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Abstract: S = 1 /2 kagome lattice antiferromagnets (KLAFs) have attracted great interest since they are 

closely associated with the long-sought quantum spin liquid (QSL) state. The realization of S = 1/2 KLAF 

remains an outstanding challenge and efforts have focused principally on Cu2+, d9 compounds. Herein, 

the synthesis of the first structurally perfect d1 KLAF, (CH3NH3)2NaTi3F12, is presented. The trivalent 

oxidation state and the Jahn-Teller distortion of Ti3+ ions are probed by single crystal X-ray diffraction, X-

ray photoelectron spectroscopy, and UV-vis-NIR diffuse reflectance. No structural phase transitions can 

be observed from 1.8 K to 523 K. However, a glass transition can be observed due to the disordered, 

interlayer CH3NH3+ cations. The Curie-Weiss temperature, θcw= -139.5(7) K, and the lack of long-range 

ordering in magnetic susceptibility and specific heat imply that this compound is a QSL candidate. 

 
Geometrically frustrated magnets have been studied extensively due to their potential for engendering 

unusual magnetic and electronic states.1 The kagome lattice, which is composed of a planar array of the 

corner-sharing triangles, is one of the most geometrically frustrated lattices.2 Several S > 1/2 kagome 

lattice magnets have been synthesized,3-6 and novel magnetic behaviors such as spin chirality are realized 

in these compounds due to the strong magnetic frustration.7,8 The S = 1/2 kagome lattice antiferromagnet 

(KLAF) is of particular interest since it can host the long-sought quantum spin liquid (QSL) state.9,10 

However, the experimental realization of S = 1/2 KLAF is not trivial. 

Syntheses of several S = 1/2 KLAFs have been developed, but none of these compounds have a 

perfect 2D kagome lattice. Herbertsmithite, ZnCu3(OH)6Cl2, with perfect Cu2+-based kagome lattice layers, 

is a prime QSL candidate compound.11,12 Nevertheless, more than 5% of the interlayer Zn2+ sites between 

layers are occupied by Cu2+, which potentially break the magnetic two-dimensionality.13,14 Distortion of the 

kagome lattice is another problem that several S = 1/2 KLAFs present. In BaCu3V2O8(OH)2, two 

inequivalent Cu2+ sites and Cu–Cu distances are observed in each triangular unit which is proposed to 

lead to the transition to the spin-glass state at 9 K instead of a QSL state.15,16 Apart from these Cu2+ based 

compounds, a rare d1 ion based KLAF, [NH4]2[C7H14N][V7O6F18], has been synthesized by an ionothermal 

method.17 Despite the QSL behaviors observed in this compound, the weakly-interacting V3+ ions between 

the layers and the two different V4+–V4+ distances observed in the kagome layers lead to deviation in this 

compound from a perfect S = 1/2 KLAF.18 Therefore, the synthesis of perfect S = 1/2 KLAF remains an 

open challenge.  

Historically, S = 1/2 KLAFs are mainly based on d9, Cu2+ ion. Ions with d1 configurations, such as Ti3+ 

or V4+, have attracted less attention – ostensibly due to the greater redox instability of these ions.19 

Trivalent titanium, d1, Ti3+, is potentially attractive for the design of quantum magnetic materials since it 

has substantially smaller spin-orbit coupling (0.0153 μm-1 in comparison to Cu at 0.0829 μm-1).20,21 

Additionally, the Jahn-Teller distortion of the coordination octahedra is expected to be compressive in 

contrast to d9 ions and presents unique design opportunities.21 It is notable that the synthesis of several 
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air-stable trivalent titanium fluoride compounds have been reported which suggest that the fluoride ligand 

might be important for the stabilization of trivalent titanium in aqueous synthetic conditions.22-24 This 

hypothesis has been further supported by a recent study on three strongly distorted KLAFs, Rb2NaTi3F12, 

Cs2NaTi3F12, and Cs2KTi3F12.25 The experimental and theoretical studies suggest that such distorted S = 

1/2 KLAFs compounds possess magnetic behaviors bridging one-dimensional and two-dimensional 

behaviors.21,25 Nonetheless, this group of compounds provides a structural template, A2BTi3F12, for 

designing Ti3+ based KLAFs. 

Herein, a Ti3+ based, structurally perfect KLAF, (CH3NH3)NaTi3F12 (1-Ti), has been synthesized by a 

hydrothermal method. One distinct Ti3+ site is found in the kagome lattice layer, and the distances between 

the nearest-neighboring Ti3+ are all 3.8523(1) Å. The trivalent oxidation state of the titanium and the 

compressive Jahn-Teller distortion are demonstrated by room temperature single crystal X-ray diffraction 

(SCXRD), X-ray photoelectron spectroscopy (XPS) and UV-vis-NIR diffuse reflectance spectra (UV-vis-

NIR DRS). The Ti3+-based kagome layers are well-separated by Na+ ions and disordered 

methylammonium cations, CH3NH3+ (MA+). The thermal behavior of 1-Ti is studied by low-temperature 

SCXRD, differential scanning calorimetry (DSC), and specific heat measurements. No phase transition is 

observed from 1.8 to 523 K. The DSC measurement also suggest that the MA+ exhibit a glassy behavior 

with decreasing temperature. The Curie-Weiss temperature, θcw= -139.5(7) K indicates a strong 

antiferromagnetic interaction between spins. No spin ordering is observed down to 1.8 K based on the 

magnetic susceptibility and specific heat measurements, which suggest that this compound is a QSL 

candidate. Less than 5% of magnetic impurities are observed based on the isothermal magnetization 

measurement. 

 
Results and discussion 
Synthesis and structural analysis. Compound 1-Ti was prepared hydrothermally by mixing Ti powder, 

HPF6 aqueous solution, NaF, and CH3NH2·HCl in deionized water.26 The reaction vessel was sealed 

immediately after the addition of HPF6 (gas evolution was observed immediately upon addition) and 

heated at 363 K for 42 hours and then cooled to room temperature at a rate of 0.5 K / minute. The use of 

Ti powder instead of a soluble Ti3+ precursor is crucial for the synthesis of 1-Ti, since the hydrogen gas 

generated by the reaction between Ti0 and HPF6 delays the oxidation of Ti3+ to Ti4+ under the reaction 

conditions. In a control experiment, the reaction vessel was sealed 30 minutes after the addition of HPF6 

(and the evolved H2 was not contained) and no trivalent titanium product was found after the reaction. The 

monovalent cations were carefully selected. The methylammonium cation, a widely-used multiatomic 

monovalent cation in organic-inorganic hybrid perovskite, was introduced to the reaction systems since 

the MA+ is larger compared to the alkali metal cations and the hydrogen in MA+ can form the strong H–F 

hydrogen bonds.27,28 Control experiments with larger alkyl and aryl ammonium cations such as 

dimethylamine and aniline give no crystalline phases. 

Pink single crystals of 1-Ti with dimensions of ~ 0.09 mm × 0.06 mm × 0.04 mm were isolated for 

SCXRD at 298 K (Fig. S1). The 1-Ti crystallizes in the trigonal space group R3"m. One distinct Ti3+ site 
can be found in the 1-Ti (Fig. 1a). The Ti3+ ion is surrounded by four equatorial fluoride ligands with Ti–F 

bond length of 2.0137(4) Å and two axial fluoride ligands with Ti–F bond length of 1.8900(10) Å. The bond 

valence sum (BVS) calculation yielded the valence of 3.097 based on the Ti3+ parameters (Rij = 1.723, b 

= 0.37 Å) but 3.422 based on the Ti4+ parameters (Rij = 1.76, b = 0.37 Å) in 1-Ti.29,30 These BVS results 

indicate that the titanium in 1-Ti is formally Ti3+. The distortion of the octahedral environment can be 

assigned as a compressed Jahn-Teller distortion which leads to a local D4h point group symmetry for the 
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Ti3+ with a d1 electron configuration.31 The fluoride ligands bridge Ti3+ ions to form a perfect kagomé lattice 

composed of {Ti3F6} triangles (Fig. 1b). All the bond angles ÐTi-F-Ti equal 146.09(4)° and distances 
between nearest-neighbor Ti3+ ions are equal to 3.8523(1) Å. Regular hexagons and equilateral triangles 

composed of Ti3+ ions can be found in the layer with all internal angles in the kagome layer are equal to 

either 60° or 120°. The powder X-ray diffraction (PXRD) pattern simulated from the 298 K SCXRD result 

matches well with the experimental PXRD pattern at 298 K (Fig. S3) which indicates the bulk purity of the 

product. 

 

Figure 1. (a) The coordination environments of TiF63- in 1-Ti. (b) The {Ti3F6} kagome lattice layer in 1-Ti viewed 

parallel to the crystallographic c-axis. (c) Demonstration of the interlayer Na+ and MA+ in 1-Ti, one of the three 

equivalent nitrogen sites is shown for each MA+ (the position of nitrogen sites are chosen randomly to display 

the nitrogen positional disorder in MA+). (d) Demonstration of the N-H…F hydrogen bond between {Ti3F6} kagome 

lattice layer and the MA cation in 1-Ti. All three positions of the MA cation are shown to demonstrate the disorder 

model. Hydrogen atoms are omitted for clarity except in (d). C1 atom sites are omitted in (c) and (d). 

 

Sodium and methylammonium cations are located between the titanium fluoride layers (Fig. 1c). One 

distinct Na+ site ligated by six fluoride ligands in perfect octahedral geometry with all the Na-F bond length 

of 2.3082(10) Å is found in 1-Ti. The MA cations are disordered in 1-Ti and can be resolved with an 

appropriate disordered model (Fig. S2). The positions of carbon atom in the MA+ are reduced to two parts, 

C0 and C1. The C0 position with carbon occupancy of 1/2 is located right above and below the center of 

the titanium hexagon, which is also on the 3-fold inversion axis. The C1 position is not on the 3-fold axis 

or the mirror plane. Therefore, the C1 represents six symmetrically equivalent positions with each position 
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has a carbon occupancy of 1/12. The nitrogen atom is located on the mirror plane but not the 3-fold 

inversion axis. As a result, the nitrogen atoms occupy three symmetrically equivalent positions with atom 

occupancy of 1/3 for each site. The distance between the axial fluoride ligating to titanium and its nearest 

hydrogen atom from NH3 group is 2.1828(8) Å which is within the range of the H-F hydrogen bonding 

distance (Fig.1d). Therefore, the orientation of the methylammonium cations in 1-Ti could be attributed to 

the formation of the strong H-F hydrogen bonds between the -NH3 groups and the fluoride ligands.32  
 

Spectroscopic analysis of 1-Ti. The trivalent oxidation state of titanium in 1-Ti derived from the charge 

balance and the BVS calculations was further established spectroscopically, since the oxidation state of 

titanium cations can vary from +2 to +4 in similar conditions.33 The high-resolution XPS Ti 2p spectrum of 

1-Ti is shown in Fig 2a. The spectrum is resolved into three peaks. The peaks centered at 459.9 eV and 

465.7 eV can be assigned as Ti 2p3/2 and Ti 2p1/2 respectively which matched well with binding energies 

of Ti3+ in TiF3 (459.9 eV for Ti 2p3/2 and 465.5 eV for Ti 2p1/2).34 The full width at half maximum for Ti 2p1/2 

is much broader than Ti2p3/2, which can be attributed to the Coster-Kronig effect.35 The peak centers at 

472.1 eV can be assigned as shake-up satellites of Ti3+ in (TiF6)3- environment.34 Fitting the data with the 

inclusion of Ti4+ peaks (~466.9 eV for Ti 2p1/2 and ~461.6 eV for Ti 2p3/2) result in a poor fitting result which 

indicates that almost no Ti4+ can be probed on the surface of 1-Ti compounds.34 Since XPS probes the 

electronic state of elements on the surface of the sample (a few nanometers),36 the XPS results 

demonstrate the predominance Ti3+ in the sample despite the increased potential for surface oxidation by 

O2 in comparison to the bulk Ti3+ in the sample. 

 

Figure 2. (a) High-resolution XPS Ti 2p spectrum of 1-Ti. (b) UV-vis-NIR diffuse reflectance spectra of 1-Ti, 

KTiF4, and Na3TiF6. Inset: Hypothesized local 3d orbital splitting diagram in 1-Ti based on the UV-vis-NIR data. 

 

The UV-vis-NIR DRS range from 200 nm to 2600 nm was employed to study oxidation state and the 

d-orbital splitting of trivalent titanium in 1-Ti. Ten peaks can be observed in 1-Ti spectrum (black line in 

Fig. 2b). UV-vis-NIR DRS spectra of Na3TiF6 and KTiF4 (red and blue lines in Fig. 2b) and CH3NH2·HCl 

(Fig. S9) were used as references to assign these peaks. The absorption below 400 nm can be ascribed 

to ligand to metal charge transfer.31 The absorptions at 481 and 728 nm can be assigned as the d-d 

transitios, which are also observed in KTiF4 and Na3TiF6. The Jahn-Teller compression causes the splitting 

of the t2g and eg to four different energy levels as shown in the inset of Fig. 2b and lead to two absorptions 

in the visible region, 2B2g → 2B1g (728 nm) and 2B2g → 2A1g (481 nm). The position of these maxima in the 

spectrum of 1-Ti are closer to the maxima in the spectrum of KTiF4 than those observed in the spectrum 

of Na3TiF6, since the Ti3+ polyhedral in KTiF4 and 1-Ti exhibit stronger Jahn-Teller compression in 
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comparison to Na3TiF6.31  The six maxima at lower energy in 1-Ti (1578, 1628, 2095, 2215, 2300 and 

2484 nm) are similar to those observed in CH3NH2·HCl and can be ascribed as the characteristic 

absorption of the methylammonium cations.37 A shoulder peak has been observed around 1930 nm in 1-
Ti which can be found in CH3NH2·HCl, KTiF4 and Na3TiF6 spectra and may be attributable to the 2B2g → 
2Eg transition. 

 

Thermal behavior of 1-Ti. Several Cu2+ based KLAFs, Cs2MCu3F12 (M = Zr, Hf, and Sn), which share 

similar crystal structure as 1-Ti at room temperature, and a recently reported divalent titanium KLAF, 

Na2Ti3Cl8 experience phase transitions from perfect kagome lattices in the R3"m space group to distorted 
kagome lattices.38-40 Therefore, low-temperature SCXRD, DSC, and specific heat measurement were 

used to exclude the existence of structural phase transition of 1-Ti. The single crystal structure of 1-Ti at 

100 K is very close to crystal structure at 298 K. The R3"m space group and the perfect kagome lattice are 
maintained at 100 K, and the position of each atom are nearly identical at the two temperatures, as shown 

in Table S1 and S2. The stability of this phase is further confirmed by variable temperature PXRD 

measured from 300 K to 673 K (Fig. S4), DSC measured from 183 K to 363 K (Fig. 3a) and specific heat 

measured from 1.8 K to 273 K (Fig 3b). The combination of no changes in PXRD patterns up to 523 K, 

and the absence of a sharp peak in DSC and specific heat indicate that no phase transition exists from 

1.8 K to 523 K. It is noticeable that sudden changes of slope can be observed in both cooling curve and 

the heating curve of the DSC around 200 K and the entire phenomenon is shifted to lower temperature 

when the temperature scanning rates are decreased. These behaviors match well with a glass transition 

phenomenon, and the existence of glass transition is further supported by the observation of an anomaly 

in the heat capacity around 220 K (Fig 3b).41 Therefore, we hypothesized that the nitrogen atoms in MA+ 

move freely amongst the three crystallographic equivalent nitrogen sites while the carbon atoms move 

slightly around C0 and C1 positions above the glass transition temperature (around 200 K). This 

reorientation motions freezes below the transition temperature and lead a random distribution of carbon 

and nitrogen based on the disordered model for MA+ below the glass transition. The glass transition in 1-
Ti is distinct from the frozen behavior that commonly observed in similar organic-inorganic hybrid 

materials.42,43  

 

 
Figure 3. (a) DSC curves for 1-Ti, blue dots represent the cooling curve, and the red dots represent the heating 

curve (temperature range from 183 K to 363 K, scanning rate: 5 K / min and 10 K / min). (b) Temperature 

dependence of heat capacity Cp in 1-Ti from 160 K to 273 K (high-temperature range). Inset: Temperature 

dependence of heat capacity Cp in 1-Ti from 1.8 K to 200 K (low-temperature range). 
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Physical properties measurement. The magnetic susceptibility measurement of 1-Ti was performed at 

several magnetic fields (0.1 to 7.0 T) from 1.8 K to 300 K (Fig. 4). The absence of divergence between 

field cooling (FC) and zero-field cooling (ZFC) susceptibilities suggests that there is no spin glass state in 

1-Ti. The magnetic susceptibilities of 1-Ti are field-independent at high-temperature but diverge between 

1.8 K to 20 K. In the low-temperature regime, the susceptibility decreases with a higher applied magnetic 

field. However, no long-range ordering is observed with increasing field. The lack of long-range ordering 

can be further supported by the specific heat measurement since no sharp peak is observed down to 1.8 

K (Inset of Fig. 3b).  Fits inverse susceptibility data at high temperature (from 150 K to 300 K) at 0.1 T to 

the Curie-Weiss law yield a negative Curie-Weiss temperature, θcw = -139.5(7) K, which indicate the strong 

antiferromagnetic exchange interactions in 1-Ti (Fig. 4b). This Curie-Weiss temperature is significantly 

lower than the previously reported titanium-based KLAFs, Rb2NaTi3F12, Cs2NaTi3F12 and Cs2KTi3F12 (θcw 

range from -43 K to -47 K), which share similar connectivity to 1-Ti, but are significantly distorted from an 

ideal kagome lattice.25 A comparison of the structural parameters and the magnetic properties between 

these Ti3+ based KLAFs is listed in Table 1.  The effective magnetic moment of μeff = 1.84 μB/Ti3+ is close 

to the theoretical value for spin-1/2 Ti3+ ions (1.73 μB/Ti3+). The dχ-1 / dT remains constant above 40 K but 

increase gradually below 40 K (solid blue line in Fig. 4b), which indicates deviation from Curie-Weiss 

behavior. This deviation suggests the development of short-range antiferromagnetic correlation in 1-Ti, 
which is commonly found in highly-frustrated systems.25,44 Therefore, the absence of long-range ordering 

down to 1.8 K, the strong antiferromagnetic interaction between spins and the deviation from the Curie-

Weiss behavior at low temperature are suggestive for the existence of a QSL state in 1-Ti at low 

temperature. 

 

Figure 4. (a) Temperature dependence of magnetic susceptibility in 1-Ti as measured under ZFC and FC 

conditions under applied magnetic field. (b) Temperature dependence of inverse magnetic susceptibility in 1-Ti 

(left axis, black dots) and the differential susceptibility dχ-1 / dT curves (right axis, blue line) from 1.8 K to 300 K 

at 0.1 T FC condition. The solid red line is the Curie-Weiss fit from 150 K to 300 K. Inset: Temperature 

dependence of inverse magnetic susceptibility from 1.8 K to 25 K in 1-T at 0.1 T FC condition.  

 

The field dependent magnetization up to 14 T at 1.8 K is shown in Fig. 5. The magnetization increases 

rapidly below 8 T. When the field is higher than 8 T, the magnetization becomes linearly dependent on the 

field. The magnetization at 14 T is 0.101 μB/Ti3+ which is far below the value for fully saturated Ti3+ ions 

(1.00 μB/Ti3+ when g = 2.00). The magnetization can be decomposed into the defect (Md) and the intrinsic 

(Mi) contribution and the total magnetization M = Md + Mi. At lower magnetic field (H < 8 T), the Mi = χH 

and the defect magnetization, Md, approaches saturation. The red dashed line in Fig. 5 is the linear fit for 

the data with H > 10 T. The intercept of this line with Y-axis is 0.0459 μB/Ti3+, and the slope is 0.00397 
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μB·T-1/Ti3+. The defect contribution (orange dots) is obtained by subtracting the linear contribution. The 

Brillouin function for 4.59% (when g = 2.00) of free S = 1/2 spins (green dashed line) does not match well 

with the defect contribution which indicates that these defects are not simply the free S = 1/2 paramagnetic 

spins. The existence of S = 1 impurities cannot be ruled out since the Ti2+ could exist in the solid state.33,45 

An inversion point can be observed at 5.4 K (Fig. 4b) and the decrease of slope in the temperature 

dependence inverse susceptibility is found below 5.4 K with lower temperature (inset of Fig. 4b.) Such a 

sudden change of slope at low temperature could originate from these magnetic impurities.44 Nonetheless, 

the percentage of the impurities in 1-Ti (~ 4.6% if S = 1/2 and ~2.3% if S = 1 for the magnetic impurities) 

is smaller than the impurities observed in ZnCu3(OH)6Cl2 (range from 5% to 15%) and should not alter the 

KLAF magnetism in 1-Ti.14  

 

Figure 5. Magnetic field dependence of magnetization (left axis, black dots) and the differential magnetization 

dM / dH (right axis, blue line) in 1-Ti at 1.8 K from 0 to 14 T. The red dashed line is the linear fit magnetization 

curves from 10 T to 14 T. The orange dots are magnetization data after the subtraction of the linear contribution. 

The green short dashed line is the Brillouin function for 4.59% of free S = 1/2 spins when g = 2.00. 

 

Table 1. Comparison between the structural information and the magnetic properties of the 1-Ti and other 

A2BTi3F12 compounds 

Compounds Space 

group 

Distances 

between the 

neighboring 

titanium (Å) 

Bond 

angle of 

ÐTi-F-Ti 

(˚) 

Curie-

Weiss 

temperature 

(K) 

Effective 

magnetic 

moment (μB / 

Ti3+) 

Description of 

the crystal 

structure 

Ref. 

1-Ti R3"m 3.8523(1) 146.09(4) -139.5(7) 1.84 Perfect kagome 

lattice with 

disordered MA+ 

this 

work 

Rb2NaTi3F12 P21/m 3.799 – 3.844 137.1 – 

144.1 

-43 1.73 Kagome lattice, 

largest 

distortion 

23 

Cs2NaTi3F12 P21/m 3.733 – 3.794 139.2 – 

143.5 

-44 1.71 Kagome lattice, 

medium 

distortion 

23 

Cs2KTi3F12 P21/m 3.831 – 3.849 142.0 – 

145.8  

-47 1.74 Kagome lattice, 

smallest 

distortion 

23 
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Conclusions 
In summary, a Ti3+ based structurally perfect KLAF, 1-Ti, was synthesized hydrothermally. A perfect 

kagome lattice with R3"m space group and one distinct Ti3+ site are observed in 1-Ti. The trivalent oxidation 
state and the compressed Jahn-Teller distortion of the trivalent titanium in 1-Ti are demonstrated by the 

SCXRD, XPS, and UV-vis-NIR DRS results. This structurally perfect kagome lattice phase is stable from 

1.8 K to 523 K based on the low-temperature SCXRD, VT-PXRD, DSC, and specific heat measurements. 

The DSC measurement also suggests a glass transition around 200 K in 1-Ti which might originate from 

the interlayer disordered MA+. The Curie-Weiss temperature, θcw = -139.5(7) K, and lack of long-range 

ordering in magnetic susceptibility and specific heat measurement suggest that the 1-Ti is a highly 

frustrated antiferromagnet with QSL behaviors at low-temperature. Importantly for the consideration of 

emergent magnetic phases, less than 5% of magnetic impurities are observed in 1-Ti based on the 

isothermal magnetization measurement at 1.8 K. 
 

Methods 
General methods. All reagents were obtained from commercial suppliers without further purification. 

Deionized water with a resistivity of 18.2 MΩ·cm was used for all synthesis. The hydrothermal reaction 

was carried out in 23 mL Teflon-lined pressure vessels (Parr 4749), which were purchased from Parr 

Instruments. 

 

Synthesis of (CH3NH3)2NaTi3F12 (1-Ti). Single crystals of 1-Ti were synthesized by a conventional 

hydrothermal method. Ti powder (71.8 mg, 1.5 mmol, 100 mesh), NaF (10.5 mg, 0.25 mmol), CH3NH2·HCl 

(33.8 mg, 0.50 mmol), and deionized water (2.0 mL) were premixed in a 23 mL Teflon liner. An HPF6 

aqueous solution (0.44 mL, 60 w/w%) was added to the mixture in Teflon liner, and the stainless-steel Parr 

vessel equipped with the Teflon vessel was sealed immediately. The Parr vessel was put in a pre-heated 

gravity convection lab oven at 363 K for 42 hours under autogenous pressure and then cooled to room 

temperature at a rate of 0.5 K / minute. Pink prismatic crystals were isolated from the liner by vacuum 

filtration, washed with deionized water and ethanol sequentially, and dried in air for 2 hours to afford 45.7 

mg of 1-Ti (yield 21% based on titanium, 42% based on sodium). The bulk purity and the stability of 1-Ti 
in air are confirmed by PXRD as shown in Fig. S3. 

 

Single crystal X-ray diffraction. Single crystals of 1-Ti were adhered to Mitegen loops with paratone oil. 

Data were collected using a XtaLAB Synergy-S  diffractometer equipped with a HyPix detector at T = 

100.00(10) K or 297.5(3) K. Data were measured using ω scans using Mo Kα radiation. The diffraction 

pattern was indexed and the total number of runs and images was based on the strategy calculation from 

the program CrysAlisPro.46 Data reduction, scaling and absorption corrections were performed 

using CrysAlisPro.46 A numerical absorption correction was performed using CrysAlisPro.46 An 

empirical absorption correction as implemented in SCALE3 ABSPACK was also applied.  The structure 

was solved and the space group R3"m (# 166) determined by the ShelXT 2018/347-49. Details of the 
structural refinement are included in the Supplementary Information. 

 

Powder X-ray diffraction. Powder X-ray diffraction patterns were obtained with a PANalytical X’Pert PRO 

Alpha-1 diffractometer using 1.8 kW Ceramic copper tube source at room temperature. The simulations 

of PXRD patterns from SCXRD results are performed by software Crystal Diffract 6. The variable 

temperature PXRD patterns were collected with an Anton Paar XRK hot stage over the range 300 K ≤ T 
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≤ 673 K between 2θ = 10 and 90° on PANalytical Empyrean diffractometer. A stream of nitrogen was 

passed through the hot stage to reduce reactions with ambient air. Each pattern was collected for 10 

minutes to obtain signals with a heating rate of 5 K / min. 

 

UV-vis-NIR diffuse reflectance spectra. UV-vis-NIR diffuse reflectance spectra of the 1-Ti were 

recorded on a UV-vis-NIR spectrophotometer (UH4150, Hitachi) with an integrating sphere attachment 

within the range of 200 – 2600 nm and BaSO4 was used as the reflectance standard. 

 

X-ray photoelectron spectroscopy. X-ray photoelectron spectroscopy data were recorded using a 

Thermo K-Alpha spectrometer with an Al Kα source (hν = 1486.6 eV). The peak fit was conducted in the 

Thermo Scientific TM Avantage software. The adventitious C 1s at 284.8 eV was used as a reference for 

the binding energies as shown in Fig. S8, 

 

Thermal analysis. Thermogravimetric analysis (TGA) measurement was carried out on a Mettler Toledo 

instruments TGA/DSC 3+ in the temperature range of 298 - 673 K with a ramp rate of 3 K / min. The 

differential scanning calorimetry (DSC) measurements were carried out using Mettler Toledo instruments 

TGA/DSC 3+ with the scanning rate of 5 K / min and 10 K / min on cooling/heating in the temperature 

range of 183 – 363 K. The scans were all performed in flowing nitrogen (flow rate: 80 mL / min). 

 

Physical properties measurement. DC magnetic susceptibility measurements and isothermal 

magnetization measurements were performed on the 1-Ti using a Quantum Design physical property 

measurement system (PPMS) vibrating sample magnetometer in a range of magnetic fields 0 ≤ µ0H ≤ 14 

T and temperatures 1.8 ≤ T ≤ 300 K. The Curie-Weiss temperature θcw was derived from the linear fitting 

of data within a certain range with the Curie-Weiss law. The magnetic effective moment, μeff, was derived 

from the following equation, μeff = (8C)1/2. Heat-capacity measurements were carried out on a Quantum 

Design PPMS. The powder measurements were made on pellets of 1-Ti. The low-temperature data was 

measured from 1.8 K to 200 K with Apiezon N grease (The Apiezon N grease cannot be used from 200 K 

to 240 K due to the existence of the step-like anomaly at around 215 K).50 The high-temperature data was 

measured from 160 K to 273 K with Apiezon H grease.  

 

Data availability  
The X-ray crystallographic data for 1-Ti have been deposited at the Cambridge Crystallographic Data 

Centre (CCDC) under deposition number CCDC 1950701 (1-Ti, 100 K) and 1950702 (1-Ti, 298 K). These 

data can be obtained free of charge from The Cambridge Crystallographic Data Centre 

(www.ccdc.cam.ac.uk/data_request/cif). All the other data supporting the findings of this study are 

available within the article and its Supplementary Information. 
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1. Further synthetic details 
 
Synthesis of KTiF4. Single crystals of KTiF4 were synthesized by a hydrothermal 
method. Ti powder (71.8 mg, 1.5 mmol, 100 mesh), KF (58.1 mg, 1.0 mmol) and 
deionized water (2.0 mL) were premixed in a 23 mL Teflon liner. An aqueous solution 
of HPF6 (0.44 mL, 60 w/w%) was added to the mixture in the Teflon liner, and the 
stainless-steel Parr vessel equipped with the Teflon vessel was sealed immediately. 
The Parr vessel was put in a pre-heated, gravity convection oven at 393 K for 18 hours 
under autogenous pressure and then cooled to room temperature at a rate of 0.5 K / 
minute. Pink prismatic crystals were isolated from the liner by vacuum filtration, 
washed with deionized water and ethanol sequentially, and dried in air for 2 hours to 
afford 96.3 mg of KTiF4 (yield 39% based on titanium). Bulk purity of the as-synthesized 
KTiF4 was confirmed by comparing the experimental powder X-ray diffraction (PXRD) 
pattern with the simulated PXRD pattern based on the previously reported 
crystallographic data (Fig. S5).1 
 
Synthesis of Na3TiF6. A powder sample of Na3TiF6 was synthesized by a hydrothermal 
method. Ti powder (95.7 mg, 2 mmol, 100 mesh), Na2(PO3F) (1439.5 mg, 10 mmol) 
and deionized water (4 mL) were premixed in a 23 mL Teflon liner. An aqueous solution 
of HPF6 (0.29 mL, 60 w/w%) was added to the mixture in the Teflon liner, and the 
stainless-steel Parr vessel was sealed immediately. The Parr vessel was put in a pre-
heated gravity convection oven at 393 K for 18 hours under autogenous pressure and 
then cooled to room temperature at a rate of 0.5 K / minute. A purple powder was 
isolated from the liner by vacuum filtrated, washed with deionized water and ethanol 
sequentially, and dried under a vacuum using Schlenk techniques for 30 minutes to 
afford 100.8 mg of Na3TiF6 (yield 22% based on titanium). Bulk purity of the as-
synthesized Na3TiF6 was confirmed by comparing the experimental PXRD pattern with 
the PXRD pattern from the ICDD database (JCPDS card number 26-1491, Na3TiF6) 
(Fig. S6). 
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2. Crystallographic data and analysis 
 

Data collection and structural refinement details. 
Refinement of 1-Ti at 298 K. A pink prism-shaped crystal with dimensions 0.09 × 
0.06 × 0.04 mm3 was mounted on a loop with paratone oil. Data were collected using 
a XtaLAB Synergy-S diffractometer equipped with a HyPix detector at T = 297.5(3) K. 
Data were measured using ω scans using Mo Kα radiation. The diffraction pattern was 
indexed and the total number of runs and images was based on the strategy calculation 
from the program CrysAlisPro.2  The maximum resolution that was achieved was θ = 
37.971° (0.58 Å). The unit cell was refined using CrysAlisPro on 3764 reflections, 66% 
of the observed reflections.2 

Data reduction, scaling and absorption corrections were performed using 
CrysAlisPro.2 The final completeness is 100.00 % out to 37.971° in θ. A numerical 
absorption correction based on Gaussian integration over a multifaceted crystal 
model  was performed using CrysAlisPro.2 An empirical absorption correction using 
spherical harmonics as implemented in SCALE3 ABSPACK was also applied.  The 
absorption coefficient µ of this material is 1.963 mm-1 at this wavelength (𝜆	= 0.711Å) 
and the minimum and maximum transmissions are 0.906 and 0.949. 

The structure was solved and the space group R3$m (# 166) determined by the 
ShelXT 2018/3 structure solution program using dual methods and refined by full 
matrix least squares minimization on F2 using version 2018/3 of ShelXL 2018/3.3-5 All 
non-hydrogen atoms were refined anisotropically. Hydrogen atom positions were 
calculated geometrically and refined using the riding model. 
 
Refinement of 1-Ti at 100 K. A pink prism-shaped crystal with dimensions 0.12 × 
0.09 × 0.08 mm3 was mounted on a loop with paratone oil. Data were collected using 
a XtaLAB Synergy-S diffractometer equipped with a HyPix detector and an Oxford 
Cryosystems low-temperature device operating at T = 100.00(10) K. 

Data were measured using ω scans using Mo Kα radiation. The diffraction pattern 
was indexed and the total number of runs and images was based on the strategy 
calculation from the program CrysAlisPro.2 The maximum resolution that was 
achieved was θ = 40.234° (0.55 Å). The unit cell was refined using CrysAlisPro on 
6854 reflections.2 

Data reduction, scaling and absorption corrections were performed 
using CrysAlisPro.2 The final completeness is 93.90 % out to 40.234° in θ. 
A  numerical absorption correction based on Gaussian integration over a multifaceted 
crystal model  was performed using  CrysAlisPro.2 An empirical absorption correction 
using spherical harmonics as implemented in SCALE3 ABSPACK was also used.  The 
absorption coefficient µ of this material is 1.972 mm-1 at this wavelength (𝜆 = 0.711Å) 
and the minimum and maximum transmissions are 0.904 and 0.997. 

The structure was solved and the space group R3$m (# 166) determined by the 
ShelXT 2018/3 structure solution program using dual methods and refined by full 
matrix least squares minimization on F2 using version 2018/3 of ShelXL 2018/3.3-5 All 
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non-hydrogen atoms were refined anisotropically. Hydrogen atom positions 
were located from the electron densities and refined freely. 
 

 

Figure S1. Crystals of 1-Ti 
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Table S1. Crystal data and structure refinement for 1-Ti at 298 K and 100 K 
Compound  1-Ti 1-Ti-100 K 
Empirical formula (CH3NH3)2NaTi3F12 (CH3NH3)2NaTi3F12 
Dcalc./ g cm-3  2.314 2.324 
m / mm-1  1.963 1.972 
Formula Weight  452.78 452.78 
Colour  Pink Pink 
Shape  Prism Prism 
Size / mm3  0.09 × 0.06 × 0.04 0.12 × 0.09 × 0.08 
T / K  297.5(3) 100.00(10) 
Crystal System  Trigonal Trigonal 
Space Group  R3$m R3$m 
a / Å  7.7046(2) 7.70241(13) 
b / Å  7.7046(2) 7.70241(13) 
c / Å  18.9645(6) 18.8899(3) 
α / °  90 90 
β / °  90 90 
γ / °  120 120 
V / Å3  974.94(7) 970.54(4) 
Z  3 3 
Z'  0.0833 0.0833 
F(000) 651.0 651.0 
Radiation MoKα (𝜆	= 0.71073) MoKα (𝜆	= 0.71073) 
2θ range for data collection(°) 6.446 to 75.942 6.47 to 80.468 

Index Ranges 
-10 ≤ h ≤ 13, -13 ≤ k ≤ 13,  
-31 ≤ l ≤ 32 

-14 ≤ h ≤ 14, -14 ≤ k ≤ 12,  
-34 ≤ l ≤ 28  

Reflections Collected 5694 5810 
Independent Reflections 673 772 
Data/Restraints/Parameters 673/17/33 772/17/34 
Goodness-of-Fit on F2 1.140 1.089 
Final R Indexes [I>=2𝜎 (I)] R1 = 0.0220, wR2 = 0.0606 R1 = 0.0254, wR2 = 0.0637 
Final R Indexes [all data] R1 = 0.0236, wR2 = 0.0611 R1 = 0.0257, wR2 = 0.0638 
Largest Diff. Peak/Hole (e / 
Å3) 0.67/-0.75 1.74/-1.36 
Completeness to 2θ 100% 93.9% 
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Table S2. Atomic coordinates of 1-Ti at 298 K and 100 K (Hydrogen atoms are omitted 
for simplicity) 
Atoms x / a y / b z / c Ueq 
298 K     
Ti1 5/6 2/3 2/3 0.01039(8) 
Na1 1 1 1/2 0.0169(3) 
F1 0.85694(8) 0.71387(16) 0.56840(5) 0.0254(2) 
F2 0.54364(7) 0.45636(7) 0.65330(5) 0.02278(19) 
C0 2/3 1/3 0.4352(5) 0.0449(15) 
C1 0.711(2) 0.358(3) 0.4506(7) 0.0449(15) 
N1 0.5789(4) 0.4211(4) 0.4774(2) 0.0315(9) 
100 K     
Ti1 5/6 2/3 2/3 0.00462(8) 
Na1 1 1 1/2 0.0069(2) 
F1 0.85781(7) 0.71562(14) 0.56784(4) 0.01211(15) 
F2 0.54338(7) 0.45662(7) 0.65277(5) 0.01111(15) 
C0 2/3 1/3 0.4391(4) 0.0212(10) 
C1 0.7075(16) 0.362(2) 0.4494(6) 0.0212(10) 
N1 0.5771(3) 0.4229(3) 0.47797(17) 0.0131(5) 

 

 
Figure S2. The demonstration of the disorder model for CH3NH3

+ with the occupancy 
of carbon or nitrogen sites in the center of the atoms view parallel to the crystallography 
c-axis (left) and viewed perpendicular to the c-axis (right). Carbon atoms are black, 
nitrogen atoms are dark blue, hydrogen atoms are omitted for clarity.  
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Figure S3. Experimental data of fresh sample (black line), sample exposed to air for 
150 days (red line) and the simulated (blue line, simulated from 298 K single-crystal 
X-ray result) PXRD patterns for 1-Ti.  
 

 
Figure S4. Variable temperature PXRD patterns of 1-Ti from 300 K to 673 K. 
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Figure S5. Experimental PXRD patterns (black line) and the simulated (red line, 
simulated from previously reported single-crystal X-ray diffraction result1) PXRD 
patterns for KTiF4 

 

 

Figure S6. Experimental PXRD patterns (red line) for Na3TiF6. Black line: JCPDS no. 
26-1491 (Na3TiF6). 
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3. Fourier-transformation infrared spectroscopy (FT-IR) 
 

Infrared (IR) samples were acquired as powder on a Bruker ALPHA FT-IR spectrometer 
from 400 to 4000 cm-1. The sample was dried under vacuum using Schlenk techniques for 
an hour prior to the FT-IR measurement. Sample measured under ambient conditions. 

 

Figure S7. FT-IR spectrum for 1-Ti. 
 
The assignment of peaks in Fig. S7 is based on literature values.6,7 
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4. X-ray photoelectron spectroscopy (XPS) 
 

 
Figure S8. High resolution XPS C 1s spectra of 1-Ti. 
 
The high-resolution XPS C 1s spectrum of 1-Ti is shown in Fig. S8. The spectrum is 
resolved into three peaks. The peak centers at 284.8 eV can be assigned as 
adventitious carbon and is used as a reference for the binding energies. The peak 
centers at 286.1 eV can be assigned as the C-N bond in the MA+.8 The small peak 
centers at 289.0 eV is assigned as the surface carbonate since sample is exposed to 
CO2 in air.9 
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5. UV-vis-NIR diffuse reflectance spectra (UV-vis-NIR DRS) 
 

 
Figure S9. UV-vis-NIR diffuse reflectance spectra of 1-Ti and CH3NH2·HCl at room 
temperature. 
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6. Thermogravimetric analysis (TGA) 
 

 
Figure S10. TG profile for 1-Ti from 298 K to 673 K with ramp rate of 3 K / min. 
 
In Fig. S10, the sample weight remains constant from 298 K to around 523 K, starts to 
decrease above 523 K and remains stable at around 648 K. The 22.6% weight loss at 
648 K can be attributed to the loss of two CH3NH2 and two HF for 1-Ti (theoretical 22.3% 
for two CH3NH2 and two HF in MA2NaTi3F12) and leaving a material of nominal 
composition “NaTiF4”.  
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