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ABSTRACT. With an aim to enhance the stability and volatility of the heterometallic derivative
[SnCla(u-OEt).Ti(OEt)2(HOEt)2] (A), obtained conveniently and quantitatively as a simple adduct
formula from the equivalent reaction of commercially available SnCls and Ti(OEt)4 in
toluene/ethanol, its modification with 2,2,6,6-heptane-3,5-dione (thdH) is reported. The modified
precursor [SnCls(u-OEt) Ti(thd)(OEt)(HOEt)] (1), obtained from equimolar reaction of A and
thdH, is stable at room temperature but rearranges on heating into A and [SnCl4(u-OEt)>Ti(thd):]
(2), as confirmed by the vapor pressure measurements and DFT calculations. The heterometallic
2 can be obtained in excellent yield from the reaction of A and thdH in 1:2 molar ratio and is stable
in solid and solution phase up to 200 °C. However, the asymmetric nature of its structure consisting
of fragments of titanium B-diketonate and tin chloride connected by bridging ethoxo groups, leads
to breakdown into two homometallic components in gas phase, leading to deposition of tin-rich

metal oxide films on the substrate.

The development of materials by soft chemical methods like sol-gel, Metal Organic Chemical
Vapour Deposition (MOCVD), Atomic Layer Deposition (ALD), Metal-Organic Decomposition
(MOD), etc. has always been closely associated with the chemistry of molecular precursors.!® The
molecular engineering to optimize the required properties in the precursors is usually achieved

through judicious choice of ligands. Metal derivatives of the alkoxide and B-diketonate ligands



have become the predominant single-source precursors for oxide-based ceramic materials, mainly
through sol-gel processing and MOCVD, respectively, because of their commercial availability,
high solubility in routinely used organic solvents, and easy tunability of their hydrolytic
characteristics and mass-transport properties.””!® Another important axis of the molecular
engineering is the synthesis of bi- and higher metallic derivatives with appropriate properties.!'!8
These single-source precursors simultaneously provide two or more metals in an accurate
stoichiometry, allowing complex ceramic materials to be generated in one step by eliminating the
prerequisite of matching the reaction rates in a multicomponent precursor mixture.'?>> Among the
various properties desired in MOCVD precursors, the most important ones are the high volatility
and good thermal stability for efficient transport, as well as high reactivity to easily obtain the
desired material.>*?® One of the important tactics to enhance volatility is to introduce
heterolepticity in the molecules, which usually makes them loosely packed in the lattice and hence
more volatile. However, the impact of the asymmetric structure of a bi-metallic precursor on its
volatility as well as the composition and the quality of the deposited material is poorly studied.
Previously, we have reported synthesis of a heterometallic derivative [SnCla(u-
OEt),Ti(OEt)2(HOEt)2] (A) in quantitative yield by a convenient reaction between commercially
available reagents SnCls and Ti(OEt)4.2”-?8 This work was motivated by the potential usefulness of
the TiO2-SnO, system as eco-friendly oxide-based thermoelectric materials.?>3° Besides, the
mixed tin-titanium oxides are also promising materials for the photovoltaic and photocatalytic
applications.®!*3 While the use of above single-source single molecular precursors in sol-gel
process ensured the synthesis of mixed nanoparticles of rutile Tip.5sSno.sO2 without the generation
of pure SnO> grains (which are hard to be sintered to high density) and thus allowing complete

densification at low temperature by the spark plasma sintering (SPS) process, the spinodal



decomposition in the TiO2-SnO2 system produced nanoscale TiO2/SnO:-rich lamellae, where the
high density of the well-organized interfaces reduced the thermal conductivity of the ceramic. To
make above Sn-Ti heterometallic complexes more suitable for deposition by MOCVD method, we
have now modified it with a sterically hindered pB-diketonate (2,2,6,6-heptane-3,5-dione,
abbreviated as thdH) to obtain a couple of novel molecular precursors and studied their thermal
and vapor pressure behavior to assess the suitability of these complexes as precursors for the vapor

phase production of TiO2-SnO», Ti-doped SnO; or Sn-doped TiO- thin films.

The reaction of SnCls with Ti(OEt)s provides a practical and quantitative approach to a
heterobimetallic Sn(IV)-Ti(IV) derivative with the simple addition formula [SnCla(u-
OE1),Ti(OEt)2(HOEt)2] (A),?” which in subsequent reactions in toluene with 2,2,6,6-heptane-3,5-
dione (thdH) in 1:1 and 1:2, stoichiometry gives access to heteroleptic mixed species of alkoxo-3-
diketonato, [SnCls(u-OEt): Ti(thd)(OEt)(HOEt)] (1) and [SnCls(u-OEt) Ti(thd)2] (2), respectively
(Scheme 1). Both compounds are highly soluble in chloroform, dichloromethane and ethanol, but
show slightly less or poor solubility in toluene and n-pentane, respectively. Given the simple
addition nature of the obtained products and excellent yield (typically above 90%), these reactions
are easily scalable to the multigram scale. It assumes importance in view of large amounts
(typically 5—-10 g) of precursors needed for optimizing vapor pressure measurements and film
deposition processes. These compounds are also more stable to moisture than the precursor
compound A. At higher temperatures, however, compound 1 rearranges to produce a mixture of
A and 2, as shown by the isolation and structural characterization of the solvated dichloromethane
species [SnCls(u-OEt)>Ti(thd)2]-CH2Cl> (2a) from the products obtained after 1 was maintained

at 80°C for a few hours, followed by crystallization from dichloromethane.



thdH

toluene, it [SnCly(u-OE), Ti(thd)(OEH(ELOH)] (1)
toluene/EtOH
SnCl, + Ti(OEt); — = [SnCl,(u-OEt), Ti(OEt),(EtOH),] (A) A
rt
2 thdH .
toluene, rt > [SnCly(u-OED), Ti(thd),] (2)

Scheme 1. Synthesis of heteroleptic alkoxo-B-diketonato bimetallic Sn-Ti species and

redistribution of 1 into A and 2.

The new compounds were thoroughly characterized by elemental analysis, spectroscopic (FT-IR,
'H and '"”Sn NMR) and single crystal X-ray diffraction (XRD) studies. While solvated species 1
showed broad absorption and weak shoulder in the region 3200-3400 cm™ and 1660 cm™! for v O-
H and 6 O-H, respectively, the absence of such absorption bands in the FT-IR spectra of 2 and 2a
confirmed the formation of non-solvated species. The FT-IR spectra of 1, 2 and 2a exhibited
characteristic bands of the alkoxy and B-diketonate groups attached to the metal in the 1200-400
cm! region (Figure S1). Although the room temperature '"H NMR spectra of these complexes were
deceptively simple due to their fluxional behaviour, they confirmed the integration ratio between
the ethoxide and heptanedionate ligands. The ''°Sn NMR of 1, 2 and 2a showed only a sharp peak
at o -548 to -600 ppm, which was consistent with values in the literature for the 6-coordinate
Sn(IV) centre.>*3 The molecular structures of [SnCls(u-OEt):Ti(thd)(OEt)(HOEt)] (1) and
[SnCla(u-OEt) Ti(thd)2] (2) consist of Sn(IV) and Ti(IV) six-coordinated centres bridged by two
ethoxo groups (Figure 1). Except for the fact that the complex 2a crystallizes with a solvated
dicloromethane molecule, the molecular structure of the 2 and 2a are quite similar. Therefore,
structure of 2a is presented in Supporting Information only (Figure S2). The overall molecular

geometry of all these structures can be described as a fusion of two octahedra built about Sn(IV)



and Ti(IV) via a common edge (O1 and O2). The six-coordination sphere around the titanium atom
consists of all oxygen atoms, whereas the tin atom has a O>Cls environment. The Ti—O distances
in 1, 2 and 2a vary from 1.742 (4) to 2.075(4) A, the bond involving terminal OEt groups in 1
[1.742 (4) A] being expectedly shorter than those involving terminal EtOH [2.075 (4) A], bridging
OEt [1.931(5)-2.047(4) A] and bidentate thd [1.921(4)-1.974(4) A]. The Sn—O bond distances,
2.086 (3)- 2.155(5) A, are consistent with the literature values on Sn—u-O bond distances.?”28 The
axial Sn—CI bonds [2.386(1)-2.465(1) A] are slightly longer than those present in equatorial
positions i.e., trans to the bridging Sn—O [2.366(2)-2.378(1) A]. The equatorial O-Ti—O bond
angles involving either terminal alkoxides (92.8° in 1) or between two B-diketonato ligands (84.0-
86.4° in 2 and 2a) are significantly larger than the angle subtended by the bridging O1-Ti—02
groups [73.43(1)-77.5(2)°]. The axial O-Ti—O bond angles, 166.8, 161.5 and 163.2 for 1, 2 and
2a, respectively, suggest a distorted octahedral geometry around Ti center. The tin center too has
a distorted octahedral geometry because of the presence of a varying range of angles [68.65 (17)°

to 100.88(8)°] involving O1-Sn-02, O-Sn—ClI and Cl-Sn—Cl.

a)

Figure 1. Perspective views of (a) [SnCls(u-OEt),Ti(thd)(OEt)(HOEt)] (1) and (b) [SnCls(u-

OE1) Ti(thd)2] (2) with displacement ellipsoids drawn at the 30% probability level. H atoms are



omitted for clarity. Selected bond lengths (A) and angles (°) for (1): Til—O1 1.970 (4), Til—O2
2.047 (4), Til—O3 2.075 (4), Til—04 1.742 (4), Til—O05 1.974 (4), Til—O06 1.921 (4), Sn1—
O1 2.122 (3), Sn1—02 2.086 (3), Sn1—CI3 2.369(1), Sn1—CI2 2.378(1), Sn1—Cl1 2.465(1),
Sn1—Cl4 2.386(1), O1—Til—02  73.43(1), O02—Til—06  87.32(16), O2—Til—04
170.57(17), O4—Til—O05 97.86(17), O1—Sn1—02 69.63(13), O1—Sn1—CI1 86.75(10),
CI3—Sn1—Cl4 93.84(5), CI2—Sn1—02 164.36(10), C12—Sn1—Cl3 99.29(6). (2): O1—Til
1.931(5), O2—Til 1.944(5), O3—Til 1.939(5), O4—Til 1.953(5), O5—Til 1.943(5), O6—Til
1.930(5), O1—Sn1 2.155(5), O2—Sn1 2.150(5), C11—Sn1 2.390(2), C12—Sn1 2.368(2), C13—
Snl 2.389(2), Cl4—Snl 2.366(2), O1—Sn1—02 68.65(17), O2—Sn1—CI1 87.17(15), O1—
Sn1—CI2 95.41(13), O2—Sn1—CI2 164.02(14), C11—Sn1—CI2 91.51(8), Cl12—Sn1—Cl4
100.88(8), 04—Ti1—02 91.7(2), 02—Ti1—03 97.0(2), 0O4—Til—O01 169.3(2), 02—Ti1—O1

77.5(2), 02—Til—O06 171.2(2), 03—Til—O06 84.1(2).

Thermogravimetric analysis was used to estimate the thermal stability and volatility of the new
precursors and to provide a first validation of the potential use of these metal-organic precursors
for MOCVD (Figure 2a). The curves for compounds A and 1 had common characteristics with an
onset of weight loss at low temperature (around 100°C) and residues of 40% and 25%, respectively
(as compared to theoretical residues of 40 and 34% for SnTiOs). These data demonstrated very
low thermal stability and non-volatility of these two compounds. Compound 2 exhibited higher
thermal stability (up to 200 °C), which is usually the case when B-diketonate ligand is added in the
metal coordination sphere. Nevertheless, with a 40% final residue, it did not appear that the
volatility of the modified precursor improved a lot. These studies indicated that the thermal
characteristics of the new precursors at atmospheric pressure are not very favorable for their use

in the conventional MOCVD. In order to more accurately assess the volatility of the compounds,



vapor pressure studies were conducted on compounds A, 1 and 2. The vapor pressure values are
given in the Supporting Information. Their temperature dependence (Figure 2b) is obtained by
linear least-squares treatment of the data and fitted using the equation log (p/Pa) = A/(T/K) + B
(Table 1). The results obtained show that the progressive addition of the thd ligand makes it
possible to obtain increasingly volatile compounds 1 and 2. For [SnCls(u-
OEn) Ti(thd)(OEt)(HOEt)] (1), the change of the slope trend at about 373 K shows that it must be
thermally unstable. Indeed, the difference in slope in Figure 2b for the temperature range 357-370
K suggested that it underwent a redistribution of ligands to transform into compound [SnCla(u-
OEt)2Ti(thd)2] (2). Subsequent crystallization of the products from dichloromethane obtained after
1 was maintained at 80°C for a few hours and structural determination by single crystal X-ray
studies, which showed the isolated species as the solvated dichloromethane species [SnCla(u-
OEt).Ti(thd)>]-CH2Cl> (2a), further confirmed the above redistribution of 1 into A and 2 (Figure
S3). Using van’t Hoff equation, it was obtained the enthalpy of sublimation and the entropy of the
studied precursors (Tables S2 and S3). The DFT calculations on the precursors provided further
confirmation on above redistribution of 1 into A and 2. The optimized structures of these
compounds showed geometrical parameters which were largely consistent with their single crystal
X-ray data (see supplementary information, Table S1). The cohesive energy of reactant 1,
calculated from the ab initio molecular dynamics (AIMD) simulations at 353 K, was found to be -
4.33 eV/ atom, which is slightly less than the cohesive energy of the products of above
redistribution (-4.37 eV/atom), indicating that the products were more stable than the reactant at

353 K.
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Figure 2. (a) TGA curves and (b) temperature variation of vapor pressure of [SnCls(u-
OEt)2Ti(OEt)2(HOEt)2] (A) (©), [SnCls(u-OEt) Ti(thd)(OEt)(HOEt)] (1) (®) and [SnCla(u-
OE1) Ti(thd)2] (2) (a). The fit parameters of the linear trends are given in the Table 1. Erreur !
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Table 1. Sublimation parameters from the vaporization of A, 1 and 2.

Log (p/Pa) = A/(T/K) + B
Precursor T range /K

A B

(A) 340 to 420 -1919 £ 232 3.869 £ 0.623




320 to 360 -3414 £ 118 7.861 +0.346
1)

360 to 420 -6684 + 1035 15.693 +£2.643
2) 340 to 420 -6895 + 472 16.499 +1.27

Although the vapour pressures obtained (around 0.1 Pa at 323 K) were slightly lower than the
typical values used in MOCVD or ALD processes,® the most volatile and stable compound 2 was
tested in mixed TiO2-SnOz thin-film deposition by CVD. Film deposition was performed at 330
°C on Si wafer or Si/SiO> substrates under low pressure conditions with the precursor container
maintained at 150 °C. The Scanning Electron Microscopy (SEM) images of the deposited films
exhibited a nano-structured granular layer that was not dense but uniformly covered and
continuous (Figure 3). Depending upon substrate’s position in the reactor and deposition time, the
film thickness varied in the range 10-170 nm, as indicated by the ellipsometry measurements
(please see Supporting Information for more details). However, XRD and Energy-Dispersive X-
ray spectroscopy (EDX) studies at different points in the film showed varying Ti and Sn ratio with
the compositions changing in the range Tio335n0.6602 to SnO> (one particular XRD is displayed as
Fig. 3c). For gaining a deeper knowledge of the composition and chemical state of the elements
present, X-ray photoelectron spectroscopy (XPS) studies were conducted on a representative
sample (Fig. 3d-f). The survey spectra revealed that besides containing tin, titanium and oxygen,
these films also had a high carbon content upto 28% because of incomplete decomposition of the
precursor. Quantitative analysis of the sample revealed an Sn/Ti stoichiometry close to 2. In the
core level spectra, the presence of Ti** is indicated by the binding energies at 458.4 eV and 464.2

37,38

eV, due to Ti 2p3 and Ti 2p1., respectively, whereas the electron binding energy (BE) value
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for Sn 3ds,2 appears at 486.6 eV, indicating the presence of an oxygen-deficient SnOx (with 2 > x

Ti; 55811 250, (PDF # 04-017-5956)
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Figure 3. Characterization of thin films deposited on Si wafers using the precursor 2: (a and b)

Representative surface and cross-sectional SEM images, (c) XRD, and (d-f) XPS spectra.

These results suggest that the asymmetric structure of the bi-metallic compound led to a
fragmentation of the molecule under CVD conditions (eq. 1), thus resulting in an asymmetry of

reactivity with a multi-halogenated fragment being much more reactive than the fragment
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containing the B-diketonate ligands. Indeed, both Ti and Sn fragments have been employed
separately in CVD experiments for the deposition of TiO2 and SnO>, respectively. While the
closely related compound [Ti(OPri)x(thd).] is commercially available and bench-mark precursor
for the CVD deposition of TiO,*° the tin fragment SnClys has also been employed frequently for
the deposition of Sn02.4? As the above Ti precursor requires higher temperature (~500 °C) than
SnCly, it is no surprise that under our CVD conditions (substrate temperature 330 °C) a majority

of Ti-species is pumped off leaving behind Sn-rich films.

[SnCl4(n-OE), Ti(thd),] —A> [Ti(OEt)5(thd);] + SnCly  (eq. 1)
(2)

The AIMD calculations on 2 at 623 K further confirmed its dissociation into two homometallic
components i.e. Ti(thd)2(OEt)2 and SnCly, as indicated by high energy fluctuation for 2 below 4
ps in the Figure 4, which smoothens gradually after the dissociation (the dissociated SnCl4 shown
in dotted red circle in Fig. 4). The associated negative dissociation energy (-0.83 eV) indicates

exothermic nature of the reaction and, therefore, an energetically favorable transformation.*!
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Figure 4. The ab initio molecular dynamics (AIMD) simulations of 2 at 623 K.

In conclusion, the thermal behavior of a series of bi-metallic Ti-Sn precursors was evaluated in
terms of their molecular structure resulting from the progressive addition of the thd ligand. The
thd ligand improved the volatility of the precursors but also generated a strong asymmetry in the
structure, which is consisted of SnCls and Ti(thd)(OEt)(EtOH) or Ti(thd), fragments bridged
through two ethoxo groups. During gas phase deposition, this structural asymmetry led to different
reactivities of the two metallic fragments and the deposition of a tin-rich layer. These results show
that having a volatile bimetallic precursor is not a guarantee of film homogeneity by MOCVD, as

it is equally important to ensure that the reactivity of each metal center is not too different.
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Synopsis

The introduction of sterically crowded thdH ligand in the Ti-Sn heterometallic precursors
improves the volatility of the precursors significantly, but also generates a strong asymmetry in
the structure, leading to different reactivities of the two metallic fragments during MOCVD and

the deposition of a tin-rich layer.
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