %), depending 

on the desired molar ratio F/(Ca+Ti) ratio, were respectively added in the solution under 

stirring. Caution: HF is toxic and corrosive and should be handled with appropriate 

protective equipment and training. The volume of isopropanol used for the dissolution of 

CaCl2 was calculated based on a total solution volume of 30 mL. Teflon liner cup was 

placed inside a stainless-steel autoclave and then heated in an oven at 90 °C for 12 h. After 

that, the autoclave was left to cool down to room temperature. The resulting white 

precipitate was washed twice with ethanol and subsequently recovered by centrifugation 

at 4400 rpm for 15 min. Finally, the powder was dried at 80 °C for 2 h. 

2.2. Characterization methods

2.2.1. Powder X-ray diffraction and structural analysis

PXRD data were collected at room temperature using a Rigaku diffractometer, 

equipped with Cu Kα radiation, in a Bragg-Brentano geometry. For the structural 

determination, PXRD analyses were performed with a PANalytical X’Pert Pro 

diffractometer with Cu Kα radiation. A high resolution diffractogram was recorded at 

room temperature in the [5-130]° 2θ range with a 0.013° step (scan time of ~ 2 h). The 

Rietveld method [19] implemented in the Fullprof program [20] was used for the 

structural refinement. Background level was made manually. Atomic positions, as well as 
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isotropic displacement parameters, were refined. Crystal structure of CaTiF6(H2O)2 has 

been deposited via the joint CCDC/FIZ Karlsruhe deposition service. CSD [21] 2163652 

(deposition number) contains the supplementary crystallographic data for this paper. 

These data can be obtained free of charge from FIZ Karlsruhe via 

www.ccdc.cam.ac.uk/structures.

2.2.2. Thermogravimetric analyses

The thermogravimetric analyses (TGA) were performed using Setaram Setsys 

equipment. The sample was heated from room temperature up to 600 °C under helium 

atmosphere (heating rate = 5 °C/min).

2.2.3. Solid state NMR

1H and 19F solid-state Magic Angle Spinning (MAS) NMR experiments were performed 

on a Bruker Avance III spectrometer operating at 7.0 T (1H and 19F Larmor frequencies of 

300.1 and 282.4 MHz, respectively), using a 1.3 mm CP-MAS probe head. The 1H and 19F 

MAS spectra were recorded using a Hahn echo sequence with an interpulse delay equal 

to one rotor period. For 19F, the 90° pulse length was set to 1.55 μs and the recycle delay 

was set to 20 s. For 1H, the 90° pulse length was set to 1.13 μs and the recycle delay was 

set to 120 s. 1H and 19F spectra are referenced to TMS and CFCl3, respectively, and they 

were fitted by using the DMFit software [22].

To quantify the proton content on the sample, 1H solid-state MAS NMR spectra were 

also recorded for an organic crystalline solid, adamantane (Tricyclo-[3.3.1.13,7]decane, 

((CH)4(CH2)6), and the mass of each sample in the rotor was measured. The fits of the 

Hahn echo spectra allow one to determine the integrated intensities for each sample. 

Because, for each sample, the recycle delays were chosen to ensure that the amount of 

signal detected is maximum (20 s for adamantane), we assume that the integrated 
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intensities are proportional to the number of scans and the molar quantity of H atoms in 

the rotor [23]. 

2.3 Bond-valence calculations

Individual BV values were calculated using [6,7]  where vij is the 𝑣ij = exp [(𝑅ij ‒ 𝑑ij)/𝑏] 

valence of the bond ij, dij is the length of the bond ij and Rij, the notional length of a bond 

of unit valence, and b, the softness parameter, are empirical constants dependent on the 

bonded elements i and j : Rij = 1.76 Å [25] and the value we have refined, Rij = 1.706 Å, 1.87 

Å [26], 1.967 Å [24] and b = 0.37 Å for Ti-F, Ca-F, Ca-O, respectively, Rij = 0.708 Å and b = 

0.558 Å for H-F [27], Rij = 0.907 Å and b = 0.28 Å for H-O < 1.05 Å and Rij = 0.99 Å and b = 

0.59 Å for H-O > 1.70 Å [28]. The valence, vij, of a bond between two atoms i and j is defined 

such that the sum of all the bond-valences (BVS) for a given atom i with valence Vi obeys: 

.∑
j𝑣ij = 𝑉i

2.4 DFT calculations

1H and 19F magnetic shielding tensor calculations were performed using the GIPAW 

approach [17,18] as implemented in the CASTEP code [29,30]. The Perdew–Burke–

Ernzerhof (PBE) functional [31] was employed in the generalized gradient approximation 

(GGA) for the exchange correlation energy and ultrasoft pseudopotentials (USPP) were 

used to describe core-valence interactions [18]. The wave functions were expanded on a 

plane-wave basis set with a kinetic energy cutoff of 700 eV. The total energy was 

converged up to change below 1 x 10−8 eV. The Brillouin zone was sampled using a 

Monkhorst-Pack grid spacing of 0.04 Å−1 (corresponding to a k-point mesh of 5 × 3 × 3). 

NMR parameters were calculated using “on-the-fly” USPP provided in CASTEP. Core radii 

of 0.8, 1.3, 1.4, 1.6 and 1.8 a. u. were used for H, O, F, Ca and Ti respectively, with 1s valence 

orbitals for H, 2s and 2p valence orbitals for O and F, and 3s, 3p, 4s and 3d valence orbitals 

for Ca and Ti. The default definition of the Ca USPP proposed by the Materials Studio 
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package was modified by shifting to higher energy (1.81 eV) the local potentials of the 

Ca2+ ion (3d0) USPP in order to overcome the deficiency of the PBE functional which 

generates, in the present case, too much covalency between the Ca 3d empty states and 

the anionic fluoride 2p levels [32,33].

Computations of the NMR parameters were performed for experimental (EXP) and 

atomic positions geometry optimized (APO) structures. APO structures were obtained by 

minimizing the residual forces (|F|max below 10 meV.Å-1) for all atoms, using the 

Broyden-Fletcher-Goldfarb-Shanno (BFGS) method and keeping symmetry constraints 

and fixing cell parameters to experimentally measured values [34]. 

To enhance the robustness of the approach, atomic position optimizations as well as 

GIPAW calculations of the  magnetic shielding tensors were also performed with the 

Vienna Ab Initio Simulation Package (VASP) (5.3) [35,36]. The GGA PBE functional [31] 

was also employed, using the PAW potentials [37,38] from the VASP library (Ca_sv_GW, 

Ti_sv_GW, F_GW, O_GW and H_GW) for the description of the core electrons. The DFT-D3 

method corrections of Grimme et al. [39] which are expected to be more efficient for the 

non-covalent interactions, were included since in CaTiF6(H2O)2 the protons of the water 

molecules can potentially form H-bonds with the F- ions at the vertices of the TiF6
2- 

octahedra and/or with another water molecule. Structures were first optimized (APO and 

fully optimized (FO)) with a plane wave cutoff of 550 eV (forces minimized below 5 

meV/A) and a 3x2x2  Monkhorst-Pack grid of k-points. GIPAW-NMR calculations of the 

magnetic shielding tensors were performed using the same parameters.

The chemical shift (magnetic shielding) tensor is described by three parameters, the 

isotropic chemical shift (shielding), δiso (σiso), the chemical shift (shielding) anisotropy, 

δcsa (csa), and the asymmetry parameter, csa, defined as: δiso = (δxx + δyy + δzz)/3 (σiso = 

(σxx + σyy + σzz)/3), δcsa = δzz - δiso (σcsa = σzz - σiso) and csa = (δyy - δxx)/δcsa (csa = (σyy - σxx)/ 
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σcsa). δii (σii) are the principal components of the chemical shift (shielding) tensor defined 

in the sequence |δzz - δiso| ≥ |δxx - δiso| ≥ |δyy - σiso| (|σzz - σiso| ≥ |σxx - σiso| ≥ |σyy - σiso|). The 

isotropic chemical shift is defined as δiso ≈ - σiso + σref. The 1H δiso values have been 

calculated by using this equation with σref = 31.0 ppm [40]. The 19F δiso values have been 

calculated by using the equations (δiso = - a σiso + σref) of the linear regressions between 

the calculated iso values and the experimental iso values for the studied compound.

3. Results and Discussion

3.1. Synthesis and phase composition

CaTiF6(H2O)2 was synthetized by a solvothermal route. The amount of fluoride, defined 

thereafter as the molar ratio R = F/(Ca+Ti), was investigated as a reaction parameter. It 

was varied from 1 to 3 with equimolar quantities of Ca and Ti. The PXRD patterns of the 

samples obtained for different R values (Fig. 1) show that the nature of the stabilized 

compounds is greatly influenced by the added fluorine content. For R =1, the PXRD pattern 

shows Bragg peaks characteristic of CaF2 (fluorite, Fm m [41]) and TiO2 (anatase, 3

I41/amd [42]). Using a similar chemical system, we previously showed that a pure oxide 

TiO2 cannot be formed and instead a complex composition such as 

Ti1−x−yx+yO2−4(x+y)F4x(OH)4y (: titanium vacancy) was obtained, suggesting the possible 

stabilization of fluoride within the vicinity of Ti4+ [43]. Increasing the fluorine content to 

R = 2 yields to the destabilization of these phases and, even if well defined, the pattern 

could not be indexed. Further increasing the fluorine content yields to the appearance of 

a new phase with a well-crystallized compound obtained at R = 3 which corresponds to 

the composition of CaTiF6. The PXRD pattern, however, is not consistent with this 

compound which crystallizes in a rhombohedrally-distorted ReO3 structure [44]. An ICSD 

[45] web database search in the M-Ti-F-O-H (M : alkaline earth) system enables the 

identification of one compound with similar X-ray features, SrTiF6(H2O)2 (ICSD 20655 [7] 
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and ICSD 200511 and 200512 [8]) suggesting that the sample prepared at R = 3 consists 

of CaTiF6(H2O)2 and adopts the same crystal structure that SrTiF6(H2O)2. This assumption 

was supported by the 19F solid-state MAS NMR spectrum of CaTiF6(H2O)2 showing six 

resonances of similar intensities (see below) since the crystal structure of SrTiF6(H2O)2 

contains six F sites of the same multiplicity.

Fig. 1. PXRD patterns of the samples prepared using different molar ratio R = F/(Ca+Ti).

Fig. 2. Thermogravimetric curve for the sample obtained at R = 3.
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The phase composition CaTiF6(H2O)2 was confirmed by TGA, supported by proton 

quantification using 1H solid-state MAS NMR. The TG curve (Fig. 2) shows two weight loss 

steps. The first weight loss occurs at 100-200 °C and is assigned to the departure of water 

molecules. The expected weight loss corresponding to the dehydration of CaTiF6(H2O)2 is 

15.1 wt% which is close to those obtained experimentally, i.e., 15.9 wt%. The difference 

might be due to pyrohydrolysis reaction induced by the released water molecule 

according to: Ti-F + H2O  Ti-OH + HF [46]. The experimental value of 1H wt %, 1.65 (0.10) 

%, is indeed close to the expected value, 1.69 %. The second weight loss appears at T > 

400 °C and is assigned to the departure of gaseous TiF4 [47] leading to the formation of 

CaF2. The experimental weight loss of 48.3 wt% is lower than expected (52.0 wt%) which 

can mainly be explained by a partial hydrolysis occurring during the first step. The 

amount of CaF2 present as an impurity (see 3.4) is indeed too low (1% of the F atoms) to 

explain this difference alone.  

3.2. Crystal structure 

Rietveld analysis of the PXRD pattern was performed to determine the crystal structure 

of CaTiF6(H2O)2 starting from the crystal structure of SrTiF6(H2O)2 determined on single 

crystal at 173 K (ICSD 200512, [8]) for which the H atomic positions have been 

determined. Nevertheless, the positions of the H atoms vary significantly when refining 

the structure from a PXRD diagram. Moreover, H atoms are difficult to locate accurately 

using XRD data since the obtained covalent bond lengths involving H atoms are 

appreciably shorter than those obtained from neutron diffraction data or after DFT 

optimizations, which both provide reliable H positions [34]. The atomic positions of the 

first obtained structural model were then DFT optimized using CASTEP and further 

refined with restrained O-H bond length (0.990 (± 0.001) Å) and H-H intramolecular 

distance (1.580 Å (± 0.001) Å, corresponding to a H-O-H angle value equal to 106°), in the 

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4253528

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

w
ed



11

H2O molecules. This bond length and this distance are in close agreement with the 

experimental values inferred from neutron diffraction data [49]. The Rietveld refinement 

is presented Fig. 3. Crystal data and the result of the refinement are reported in Table 1, 

the atomic positions are collected in Table S1 and bond lengths and interatomic distances 

are summarized in Table S2.

Fig. 3. Rietveld refinement (P2/n SG) of the PXRD pattern of CaTiF6(H2O)2; (a) 

experimental (in black) and calculated (in red) patterns; (b) Bragg positions; (c) 

difference between experimental and calculated patterns. The inset shows a zoom of a 

selected 2 range.

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4253528

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

w
ed



12

Table 1. Crystal data and result of the refinement of CaTiF6(H2O)2.

Molecular weight (g.mol-1) 475.92

Crystal system monoclinic

SG P21/n

a (Å) 5.8798(2)

b (Å) 10.8546(4)

c (Å) 9.5096(3)

  (°) 98.9869(9)

V (Å3) 599.48(3)

Z 2

ρcalc. (g.cm-3) 2.6366

Wavelength (Å) 1.54056

2 range (°) 5-130

Refl. unique 2118

Refined parameters 57

Rp/Rwp 0.113/0.098

RB/RF 0.030/0.038

The structure is built from the connectivity by edges of distorted square antiprism 

(SAP) [CaF5(H2O)3] and by corners of distorted SAP with TiF6 octahedra (Fig. 4). The Ca-

F bond lengths are in common range of 2.326-2.436 Å (Ca-F = 2.367 Å in CaF2 [25]). The 

TiF6 octahedron is slightly distorted with Ti-F bond lengths in the range 1.797-1.876 Å 

(Table S1) and angular distortions all below 4° (Table S3). The BVS Vi for all atoms in 

CaTiF6(H2O)2 are gathered in Table 2. The average bond length (1.833 Å) is shorter than 

those found in SrTiF6(H2O)2 (1.860 Å). Nevertheless, these somewhat short Ti-F bond 

lengths do not explain, or not alone, the high values of BVS for Ti (4.94) and F (ranging 

from 1.10 to 1.15). In fact, as we will show later, the value of the parameter Rij of the Ti4+/F- 

ion pair is erroneous.
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Fig. 4. Representations (left :perspective view; right: projection in ( ) plane) of the 𝑏,𝑐

crystal structure of CaTiF6(H2O)2. The atoms of Ca, Ti, O, F and H are represented in 

orange, blue, red, green and white, respectively.

Table 2. Atoms i and j, length of the bond ij, dij (Å), for i = Ti, Ca and H, and BVS Vi for all 

atoms in CaTiF6(H2O)2. In italic and between parentheses, Vi values for i = Ti and F 

calculated with the revised value of Rij. 

i j dij Vi j j dij Vi i Vi

Ti F3 1.797 4.94 (4.27) H1 O1 0.990 0.82 F1 1.13 (1.02)

F5 1.803 F5 2.495 F2 1.10 (1.00)

F6 1.830 F1 2.567 F3 1.12 (1.00)

F1 1.837 H2 O1 0.991 0.90 F4 1.13 (1.03)

F2 1.854 F5 1.896 F5 1.15 (1.03)

F4 1.876 F2 2.554 F6 1.14 (1.03)

Ca F2 2.326 2.04 H3 O2 0.990 0.96 O1 1.87

F6 2.331 F4 2.170 O2 1.88

F4 2.336 O1 2.334

F1 2.341 F4 2.539

O1 2.436 H4 O2 0.990 0.87

F3 2.436 F5 2.006

O2 2.568 F6 2.691

O2 2.568
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Fig. 5. Perspective view of the [CaF5(H2O)3] SAP. Atoms are labelled.

For a SAP based on equal edge lengths (hard sphere model) and all metal−ligand bond 

lengths equal to d0, the angle that the eight metal−ligand bonds make with the fourfold 

axis, is equal to 59.3°, the angle between metal−ligand bonds for adjacent ligands is equal 

to 74.9°, the angle between metal−ligand bonds for opposite ligands, is equal to 141.6°, 

and the edge length is 1.216 d0 [50]. In the [CaF5(H2O)3] SAP (Fig. 5), the average angle 

between metal−ligand bonds for adjacent ligands is equal to 76.0°, the angle between 

metal−ligand bonds for opposite ligands, is equal to 141.1° (Table S4), the average 

metal−ligand bond lengths is equal to 2.420 Å (Table S2) and the average edge length is 

equal to 2.974 Å (Table S5), leading to a ratio average edge length on average metal-

ligand bond length equal to 1.229. The extended view of the unit cell (Fig. 4b) shows that 

[CaF5(H2O)3] SAP are connected one another forming dimers via edge-sharing of two 

water molecules (Ca-O2 = 2.568 Å, O2-O2 = 2.952 Å). The third water molecule within 

[CaF5(H2O)3] SAP forms a terminal Ca-O1 bond (2.436 Å), which is H-bonded by H2 with 

one of the terminal F atom (F5) of TiF6 octahedra: H2-F5 = 1.896 Å, O1-F5 = 2.753 Å and 

O1-H2-F5 = 142.9°. Indeed, there is in CaTiF6(H2O)2 a fairly dense H-bonding network 

(Fig. 6) considering the number of potential donors (6 F and 2 O atoms) and acceptors (4 

H atoms). There are in fact seven O–H∙∙∙Y (Y = F, O) contacts with angle larger than 120° 
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and H∙∙∙Y distances smaller than the sum of H (1.20 Å) and Y (O: 1.52 Å; F: 1.47 Å) van der 

Waals radii [51] (Table 3). While among the Y atoms, F5 is the only one engaged in three 

contacts satisfying these criteria, except H4, each H atom is engaged in two contacts 

satisfying these criteria and therefore likely to form H-bonds with two different Y atoms 

in the course of time, keeping in mind the rotational movement of water molecules 

enabling formation and breaking of these H-bonds. Among these seven contacts, O1–

H2∙∙∙F5 is likely to give the strongest H-bond, since “the closer the angle is to 180°, the 

stronger the H-bond and the shorter the H···Y distance” [52]. Hence, the structure of 

CaTiF6(H2O)2 is built of dimers [Ca2F10(H2O)4] of [CaF5(H2O)3] SAP. Each SAP is connected 

to five different TiF6 octahedra by F1-4 and F6 atoms (Fig. 4). The only F atom which does 

not bridge TiF6 octahedra and [CaF5(H2O)3] SAP, F5, is strongly H bonded to a proton of 

the water molecule which not connects two SAP.

Fig. 6. Perspective view of the crystal structure of CaTiF6(H2O)2 on which the atoms are 

labeled and the H-bonds represented as brown dotted line.
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Table 3. Geometries (Å, °) of the O–H∙∙∙Y (Y = F, O) contacts with angle larger than 120° 

and H∙∙∙Y distances smaller than the sum of H (1.20 Å) and Y (O: 1.52 Å; F: 1.47 Å) van der 

Waals radii in the EXP and in the APO (in italic) structures of CaTiF6(H2O)2.

O–H∙∙∙Y O–H H∙∙∙Y O∙∙∙Y O–H∙∙∙Y

O1–H2∙∙∙F2 0.991 2.554 3.251 127.1

O2–H3∙∙∙F4 0.990 2.170 3.065 149.4

O1–H1∙∙∙F1 0.990/0.976 2.567/2.485 3.456/3.195 134.5/129.4

O2–H3∙∙∙O1 0.990/0.992 2.334/1.838 3.022/2.816 126.0/167.6

O1–H1∙∙∙F5 0.990/0.976 2.495/2.550 3.233/3.369 131.0/141.5

O1–H2∙∙∙F5 0.991/0.991 1.896/1.685 2.753/2.670 142.9/172.2

O2–H4∙∙∙F5 0.990/0.982 2.006/1.893 2.820/2.796 137.9/151.5

Table 4. Average, minimal (Min), maximal (Max) and standard deviation () of the 

average Ti-F bond lengths, <dTi-F> (Å) and of the BVS for Ti calculated using Rij = 1.760 Å 

[25] and (in italic) using the revised Rij value, Rij = 1.706 Å, of the 133 considered TiF6 

octahedron.

Average Min Max 

<dTi-F> 1.865 1.790 1.907 0.013

BVS (Rij = 1.760 Å) 4.62 4.05 5.07 0.12

BVS (Rij = 1.706 Å) 4.00 3.50 4.38 0.10

3.3. Revised bond valence parameters for the Ti4+/F- ion pair

A significant difference between the atomic valence (oxidation state) and BVS values 

for a given crystal structure (as observed in Table 2 for CaTiF6(H2O)2 can be the result of 

either a poorly determined structural model or poorly determined BV parameters. Some 

BVS calculations on previously published crystal structures of fluorotitanates quickly 

showed that the BV parameters for the Ti4+/F- ion pair almost systematically lead to 

overestimated BVS values for Ti.

In order to calculate the accurate BV parameters for the Ti4+/F- ion pair, experimental 

Ti-F bond lengths were extracted from crystal structures deposited in the CSD [21] and 
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the ICSD [45]. 70 structures that fulfilled the following criteria were selected for 

calculations: (1) the oxidation number of Ti is equal to IV; (2) only F atoms are bounded 

to Ti; (3) structures are precisely determined (R ≤ 0.05); (4) the occupancies of F and Ti 

atomic positions are equal to 1. Chemical formula, reference, ICSD code and/or CSD 

deposition number and/or CSD identifier, average Ti-F bond lengths (Å) for each TiF6 

octahedron (Ti site), BVS for Ti calculated using Rij = 1.760 Å and b = 0.37 [25] are given 

as supplementary material in Table S6. The BVS values range from 4.05 to 5.07 and are 

in average equal to 4.63 (Table 4). 

In these 70 structures, the 134 Ti sites are six fold coordinated by F atoms forming TiF6 

octahedra. For such ion pairs with a single coordination number, i.e., with a narrow range 

of individual BV values, vij, a refinement of both the Rij and b parameters is not required. 

Indeed, the b parameter remains equal to its “universal” value of 0.37 Å. Only the Rij 

parameter has then been refined with the constraint that the average Ti BVS is equal to 

its oxidation state (atomic valence), i.e., 4.00. This condition is fulfilled for a value of Rij 

equal to 1.706 Å (Table 4).

The BVS calculated with this refined Rij value for F (ranging from 1.00 to 1.03) and Ti 

(4.27) atoms in CaTiF6(H2O)2 are closer to the values of their oxidation states (Table 2).

3.4. 19F and 1H MAS NMR 

The TiF6 octahedron features six independent crystallographic F sites with an 

equivalent multiplicity (4e). Five F atoms are corner-shared with Ca polyhedra, while F5 

is terminal and H-bonded with water molecules of the CaF5(H2O)3 SAP. The 19F MAS NMR 

spectrum of CaTiF6(H2O)2, fitted with six NMR resonances (Fig. 7) of similar intensities 

(Table 5), supports the structural model (Table S1) and points to the distinction of the 

six crystallographic F sites. The NMR lines are symmetrical which shows the absence of 

hydroxylation of the F sites. Several weak lines not assigned to the compound reveal the 
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presence of a small amount of fluorinated impurities, including CaF2 (iso = -108 ppm [33]). 

They contain 2.0 % of the 19F nuclei of which slightly more than half in CaF2. The 19F iso 

values of the NMR resonances assigned to CaTiF6(H2O)2 range from 45.5 to 105.0 ppm 

and are then representative of non-bridging (two TiF6-yXy octahedra) F atoms in 

fluorotitanates [6,53–59] or terminal F atoms in hydroxyfluorinated anatase [43] (Table 

6). CaTiF6(H2O)2 presents a fairly wide range of 19F iso values which may seem surprising 

at first sight since five out of the six F atoms, those bridging TiF6 octahedra and 

[CaF5(H2O)3] SAP, have similar environments with respect to titanium and calcium (Table 

S2). It can be explained by the high sensitivity of the 19F iso values to the Ti-F bond length 

of F atoms bonded to a single Ti atom, as shown on Fig. 8, and as observed for the terminal 

F atoms of TiF4 whose 19F iso values are spread over 57 ppm while the F-Ti bond lengths 

differ at most by 0.016 Å [60]. In both cases, as expected, the 19F iso values increases when 

the Ti-F bond length decreases. 
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Fig. 7. (a) Experimental (blue line) and fitted (dashed red line) 19F MAS (64 kHz) NMR 

spectra of CaTiF6(H2O)2, (b) individual resonances used for the fit (see Table 5). Inset: 

zoom on the isotropic lines. Arrows and stars indicate unidentified and CaF2 impurities 

and spinning side bands, respectively.

Table 5. 19F isotropic chemical shifts, iso (ppm), chemical shift anisotropy, csa (ppm), 

asymmetry parameter of the CSA tensor, csa, full width at half-maximum, fwhm (ppm), 

and relative intensities, I (%), of the NMR lines used for the reconstruction of the 19F MAS 

(64 kHz) NMR spectrum of CaTiF6(H2O)2 (Fig. 7).

Line iso (±0.5) csa (±20) csa (±0.2) fwhm (±0.1) I (±1.0)

L1 45.5 -217 0 4.1 17.1

L2 55.7 -223 0 4.0 16.2

L3 64.2 -234 0 4.3 18.4

L4 84.9 -253 0.18 4.4 15.2

L5 98.8 -274 0.03 4.9 15.8

L6 105.0 -272 0 5.6 17.3
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Table 6. 19F isotropic chemical shifts, iso (ppm), of non-bridging (two TiF6-yXy octahedra) 

F atoms in fluorotitanates and terminal F atoms in TiF4 and hydroxyfluorinated anatase 

and correlations between experimental iso values and calculated iso values.

Compound iso Correlation reference

K2TiF6 71.4 [54]

(NH4)0.16K1.84[Ti2F2(PO4)2(PO3OH)] 78.9 [55]

[H4tren]∙(TiF4.6(OH)1.4)2∙2.7H2O 78.2 to 81.6 [56]

α-[H3tren]∙(TiF4.7(OH)1.3)∙(F) 78.8 & 78.9

β-[H3tren]∙(TiF4.5(OH)1.5)∙(F): 75.8 to 80.6

(C2H5N4)2TiF6 76 [57]

[H2taz]2·(Ti5O5F12) 101.9 iso = -0.97 iso + 67.5 [53]

[H2gua]2·(Ti5O5F12) 92

trans-Zn3TiF7(H2O)2(taz)3·3H2O 75.2 iso = -0.82 iso + 92 [58]

trans-Zn3TiF7(taz)3 79.1

cis-Zn3TiF7(H2O)2(taz)3·C2H5OH 79.9

cis-Zn3TiF7(taz)3 44.2

[Cu(bpy)2(H2O)]2[TiF6]2·3H2O 83.0 & 93.3 [6]

K16[Mo3O4F9]2[TiF6]3·2H2O 69 & 97, 71 & 37 iso = -0.834 iso + 68 [59]

TiF4 422-480 iso = -1.13 iso + 63 [60]

Ti0.78□0.22O1.12(OH)0.48F0.40 98 [43]
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Fig. 8. Experimental 19F δiso values vs F-Ti bond lengths in CaTiF6(H2O)2. The dashed black 

line represents the linear regression.

The absolute values of chemical shift anisotropy (-230 to -270 ppm) are, as expected, 

in between those of bridging (-147 to -180 ppm) and terminal (-546 to -611 ppm) F atoms 

in TiF4 [60].

3.5. NMR modelling parameters 

To assign the 19F resonances to the F crystallographic sites, the 19F magnetic shielding 

tensors have been calculated, using the GIPAW method [17,18] implemented in the NMR-

CASTEP code [29,30], for the EXP and APO structures (Table 7). NMR lines were ranked 

in increasing order of experimental δiso values, F atoms were ranked in decreasing order 

of calculated iso values and these couples of values are plotted in Fig. 9. An almost perfect 

alignment is obtained for the iso values computed from the EXP structure. The correlation 

is significantly poorer with iso values calculated from the APO structure. Moreover, EXP 

and APO structures lead to different NMR line assignments to F sites and the agreement 

between the experimental and calculated 19F csa (= - csa) values (Table 7) is better for 
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the EXP than for the APO structure, for which the csa values seem to be overestimated. 

Similar results were obtained with VASP (Table S7 and Fig. S1). Other optimizations 

(partial APO using CASTEP, APO and FO optimizations with and without using the semi-

empirical DFT-D3 approach [39] using VASP) have been performed without any 

improvement of the correlation between computed iso values and experimental iso 

values (not shown). 

Table 7. 19F calculated σiso (ppm), δiso,cal (ppm), csa (ppm) and csa values of the F sites in 

the EXP and APO structures of CaTiF6·2H2O, using CASTEP, and experimental δiso,exp 

(ppm), δcsa,exp (ppm) and csa,exp values of the NMR lines of CaTiF6(H2O)2. The F sites are 

assigned to the NMR lines by ranking the F sites in decreasing order of their 19F calculated 

σiso values and the NMR lines in increasing order of their experimental iso values. The 19F 

δiso,cal have been calculated by applying the equations of the linear regressions between 

the calculated iso values of the F sites in the EXP and APO structures and the iso,exp values, 

i. e., δiso,cal = -0.612 σiso + 100.6 and δiso,cal = -0.974 σiso + 88.4 (Fig. 9), respectively.

F site Structure iso iso,exp iso,cal csa csa,exp csa csa,exp

F4 EXP 86.4 45.5 (L1) 47.7 209 -217 0.14 0

APO 15.0 84.9 (L4) 73.7 279 -253 0.25 0.18

F1 EXP 74.1 55.7 (L2) 55.2 233 -223 0.05 0

APO 37.6 45.5 (L1) 51.8 258 -217 0.04 0

F2 EXP 62.5 64.2 (L3) 62.3 232 -234 0.15 0

APO 27.7 61.4 261 0.12

F6 EXP 26.6 84.9 (L4) 84.3 277 -253 0.09 0.18

APO -7.2 98.7 (L5) 95.4 313 -274 0.06 0.03

F3 EXP 4.4 98.7 (L5) 97.9 304 -274 0.08 0.03

APO -23.6 105.0 (L6) 111.3 333 -272 0.09 0

F5 EXP -9.8 105.0 (L6) 106.6 294 -272 0.19 0

APO 28.7 55.7 (L2) 60.4 258 -223 0.05 0
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Fig. 9. Experimental 19F δiso values, ranked in increasing order, versus calculated 19F iso 

values, using CASTEP, ranked in decreasing order, for the EXP (at the top) and the APO (at 

the bottom) structures of CaTiF6(H2O)2. The dashed black lines represent the linear 

regressions whose equations are given.

The optimization of the structure leads to a strengthening of some H-bonds (O2-

H3∙∙∙O1, O1-H2∙∙∙F5,...) at the detriment of others (Table 3), to non-negligible atomic 
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displacements (Ca: 0.08 Å; O1: 0.18 Å; F5: 0.13 Å; Table S1), and consequently to 

significant environment changes for some F atoms (Table 8). Thus, it is clear that DFT 

optimizations of this structure involving water molecules and H-bonds do not lead to a 

reliable structural model. This discrepancy between calculated after optimization and 

experimental data is related to the dynamics of the structural water molecules (rotation, 

as well as vibration of the H2O groups) under experimental conditions (at, or close to room 

temperature) that are not captured by the DFT optimized structure at 0 K. To adress this, 

it is necessary to take into account thermal motions of atomic nuclei, through, for instance, 

snapshots of ab-initio molecular dynamic simulations [61] at 300 K. This is outside the 

scope of this study but would be worth testing in the future.

Table 8. Interatomic distances (Å) between F atoms and their first neighbors in the EXP 

and CASTEP APO structures of CaTiF6(H2O)2 CaTiF6·2H2O.

EXP APO EXP APO
F1 Ti 1.837 1.898 F2 Ti 1.854 1.897

Ca 2.341 2.346 Ca 2.326 2.325
H1 2.567 2.485

F3 Ti 1.797 1.861 F6 Ti 1.830 1.861
Ca 2.436 2.426 Ca 2.331 2.329

F4 Ti 1.876 1.878 F5 Ti 1.803 1.899
H3 2.170 H2 1.896 1.685
Ca 2.336 2.319 H4 2.006 1.893
H3 2.539 2.463 H1 2.495 2.550

Finally, the average chemical shift of 1H calculated from the EXP structure is also in 

better agreement with the experimental data (Table 9). The reconstruction of the 1H MAS 

NMR spectrum of CaTiF6(H2O)2, consisting of a main broad line at about 4.6 ppm (Fig. S2, 

Table S8), allows determining the 1H weighted average isotropic chemical shift (4.66 

ppm) of the NMR line assigned to H2O groups. Due to the over-strengthening of the H-
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bonds involving H2 and H3, the weighted average calculated 1H iso value is larger for the 

APO structure than for the EXP one and higher than the average experimental value.

Table 9. 1H calculated iso (ppm) values using CASTEP, δiso,cal (ppm) values of the H sites 

in the EXP and APO structures of CaTiF6(H2O)2 and average value of the 1H δiso,cal values 

for each structure. The 1H δiso,cal values have been calculated by applying the equation : 

δiso,cal = - iso + σref with σref = 31.0 ppm [40].

Structure EXP APO

H site iso iso,cal iso iso,cal

H1 27.65 3.35 28.27 2.73

H2 26.32 4.68 24.41 6.59

H3 26.46 4.54 24.01 6.99

H4 26.15 4.85 26.10 4.90

<iso,cal> 4.36 5.30

We then retain the assignment of the F sites to the 19F NMR lines deduced from the EXP 

structure. The almost perfect alignment obtained for the plot of the computed 19F iso 

values as a function of the experimental iso values (Fig. 9) demonstrates the accuracy of 

the EXP structure and provides a reliable assignment. The absolute value of the slope of 

the linear regression is significantly lower than 1, the theoretical value, and also lower 

than the other absolute values of slopes previously determined for titanium fluorides 

(Table 6). On the other hand, with the APO structure, the absolute value of the slope is 

close to 1 (Fig. 9). The smaller absolute value of the slope for the EXP structure compared 

with the APO structure results from the larger range of 19F iso values related to shorter 

and more scattered values of F-Ti bond lengths. The optimization has the well-known 

effect of minimizing the radial and angular distortions within the polyhedra and the GGA 

with the PBE overestimates the bond lengths. A smaller range of 19F iso values and 

consequently a larger absolute value of the slope is then obtained for the APO structure. 
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Although the F-Ti bond lengths are therefore likely to be a little too scattered in the EXP 

structure, the latter seems to better describe the crystal structure of CaTiF6(H2O)2. 

4. Conclusions

CaTiF6(H2O)2 adopts the same crystal structure that SrTiF6(H2O)2. It crystallizes in the 

monoclinic space group P2/n with cell lengths a = 5.87976(14) Å, b = 10.8546(3) Å, c = 

9.5096(3) Å and  = 98.9869(8)°. Its structure is built from the connectivity of dimers 

[Ca2F10(H2O)4] of distorted SAP [CaF5(H2O)3] and TiF6 octahedra. Each SAP is connected 

to five different TiF6 octahedra by F1-4 and F6 atoms. The remaining F5 atom is strongly 

H-bonded to a proton of the water molecule which not connects two SAP. 

The 19F NMR spectrum of CaTiF6(H2O)2 supports the structural model containing six F 

sites of same multiplicity. To assign the 19F NMR resonances to the F crystallographic sites, 

the 19F magnetic shielding tensors have been calculated, using the GIPAW method. The 

plot of the experimental 19F δiso values (ranked in increasing order), as a function of the 

calculated 19F iso values (ranked in decreasing order), shows an almost perfect alignment 

for the EXP structure, demonstrating its accuracy and providing a reliable assignment of 

the 19F resonances to the F sites. Whereas the dynamics of the structural water molecules 

under experimental conditions are not captured by the DFT APO structure, leading to a 

poorer quality of the calculations, the EXP structure provides a good account of the 

experimental data. The EXP structure better reflects in average the atomic positions. 

The BV parameters for the Ti4+/F- ion pair (Rij = 1.760 Å and b = 0.37 Å) almost 

systematically lead to overestimated BVS values for Ti, CaTiF6(H2O)2 being not one of the 

exceptions. The value of Rij has been refined with the constraint that the average Ti BVS 

is equal to its oxidation state, i.e., 4.00 (b remaining equal to its “universal” value) thanks 

to experimental Ti-F bond lengths from 70 carefully selected structures containing 134 Ti 

sites forming TiF6 octahedra. This condition is fulfilled for a value of Rij equal to 1.706 Å 
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for which the BVS values range from 3.50 to 4.38 whereas before refinement they ranged 

from 4.05 to 5.07 and were, in average, equal to 4.63.
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