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A new Ti(III) precursor [TiCl2(O
iPr)(pyridine)3] (1) was employed in the magnetic field-assisted 

chemical vapor deposition (CVD) to induce external field effects on the paramagnetic metal (d1) 

center during film growth. Gas-phase decomposition of 1 under variable magnetic fields 

(0 - 0.50 T) showed pronounced shape anisotropy in as-grown TiO2 films confirmed by distinct 

morphological patterns and preferred crystallographic orientation of the grains. The electronic 

structure of the Ti–O manifold derived from X-ray absorption spectroscopy showed the formation 

of well-defined anatase type TiO6 subunits in the case of field-assisted processes (0.50 T), whereas 

distortions towards TiO6 units of the rutile modification were seen for the zero-field experiments. 

The contact-less control of morphology, micro- and electronic structure of the CVD deposits 

through field influence offers new opportunities for in-situ control of material characteristics. 
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1. Introduction 

Titanium dioxide (TiO2) thin films are of great significance due to their distinctive semiconductor 

properties, essential in optoelectronics and photocatalytic applications.1  Consequently, a large 

variety of techniques have been developed to deposit titanium oxide thin films.2-4 Employing 

different synthesis methods in solution, such as sol-gel, hydrothermal, co-precipitation4 and gas-

phase, such as plasma-enhanced chemical vapor deposition (PE-CVD)5, chemical vapor deposition 

(CVD)6, sputter deposition7 or atomic layer deposition (ALD)8, phase composition and 

morphology evolution can be controlled. A large number of titanium (IV) compounds (e.g., TiCl4, 

Ti(OEt)4) are commercially available and predominantly used to produce TiO2 thin films and 

powders used in photovoltaic cells1, photocatalysis2 and gas sensors3. However, the availability of 

volatile titanium precursors in subvalent oxidation state (Ti3+) is scarce, given their propensity 

towards oxidation (Ti(III) → Ti(IV) + e-) and thermodynamically preferred disproportionation 

reactions9. Nevertheless, a few examples of Ti(III) complexes, stabilized by electronic saturation 

of the Ti(III) center with electron-rich ligands, such as amidinates10,11 or heterocyclic carbenes 12–

14, are known. Following a similar concept, the syntheses of bimetallic Ti(III) molecules together 

with Al(III)15, Th(III) and U(III)16 were recently reported in which electron-rich cyclopentadienyl 

unit (and analogous derivatives) was judiciously chosen to stabilize the trivalent metal centers. 

Even though this synthesis strategy successfully delivered the target Ti complexes, the resulting 

molecules showed very low vapor pressures limiting their applicability in chemical vapor growth 

processes as a volatile source or alternatively requiring carrier gases to sustain precursor feedstock 

in the vapor phase. In our quest for volatile Ti(III) species, we have synthesized a new set of 

heteroleptic compounds with trivalent titanium centers stabilized by pyridine as a neutral co-ligand, 

which provides reasonable air stability and volatility to these precursors, essential for CVD 
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experiments.17–19 In addition, the covalent coordination of alkoxo ligands to Ti centers facilitates 

metal oxide formation at the molecular scale without the necessity of additional reactants.  

The search for CVD precursors containing a subvalent titanium center was driven by the 

simplistic electronic configuration with only one electron in the d-subshell (d1 system) that offers 

possibilities to study the role of paramagnetic centers during CVD in an external magnetic field 

(mfCVD). The significant effect of a small (< 1 T) external magnetic field has been recently 

demonstrated exhibiting striking changes in the morphology, phase and crystallographic 

orientation of d-electron-rich materials grown under field-assisted conditions.20–22 For instance, 

anisotropic growth along field lines was observed during mfCVD of a zero-valent iron precursor 

(Fe(CO5)), whereas multi-facetted larger particulates with preferred surface orientation were 

obtained in the deposition of iron oxides from a trivalent iron precursor, [Fe(OtBu)3]2.
21 These first 

reports demonstrated new possibilities for contactless control over microstructure and morphology 

during thin film growth. Herein, we report (i) mfCVD experiments in different field orientations 

(parallel and perpendicular to the substrate) with (ii) a rationally designed Ti3+ molecular precursor 

to demonstrate the field influences on characteristics of the resulting material originating from a 

magnetically susceptible molecular precursor. The precursor configuration was confirmed by 

single crystal X-ray diffraction analysis that revealed a trivalent titanium center in an octahedral 

environment.  

 

2. Results and discussion 

[TiCl2(O
iPr)(py)3] (1) was synthesized by reacting a stoichiometric amount of potassium alkoxide 

with the pyridine adduct [TiCl3(py)3] (3) in cold toluene (Figure 1b). The excess solvent was 

removed under reduced pressure (10-2 mbar) and the as-obtained product was purified by extraction 

in toluene. For synthesizing [TiCl3(py)3], titanium(III) chloride was isolated as a THF-adduct 
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[TiCl3(THF)3] (2) following a published procedure, by reacting 3 equivalents of TiCl3٠AlCl3 in 

toluene with THF.14 The reaction mixture was gradually heated to 70 °C followed by refluxing for 

24 hours to obtain 2 as a blue powder. The crude product was washed three times with n-pentane 

and dried at 25 °C and 10-2 mbar to yield a pale blue powder. Single crystals of [TiCl2(O
iPr)(py)3] 

were obtained by crystallization from a concentrated solution (toluene/isopropyl alcohol).  

 

Figure 1: (a) Molecular structure of complex 1 with atoms as 50% ellipsoids, H atoms omitted for 

clarity, (b) synthetic pathway for complex 1. 

The single crystal X-ray diffraction analysis of the titanium (III) compound revealed a 

monomeric complex with distorted octahedral coordination around the Ti(III) center (Fehler! 

Verweisquelle konnte nicht gefunden werden.a). The coordination sphere is constituted by one 

chloride and three neutral pyridine ligands that form the square planar coordination around the 

metal center, whereas the second chloride ligand binds in a cis symmetry with respect to the other 

chloride ligand. Both Ti–Cl bonds were determined as equidistant (2.4337(10) and 2.4361(10) Å), 

while slightly elongated bond lengths were found for the Ti–N bonds (from 2.229(3) Å and 

2.237(3) Å to 2.248(3) Å). Crystal data and selected atomic distances and angles of compound (1) 

are summarized in Table S1 and Table S2. 
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The structural integrity of 1 in solution was confirmed by UV-Vis spectra (Fehler! 

Verweisquelle konnte nicht gefunden werden.a) exhibiting a broad and intense band with 

double-structured peaks centered at 445 and 515 nm, possibly due to electronic transitions from 

the 2T2 ground state of Ti3+ to the 2E excited state (Fehler! Verweisquelle konnte nicht gefunden 

werden.a). The doublet structure stems from the Jahn-Teller splitting of the 2E excited state23,24 

and the decay of these absorptions is coupled to the oxidation of Ti3+. Hence, we were able to study 

the decomposition of the precursor under ambient conditions by exposing the precursor solution to 

air and concomitantly measuring the absorption spectra. For this purpose, 1 was dissolved in 

toluene and transferred to a closed quartz cuvette under inert handling conditions. The UV-Vis 

spectrum recorded at t = 0 min (black line in Fehler! Verweisquelle konnte nicht gefunden 

werden.a) marks the starting point of the experiment and showed an intact, non-oxidized Ti3+ 

center in the precursor, as clearly visible in the absorption maxima observable at 445 nm and 515 

nm. Notably, the precursor already started to decompose within minutes of air exposure, indicating 

high sensitivity of the molecule towards moisture and oxygen. With further progress of the 

experiment, a homogeneous decay of both absorption modes was evident in the gradual 

disappearance of the Ti3+ absorption mode, which is no longer detectable after 30 minutes of air 

exposure.  
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Figure 1: (a) UV-Vis spectra of [TiCl2(OiPr)(py)3] under inert and ambient conditions, with an 

illustration of the absorption mode and the corresponding electronic excitation; (b) TGA of 

[TiCl2(OiPr)(py)3] in N2 atmosphere and (c) post-annealed powder powder diffraction pattern of 

the residue. 

 

The volatility and thermal stability of 1 were analyzed by thermogravimetric analysis (TGA) 

performed under a nitrogen stream, which showed a three-step decomposition of the precursor to 

amorphous TiO2 (Fehler! Verweisquelle konnte nicht gefunden werden.). The desorption of two 

pyridine ligands was observed at 150 °C, followed by the third pyridine ligand desorbing at 200 °C. 

The staggered elimination of chemically equivalent pyridine ligands suggested an intramolecular 

a)

b) c)



 7 

rearrangement of ligands and geometrical constraints associated with transforming the six-fold 

coordination (octahedral) into a four-fold (tetrahedral) coordination in ‘TiCl2(O
iPr)(py)’. The final 

decomposition step and formation of amorphous TiO2 was achieved at 500 °C. Calcination of the 

residue at 1100 °C led to a mixture of rutile and anatase modifications verified by powder 

diffraction analysis (Fehler! Verweisquelle konnte nicht gefunden werden.). 

The CVD experiments were performed in a customized cold wall reactor, fitted with 

electromagnets for applying external magnetic fields (up to 1 T) and a rotatable heater, which 

allowed to study the influence of magnetic field orientation on thin film growth from 1. 

Experiments were performed in zero-field (0.00 T, α = 90°, Figure ), and with parallel (B = 0.50 T, 

α = 0°, Figure ) and perpendicular magnetic field orientation (B = 0.50 T, α = 90°, Figure ). The 

precursor reservoir was maintained at 120.0(3) °C, whereas the silicon substrate was kept at 

600(2) °C. 

 

 

Figure 3: Schematic differences between conventional MOCVD (left) and mfCVD reactor (right). 

Both reactors are operated at a reduced base pressure of 10-6 mbar. The tilting angle 𝜶 between the 

magnetic field vectors and the substrate plane is highlighted. 



 8 

The X-ray diffraction (XRD) pattern showed the formation of single phase anatase for field-

assisted experiments, independent of the chosen field orientation (Figure 4), with field-related 

changes in relative intensities of (200) and (101) peaks (PDF: C21-1272, Figure 4). Specifically, 

the perpendicular field orientation led to increased intensity of the (101) peak, while parallel field 

orientation resulted in higher intensity of the (200) peak. The zero-field sample showed a strong 

peak of the (200) crystallographic plane of anatase with the coexistence of rutile, as seen in the 

appearance of peaks that could be indexed to the (221) and (420) planes (Figure 4, PDF C21-1276). 

To elaborate the interaction of the paramagnetic precursor (d1 system) with the external magnetic 

field, the experiments were conducted under similar conditions using the diamagnetic (d0 system) 

tetravalent Ti(OiPr)4 as the precursor molecule. In contrary to the observations made for the 

trivalent precursor molecule, the experiments with Ti(OiPr)4 revealed no microstructural changes 

for the two magnetic field orientations (Figure S1 and S2) and resulted in phase pure anatase 

growth. The comparison of trivalent and tetravalent Ti metal centers in the mfCVD precursor 

allowed us to show the importance of d-electrons for mfCVD effects on texture and morphology 

(vide supra). Whereas plasma enhanced chemical vapor deposition (PE-CVD) can have a reducing 

effect 25,26, the CVD of Ti(III) precursor resulted always in the oxidized species (Ti(IV) oxide), 

irrespectively of the magnetic field strengths or orientation. While no changes in the crystal 

structure were found for the d0 configuration, the d1 electronic configuration seems to trigger field 

interactions, leading to the orientation-dependent growth directions. Since thermal treatment of the 

paramagnetic precursor did not result in anisotropic microstructure formation, thermal fluctuations 

during the process can be ruled out as the reason for the measured variation in crystal growth. 

Comparable texturing effects of TiO2 were already described for electric field-assisted CVD27–30, 

as well as for the magnetic field-assisted deposition of ReN20 and iron oxide22. As elaborated 
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elsewhere22, the electric component of the field was negligible and the observed field effect can be 

solely attributed to the magnetic component of the field.  

 

Figure 4: (a) XRD pattern of the TiO2 films deposited at 600 °C; (b) the unit cell of anatase 

modification. The zero-field diffractogram showed traces of the rutile phase, as indexed by PDF 

C21-1276, whereas solely anatase (PDF C21-1272) was formed in field-assisted processes. 

Besides changes in the preferred crystallographic orientation, thin films obtained from different 

field environments exhibited varying morphologies, as depicted in Figure 5. The zero-field 

deposition (Figure 5a) showed micrometer-sized flakes with smaller particulates randomly 

distributed over the film (red arrows), which were absent in the case of the field-assisted processes. 

While the films grown under the influence of parallel magnetic field (𝛼=0°, Figure 5b) exhibited 

continuous micrometer-sized particulates, the perpendicular magnetic field (𝛼=90°, Figure 5c) led 

to the formation of nanoparticles agglomerated into secondary (hierarchical) structures with flake-

like morphology, but well-defined interfaces (insets in Figure 5b and c). The observed changes 

with magnetic field in the resulting crystal structure are in line with the obtained differences in 
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morphology. A comparable influence of magnetic field orientation during mfCVD of iron 

nanostructures was recently reported by our research group21 and the results reported here expand 

the experimental space from systems with several d-electrons to single d-electron systems. 

   

Figure 5: SEM images of TiO2 films formed through mfCVD in (a) zero-field, (b) parallel and (c) 

perpendicular magnetic field orientation. Structural inhomogeneities are marked with red arrows. 

The insets demonstrate increased particulate appearance of the as-obtained films. 

The experimental findings suggest that the interplay of intrinsic electronic properties (d-electron 

configuration) of 1 and the applied magnetic field leads to stabilization of the anatase phase with a 

microstructure exhibiting a strong dependence on the field orientation. Furthermore, the 

morphology of the films was considerably altered in different field environments.  To study short 

range order in the TiO6 subunits of the material, the effect of the magnetic field on the electronic 

structure of the obtained films was investigated by X-ray absorption spectroscopy (XAS) at the Ti-

L3,2- and O-K-edges. The Ti-L3,2-edges of the films deposited with magnetic field assistance 

showed a shape characteristic for anatase31,32 (Figure 6a), which is most succinct in the split eg 

derived resonances around 461 eV. The characteristic splitting of the eg into the dz2 and dx2-y2 states 

(marked with dashed vertical lines) and their intensity ratios stem from the distortion of the TiO6 

octahedra, which is different in the rutile and anatase polymorphs of TiO2
31

. The spectrum recorded 

for the zero-field deposited sample, however, showed an increased dx2-y2 resonance, either 
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originating from basal distortions in the TiO6 building block of the anatase structure resulting in 

more rutile like short-range order, or the presence of rutile impurities as found in the diffraction 

patterns. These findings further emphasize the magnetic field as an additional experimental 

parameter for phase-controlled material synthesis. The O-K-edge for the field-assisted depositions 

(Figure 6b) is in accordance with the reported spectroscopic signature for anatase33,34. The XAS of 

the zero-field deposited sample showed different behavior with the region between 540 and 550 

eV exhibiting less pronounced peaks, as observed in amorphous TiO2
35

, pointing towards the 

presence of distorted TiO6 octahedra as already alluded by the Ti-L3,2-edges. This is coherent with 

studies on the CVD of iron oxide films, where the application of external magnetic-field was found 

to result in improved crystallinity.22 A close inspection of the t2g and eg signals (dotted and dashed 

lines in Figure 6b, respectively) showed a small difference in peak height, with the intensity of t2g 

being reduced with respect to eg in the sample deposited in parallel field orientation. This pointed 

towards a slight reduction (TiO2-x) of the sample that would stabilize Ti3+ centers34–36. However, 

the almost identical shapes of the Ti- L3,2-edges indicated that only a small amount of Ti3+ is present 

in the sample, indicating the need for further investigation of decomposition of 1 during mfCVD. 

 

 

 

 

 

 

a) b)
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Figure 6: The X-ray absorption spectrum of the Ti-L3,2-edge (a) and O-K-edge (b) of zero-field 

(blue), parallel field (red) and perpendicular field (black) arrangement. The corresponding d-orbital 

energies are marked in the spectrum. 

3. Conclusion 

This work reports on the synthesis of a new volatile Ti3+ precursor [TiCl2(O
iPr)(py)3] (1) and its 

phase-selective transformation to anatase in a magnetic field-assisted CVD process. The use of 

magnetic fields during materials synthesis represents a new direction to fabricate self-assembled 

microstructures with hierarchical features and allows to tune the electronic microstates of the 

semiconductor films, which can be beneficial for photo- or electrocatalytic applications37, as well 

as provide unique surface morphologies for surface enhanced spectroscopic methods.38 The results 

obtained with the paramagnetic Ti(III) species show strong effects of external magnetic fields on 

the phase composition, grain growth and crystallographic orientation altering the morphology, 

chemical topography and functional properties of the deposited films. For instance, a preferred 

growth along the <h00> crystallographic axes and formation of rutile impurities were seen for zero-

field experiments, while the application of external magnetic field (0.5 T) modulated the phase 

evolution producing single-phase anatase films with (101) crystallographic orientation. Compared 

to conventional experimental parameters of chemical vapor deposition such as temperature, 

pressure and precursor chemistry, investigations on effects of extrinsic parameters (e.g., magnetic 

field) unravel new dimensions in controlling reaction pathways and in-situ alter the material 

properties.  

4. Experimental section 

Precursor Synthesis. All chemical syntheses and experimental manipulations were performed 

under inert conditions and in the absence of atmospheric moisture. For this purpose, an all-glass 
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Stock assembly was used for the synthesis of new compounds and intermediates. The manipulation 

and storage of as-synthesized samples were performed in a glovebox under argon atmosphere. 

Toluene, THF and n-pentane were dried according to standard procedures by distillation over 

sodium and stored over sodium wire under nitrogen atmosphere. Iso-propyl alcohol was also dried 

by distillation over sodium and was stored over activated 4 Å molecular sieves. Pyridine was dried 

by distillation over calcium hydride and stored over activated 4 Å molecular sieves.  

[TiCl3(THF)3] (2). was prepared according to a procedure described by Jones et al.14 Yield: 81% 

(18.6g), CHNS (found/calculated) [%]: C (38.92/38.90); H (6.57/6.53) 

[TiCl3(py)3] (3). 25 ml of pyridine were slowly added to a stirred cold, pale blue suspension of 2 

in toluene (2.0 g, 5.4 mmol, 50ml, -78°C). The mixture was allowed to warm up to room 

temperature over 24 hours. Shortly after mixing the reactants, the color of the reaction mixture 

changed to reddish-green. After 24 hours, stirring was stopped and the green powder settled down 

was separated by decanting the supernatant solution. The product was washed three times with 25 

ml of n-pentane and dried under reduced pressure. Yield: 92 % (4.97 mmol, 1.94 g) CHNS 

(found/calculated) [%]: C (46.15/46.01); H (3.91/3.86); N (10.65/10.73) 

[TiCl2(O
iPr)(py)3] (1). 30 ml of a KOiPr solution was slowly added to a stirred cold, green 

solution of 3 in toluene (1.49 g, 3.8 mmol, 20 ml). For this purpose, 149 mg of potassium (3.8 

mmol) was dissolved in 30 ml iso-propanol. The mixture was allowed to warm up to room 

temperature over 24 hours. After 24 hours, the brownish-red solution was dried under reduced 

pressure and redissolved in 100 ml toluene and stored at -28 °C to yield red crystals. Yield: 68 % 

(2.59 mmol, 1.08 g) CHNS (found/calculated) [%]: C (51.48/52.07); H (5.53/5.34); N (9.68/10.12). 

UV/VIS (toluene): λmax: 445 nm [ν = 22472 cm-1], EI-MS 70 eV: m/z (intensity) 342 (40 %) 

[Ti2(O
iPr)2(py)2 – 2CH3]

+, 267 (28 %) [Ti2(OiPr)2(py)4 + 2H+]2+,  [Ti(py)2 + 2H+]2+, 207 (41 %) 

[Ti2(O
iPr)2(py)2 + 2H+]2+, 79 (39 %) [py]+, 18 (100 %) [H2O]+. The crystallographic data for 
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complex 1 has been submitted to the Cambridge Crystallographic Data Centre, and its 

corresponding CCDC number is 2284325. 

CVD Experiments. Magnetic field-assisted CVD (mfCVD) experiments were performed in a 

horizontal cold-wall CVD reactor fitted with a silicon carbide heater, which can be rotated to adjust 

the desired angle between the substrate and magnetic field. The precursor was introduced to the 

reactor through a glass flange and evacuated to 4 x 10-5 mbar. The precursor reservoir was 

evacuated for long periods of time before each process to limit any unwanted residual oxygen. For 

each process, the substrate was heated to 600°C, whereas the precursor reservoir was kept at 120 °C 

to achieve a homogeneous gas flow to the substrate. The film growth time was set to 45 min. for 

each process. After the growth, the samples were cooled to room temperature in vacuum and stored 

under ambient conditions. 

Material Characterization. Single crystal X-ray diffraction analyses were performed on a STOE 

IPDS I/II diffractometer using graphite-monochromated Mo-Kα radiation (λ = 0.71071 Å).  

SHELXS39 and SIR-9240 were used for the structural solution with the least square fit, using 

SHELXL41 and WinGX42. The absorption correction was carried out using STOEX-RED and 

STOEX-SHAPE. All non-hydrogen atoms were calculated anisotropically. The hydrogen atoms 

were calculated geometrically, and a riding model was applied during the refinement process. 

Diamond 3.1 was used to draw the crystal structure. For powder XRD analysis, a STOE-STADI 

MP diffractometer operating in the reflection mode in Bragg-Brentano geometry using Mo-Kα (λ 

= 0.7094 Å) radiation was used. For the analysis of the diffractograms, WinXPOW was used to 

identify the corresponding phases. Scanning electron microscopy (SEM) micrographs were 

recorded on a Nano SEM 430 with an accelerating voltage of 30 kV. Thermogravimetric 

measurements were carried out using a TGA/DSC1-STARe-System from METTLER-TOLEDO 

with a GC100 gas flow controller. The samples were measured under inert conditions in alumina 
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cuvettes (HEKAtech GmbH, 5-12 mm) until 600 °C or using an aluminum oxide pan up to 1100 °C 

with a constant heating rate of 10 K/min and a nitrogen flow of 25 ml/min. UV-Vis absorption 

spectra were recorded with a Varian Cary50 Scan spectrophotometer. The mass spectra were 

recorded on a Finnigan MAT 95 (EI, 70 eV) in m/z (intensity in %). XAS measurements were 

carried out in total electron yield mode at the soft X-ray undulator beamline UE56/1-SGM at the 

synchrotron facility BESSY II, Helmholtz-Zentrum Berlin. Spectra were normalized by 

background subtraction to 455 and 525 eV and subsequent normalization to unity at 480 and 580 

eV for the Ti-L32- and O-K-Edges, respectively. 
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