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Long term storage of the pure commercial Zr(OtBu)4 in a sealed ampoule results in crystallization of a
new high symmetry phase of Zr3O(OtBu)10 (1). Modification of Zr(OtBu)4 and Hf(OtBu)4 with 2,2,6,6,-tet-
ramethyl-3,5-heptanedione (Hthd) produces dependent on the stoichiometry two types of derivatives,
M(OtBu)2(thd)2 (2, 3) and M(OtBu)(thd)3 (4, 5) M = Zr(2, 4), Hf(3, 5), which have all been characterized
by NMR and mass-spectral studies and for 4 and 5 also by complete X-ray single crystal studies. The latter
failed for 2 and 3 in the view of their poor X-ray reflectivity. Addition of minor amounts of n-C5H11OH to 3
resulted in isolation of an unusual heteroleptic complex Hf2(OH)(OnC5H11)(OtBu)2(thd)4 (6). Thermal
decomposition of compounds 1 and 3 in nitrogen atmosphere was studied for different thermal regimes
by TGA-FTIR approach, revealing in all cases the formation of tetragonal ZrO2 and monoclinic HfO2

respectively, along with iso-butene, butanol and water for 1 and the same mixture including also Hthd
for 3. Decomposition of 3 occurred always through intermediate melting, while higher heating rate for
1 permitted to achieve decomposition on in situ evaporation resulting in 3D hedgehog nanostructures
according to SEM.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Zirconium and hafnium dioxide 3D nanostructures are highly
requested today as materials for catalysis [1–5], metal–oxide nano-
composites with improved mechanical properties (elastic modu-
lus) [6], sensors [7–9], and electrolytes for solid oxide fuel cells
[10,11]. The approaches to oxides are often exploiting metal–or-
ganic precursors such as metal alkoxides and heteroleptic metal
alkoxides and are based on Soft Chemistry techniques, such as Me-
tal Organic Chemical Vapor Deposition (MOCVD) and Metal Organ-
ic Decomposition (MOD). For both approaches the choice of
precursor compound is rather crucial. In case of MOCVD the solu-
tion stability and thermal stability during vapor phase transport
are extremely critical for process reproducibility. For MOD the
principal requirement is the ability of precursor to decompose in
solid state without melting in order to produce nanostructure in
the resulting product. It may even seem obvious that the precursor
composition does not change during storage after its preparation
and before it is used, e.g., the precursor is shelf stable.
ll rights reserved.

essler).
The application of commercial zirconium alkoxide precursors is
complicated and thus a relatively unattractive option. The zirco-
nium has an unsaturated coordination and this makes the precur-
sors extremely sensitive to hydrolysis and pyrolysis (low thermal
and hydrolytic stability). Another drawback of unmodified precur-
sors (e.g., zirconium isopropoxide) is their relative low volatility,
requiring high deposition and substrate temperatures and leading
to the formation of carbon contamination.

A general method used to improve the thermodynamic stability
and volatility of alkoxide precursors is by replacing (part) of the
alkoxide ligands by chelating organic ligands [12–14].

In the present work we report isolation and structural charac-
terization of zirconium t-butoxide complexes with and without
modification by bulky 2,2,6,6-tetramethylheptanedion chelating li-
gands and the study of their thermal decomposition as a potential
source of zirconia and hafnia nanostructures.

2. Experimental

2.1. Materials and methodology

All manipulations were carried out in a dry nitrogen atmo-
sphere using the Schlenk technique or a glove box. Hexane and
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toluene (Merck, p.a.) were dried by distillation after refluxing with
LiAlH4. 2,2,6,6,-Tetramethyl-3,5-heptanedion (Hthd) was pur-
chased from Aldrich. 1H NMR spectra were recorded in CDCl3 for
all compounds on a Bruker 400 MHz spectrometer at 243 K.
Mass-spectral studies were carried out with JEOL JMS-SX/SX-
102A mass-spectrometer applying electron beam ionization
(U = 70 eV) with direct probe introduction. Thermal decomposition
of the samples was investigated with Perkin-Elmer Pyris 1 TGA
instrument coupled with Spectrum 100 FTIR spectrometer for
simultaneous analysis of outgoing gases. The produced oxide
materials were characterized by powder X-ray diffraction in sealed
capillaries taking 360� rotation photos using Bruker SMART Apex-II
diffractometer using EVA-12 software [15] and by SEM-EDS studies
using Hitachi TM-1000-l-DeX tabletop electron microscope.

2.2. General synthetic procedure

Zirconium t-butoxide (99.999%) and hafnium t-butoxide
(99.99%) were purchased from Aldrich and used as received. All
the different precursors were modified with various equivalent
amounts of the modifier according to the techniques described be-
low. The exact composition of the single crystals 1, 4, 5 and 6 was
established with single crystal X-ray crystallography.

A sample of zirconium t-butoxide (weight: 0.86 g (2.25 mmol))
in 2 ml hexane was modified with 0.41 g Hthd (2.25 mmol). Crys-
tallization occurred during cooling at �30 �C over night. Under a
microscope the presence of two or three different types of crystals
was observed. An attempted was made to separate the different
compounds by adding 1 ml of toluene to the sample and subse-
quently removing the liquid phase from the flask. The remaining
crystals were dissolved in 2.5 ml toluene and placed in the freezer
at �30 �C for crystallization. The obtained crystals in this fraction
were identified as 3. The flask with the liquid phase removed
was also placed in the freezer but no successful structural determi-
nation was performed on the formed crystals.

2.2.1. Zr3O(OtBu)10 (1)
Liquid zirconium butoxide was sealed in a glass ampoule under

vacuum and stored in a freezer for over 2 years time yielding nee-
dle-shaped crystals of 1 through massive crystallization (yield
about 30%).

2.2.2. Zr(OtBu)2(thd)2 (2)
Zirconium t-butoxide (weight: 0.90 g (2.35 mmol)) was dis-

solved in 2 ml hexane. After addition of 0.87 g (4.7 mmol) of Hthd,
i.e., 2 mol equivalents the sample was placed over night at �30 �C
for crystallization. The solution was decanted from the obtained
block-shaped almost cubic colorless crystals (1.62 g, yield 91%)
that were identified as 2.

2.2.3. Hf(OtBu)2(thd)2 (3)
Hafnium t-butoxide (weight: 1.56 g (3.31 mmol)) was dissolved

in 2 ml toluene. After addition of 1.22 g (6.62 mmol) of Hthd, i.e.,
2 mol equivalents a white precipitate was formed. After addition
of 6 ml hexane a clear solution was obtained and the sample was
placed over night at �30 �C for crystallization. The solution was
decanted from the obtained block-shaped colorless crystals identi-
fied as 3 (yield: 1.97 g, 86%).

2.2.4. Zr(OtBu)(thd)3 (4)
Zirconium t-butoxide (weight: 0.77 g (2.0 mmol)) was dissolved

in 2 ml hexane. After the addition of 1.10 g (6.0 mmol) of Hthd, i.e.,
3 mol equivalents, the sample was placed over night at �30 �C for
crystallization. The obtained crystals were not of X-ray quality. The
sample was dried under vacuum (0.1 mmHg) and the dried prod-
uct was re-dissolved in 1.5 ml toluene. Crystallization occurred
during cooling at �30 �C over night and the crystals were identified
as 4 (yield: 0.66 g, 35%).

2.2.5. Hf(OtBu)(thd)3 (5)
Hafnium t-butoxide (weight: 1.30 g (2.76 mmol)) was dissolved

in a mixture of 2 ml hexane and 5 ml toluene. After addition of
1.53 g (8.3 mmol) of Hthd, i.e., 3 mol equivalents, the sample was
placed over night at �30 �C for crystallization. The solution was
decanted from the obtained crystals and the crystals were identi-
fied as 5 (yield: 1.65 g, 58%).

2.2.6. Hf2(OH)(OnC5H11)(OtBu)2(thd)4 (6)
Rod-shaped crystal of 6 was discovered in the batch of large

cube-shaped crystals of 3 and identified by single crystal X-ray dif-
fraction study. The small amount of this by-product precluded
other characterization.

2.3. X-ray crystallography

Data collection for single crystals of compounds 4 and 5 was
carried out at 22 �C on a SMART CCD 1 k diffractometer and of com-
pounds 1 and 6 on a SMART Apex-II diffractometer both with graph-
ite monochromated Mo Ka radiation. All structures were solved by
standard direct methods. The coordinates of the metal atoms as
well as the majority of other non-hydrogen atoms were obtained
from the initial solutions and for all other non-hydrogen atoms
found in subsequent difference Fourier syntheses. The structural
parameters were refined by least squares using first isotropic and
then, also anisotropic approximations. The coordinates of the
hydrogen atoms were calculated geometrically and were included
into the final refinement in isotropic approximation for all the
compounds. All calculations were performed using either SHELXTL-
NT or SHELXTL-6.31 program package [16,17] on an IBM PC.

2.3.1. Compound 1
The data have been collected from a crystal displaying merohe-

dral twinning with the twinning matrix 0 1 0 1 0 0 0 0–1 making
the true Laue group 6/m to resemble 6/mmm. The introduction
of the twinning law decreases strongly the apparent thermal disor-
der in this structure. The structure is also strongly disordered geo-
metrically. The positional disorder has been modeled with two
partly overlapping configurations for the terminal and doubly
bridging alkoxide C4H9-residues. The triply-bridging alkoxide
group is disordered in practically perfect statistics with the tri-
ply-bridging oxo-ligand. The hydrogen atoms could be located only
for the triply-bridging alkoxide (defined by C(2) and C(9) atoms).
The impossibility to locate other H-atoms (quite numerous!) leads
to apparent discrepancy between the reported and the calculated
molecular weights. The structure of 1 contains considerable sol-
vent-accessible voids (682 Å3), but they lack electron density and
do not contain any solvent according to the results of TGA-experi-
ments reported in this paper.

2.3.2. Compound 4
This structure does not display any positional disorder but a

pronounced thermal disorder inflicting on the quality of the
room-temperature data. The compound is also apparently unstable
under X-ray beam, which required elimination of one data series of
3 in merging of the data in order to obtain reliable results. This ex-
plains some incompleteness in the reported coverage of the space
(2r full 0.887 for the total angle range).

2.3.3. Compound 5
No positional, but considerable thermal disorder has been ob-

served for this compound, resulting in enhanced temperature fac-
tors for terminal carbon atoms.
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2.3.4. Compound 6
No positional, but considerable thermal disorder has been ob-

served for this compound, resulting on enhanced temperature fac-
tors for terminal carbon atoms.
3. Results and discussion

3.1. Synthetic comments

Long term storage of liquid zirconium t-butoxide at �18 �C re-
sulted in crystallization with relatively high yield of about 30% of
a new hexagonal modification of zirconium oxo-tert-butoxide, con-
structed of the same Zr3O(OtBu)10 molecules as the monoclinic one
earlier reported by Turova and co- workers [18]. Separation of an
oxoalkoxide through crystallization at lower temperature is not
surprising as the admixtures of oxospecies in the commercial sam-
ples of zirconium alkoxides are fairly common in the view of the
hydrolysis sensitivity of these species [19]. Low temperature con-
ditions favor, apparently, formation of a higher symmetry packing.

Interaction of zirconium t-butoxide with 1–2 mol equivalent of
Hthd produced block shaped crystals (almost cubes) of one and the
same compound. The crystals turned out to be poorly reflecting
and long exposure times were required to obtain a maximum num-
ber of reflections. The experiments permitted the determination of
the unit cell of the compound but the quality of the data was not
sufficient to refine the structure.

The proper structure refinement was not possible because of
complex disorder between the t-butoxide ligands and the thd-li-
gands, but it was clear that this compound was the di-substituted
derivative Zr(OtBu)2(thd)2 (2). The hafnium analogue of this com-
pound, Hf(OtBu)2(thd)2 (3), was prepared according to the proce-
dure described in the experimental section. Single crystal X-ray
diffraction experiments were also performed on this compound.
The reflectivity of the compound was better than that of 2, but
the data did not allow refining the structure either.

In the sample produced with 3 mol equivalent of Hthd only
one type of crystals was present. They were characterized as
Zr(OtBu)1(thd)3 (4) displaying the molecular structure analogous
to other tris-substituted b-diketonato-alkoxides of zirconium,
Zr(acac)3(OiPr) [20], Zr(thd)3(OPr), where Pr = iPr, nPr [21]. The
hafnium analogue of this compound, Hf(thd)3(OtBu) (5), was pre-
pared according to the procedure described in the experimental
section.
3.2. Crystal and molecular structures

The non-centrosymmetric hexagonal structure of compound 1
(see Table 1 and Fig. 1), Zr3(l3-O)(l3-OtBu)(l-OtBu)3(OtBu)6, is
highly disordered with one position for oxygen and zirconium
atoms but several for each carbon atom. Even the triply bridges
alkoxide group is in statistical disorder with the triply bridged
oxo-atom. The Zr–oxygen distances follow the sequence defined
by the ligand function: Zr-l3OR(3A) 2.38(2) > Zr-l2O(1)
2.172(7) > Zr-l3O(3) 2.056(11) > Zr–O(2) 1.938(8) Å and fall into
the commonly observed intervals. The observed distances are also
very close to those observed in the other earlier reported modifica-
tion that was lacking positional disorder [18], where the bond
lengths of 2.39, 2.166, 2.107 and 1.938 Å were reported for the
same type of Zr–O contacts (see Fig. 2).

Structures (4) and (5) exhibit centrosymmetric monoclinic
structures resulting from packing of mononuclear molecules. The
latter contain one alkoxide and three thd ligands each with a selec-
tion of the bond lengths listed in Table 2. The metal–oxygen bond
length of the alkoxide ligand are coinciding for these two com-
pounds within the experimental error, i.e., 1.874(7) and
1.888(9) Å for (4) and (5), respectively. The bond lengths to the
thd oxygen opposite the alkoxide ligand have the same length in
both compounds, i.e., 2.030(9) Å. The other metal oxygen bond
lengths also have comparable values. When these compounds are
compared with their isopropoxide analogs [21], i.e., Zr(OiPr)(thd)3

and Hf(OiPr)(thd)3, a remarkable trend is observed. The metal–oxy-
gen bond length of the alkoxide ligand are shorter in the propoxide
compounds, i.e., 1.847 and 1.820 Å for Zr(OiPr)(thd)3 and Hf(Oi-

Pr)(thd)3 respectively. One would expect that the metal–oxygen
bond length of the alkoxide would decrease with the increasing
branching and thus donor capacity of the alkoxide ligands. In the
work on the modification of zirconium propoxides [21] this trend
was clearly present; the metal–oxygen bond length of a n-propox-
ide ligand is 1.924 Å, while that of the isopropoxide ligand is
1.847 Å. The deviation of the metal–oxygen bond lengths of the
alkoxide ligands in 4 and 5 is due to the sterical hindrance in these
compounds. From Table 2 it can be seen that most of the other me-
tal–oxygen bond lengths are also shorter for the propoxide com-
pounds, which also supports the sterical hindrance in 4 and 5 as
major cause of the observed structural features.

The centrosymmetric triclinic structure of 6 (Fig. 3) is built up
by highly unusual (and unexpected) non-centrosymmetric mole-
cules Hf2(l-OH)(l-OnC5H11)(OtBu)2(thd)4. The most peculiar fea-
ture lies, of course, in the presence of an n-pentyl ligand,
originating, apparently, from a minor impurity in the obtained
sample of hafnium t-butoxide complex. The presence of a hydro-
xo-group is not surprising in the view of the known trend of such
compounds to hydrolysis, a related complex Hf2(l-OH)2(OiPr)2(-
thd)4 being the only isolable di-thd substituted iso-propoxide
derivative [21]. The atoms of Hf are heptacoordinated with the
coordination sphere composed of two oxygen atoms of the bridg-
ing groups, OH and OnC5H11, one terminal OtBu group and 4 oxygen
atoms of the thd-ligands. The shortest bond lengths are observed
with the terminal alkoxide ligands, Hf(1)–O(7) 1.931(3) Å and
Hf(2)-O(10) 1.935(4) Å, the contacts to the (practically symmetri-
cally) bridging hydroxo group is slightly longer, Hf(1)–O(2) and
Hf(2)–O(2) 2.104(4) and 2.103(4) Å, respectively. The bond lengths
to the thd ligands are intermediate in length falling into the com-
monly observed range 2.153(3)–2.221(4) Å. The longest in average
are, surprisingly, the bonds to the oxygen atom of the bridging alk-
oxide ligand, Hf(1)–O(1) and Hf(2)–O(1) 2.200(3) and 2.193(3) Å,
respectively, as caused, again most probably by the steric effects.

3.3. Solution stability and reactivity

In the view of generally limited solution stability of zirconium
and hafnium alkoxide b-diketonates [19–21] it appeared interest-
ing to follow the behavior of the corresponding tert-butoxide
derivatives. It was not possible to isolate crystals of any other com-
pounds from the sample of zirconium t-butoxide with 1 mol equiv-
alent of Hthd than those of the di-substituted derivatives, 2 and 3.
The mixed-ligand complexes 2–5 were studied by 1H NMR to eval-
uate their stability and to confirm that no mono-substituted com-
pound exit. The obtained spectra display only signals in the region
1–1.3 ppm and 5.5–5.8 ppm. The first chemical shift is typical for
CH3 while the latter region represents the CH of the thd ligand. A
selection of the obtained spectra is displayed in Fig. 4. It should
be noted that no difference is observed in the chemical shift of
the same hafnium and zirconium compounds. The spectrum of
freshly prepared 4 is depicted in Fig. 4a and the same sample is re-
corded again �5 h later. Between the experiments, which were
performed at 243 K, the sample was stored at room temperature.
The signals due to 4 are marked with (⁄) and they are in the ex-
pected ratio of 1:18:3 for respectively CH and CH3 of thd and CH3

of the t-butoxide ligand. The position of the signals for the unmod-
ified precursor and Zr(thd)4 were obtained by measuring a refer-



Table 1
Data collection and refinement details for compounds 1, 4, 5, 6.

1 4 5 6

Chemical composition C40H90O11Zr3 C36H66O7Zr C36H66O7Hf C57H106O12Hf2

Formula weight 1020.78 714.12 801.39 1532.40
Crystal system hexagonal monoclinic monoclinic triclinic
Space group P-31c P21/c P21/c P�1
l (mm�1) 0.551 0.304 2.521 3.036
R1 0.0640 0.0864 0.0678 0.0349
wR2 0.2011 0.2035 0.1646 0.0926
a (Å) 17.906(6) 10.417(4) 10.429(2) 12.675(7)
b (Å) 17.906(6) 21.099(8) 21.137(4) 15.020(9)
c (Å) 10.830(4) 19.256(7) 19.345(4) 20.093(12)
a (�) 90 90 90 84.920(7)
b (�) 90 99.988(13) 99.70(4) 79.653(7)
c (�) 120 90 90 67.344(6)
V (Å3) 3008.4(17) 4168(3) 4203.5(14) 3472(3)
T (K) 295 295 295 295
Z 2 4 4 2
Number of independent reflections (Rint) 1874 (0.0670) 7252 (0.0809) 8175 (0.0523) 13462 (0.0190)
hmax (�); completeness (%) 25.53; 99.2 26.00; 88.7 26.00; 99.1 26.00; 98.4
Number of observed reflections [I > 2r(I)] 1631 2991 4689 10695

Fig. 1. Molecular structure of Zr3(l3-O)(l3-OtBu)(l-OtBu)3(OtBu)6 (1) with 15%
probability ellipsoids. The symmetrically dependent fragments are generated via
rotation around a C3-axis.

Fig. 2. Molecular structure of the M(thd)3(OtBu) derivatives, M = Zr(4) and Hf(5)
with 10% probability ellipsoids.

Table 2
Metal–oxygen bond lengths of 4, 5, Zr(OiPr)(thd)3 and Hf(OiPr)(thd)3 [20].

4 5 Zr(OiPr)(thd)3 Hf(OiPr)(thd)3

M–O1 1.874(7) 1.888(9) 1.847 1.810
M–O2 2.030(9) 2.030(9) 2.017 2.050
M–O3 2.140(7) 2.137(9) 2.092 2.116
M–O4 2.147(7) 2.143(9) 2.108 2.123
M–O5 2.175(7) 2.180(8) 2.123 2.154
M–O6 2.176(7) 2.183(9) 2.165 2.165
M–O7 2.211(6) 2.198(9) 2.185 2.161
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ence sample and from ref 20, respectively. The signals due to these
compounds are respectively marked with (h) and (s). It can
clearly be seen that upon aging in solution, compound 4 rear-
ranges. The remaining signals that appear upon aging, depicted
in Fig. 4b, are due to the formation of 2 and will be discussed be-
low. The rearrangement of 4 seems to involve mainly the forma-
tion of tetra-substituted species and unmodified precursors and
is represented by Eq. (1).

4HfðOtBuÞ1ðthdÞ3 ! 3HfðthdÞ4 þHfðOtBuÞ4 ð1Þ

All the signals in the obtained spectra are corresponding to the
isolated and characterized compounds and thus there is no evi-
dence for the existence of a mono-substituted compound. The solid
state stability of the compounds is quite high, after storage of the
samples for about half a year in the freezer the composition re-
mained unchanged. This is in contrast to the observed relatively
poor solution stability.

The 1H NMR spectra of freshly prepared 2 is depicted in Fig. 4c
and of the spectrum of the aged for �3 days in solution is displayed
in Fig. 5 2d. The signals in the spectrum of the fresh sample can be
assigned to 2 and the unmodified precursor, marked with (d) and
(h), respectively. The ratio of the signals due to CH and CH3 of thd
and CH3 of the t-butoxide ligand are about the expected order of
magnitude but cannot be determined very accurately, since the
signals in the CH3 region are not resolved. This could be due to
the presence of some traces of parent alcohol. Upon aging, the
di-substituted compound rearranges by forming mainly compound



Fig. 3. Molecular structure of Hf2(l-OH)(l-OnC5H11)(OtBu)2(thd)4 (6) with 10% probability ellipsoids.

Fig. 4. NMR spectra of fresh 5 (a) and aged 4 (b) and fresh (c) and aged (d) 2.The
signals due to 4 and 5 are marked with (⁄), those due to 2 and 3 with (d), Zr(thd)4

with (s), unmodified t-butoxide precursor with (h). For reasons of clarity in
comparison the intensities of the signals between 6 and 5.5 ppm are increased four
times compared to those between 1.5 and 0.5 ppm.
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4 and unmodified precursor. The equation of this reaction is as
follows:
3HfðOtBuÞÞ2ðthdÞ2 ! 2HfðOtBuÞ1ðthdÞ3 þHfðOtBuÞ4 ð2Þ

A sample, of which the NMR spectra are not displayed here,
showed a transformation of 3 into the tetra-substituted Hf(thd)4

in the about the same time (just under 3 days) as displayed in
Fig. 4d for 2. The solution stability of di-substituted compounds
seems to be of the same order of magnitude as that of the tri-
substituted compounds. The solid state stability of the di-substi-
tuted compounds is again, high, after storage of the samples for
about half a year in the freezer the composition remained
unchanged.

Mass spectrometry experiments were performed on compound
2–5 and the obtained data is summarized in Table 3. It should be
noted that for 2, 3 and 5 dried crystals were used while sample 3
was prepared by removing the solvents of a solution with Hthd
and hafnium t-butoxide in the appropriate ratios. The obtained
data for all samples is in good agreement with their molecular
structure. The major fragments in the gas phase are in all cases
the initial structure of the compound minus an alkoxide ligand.
All four compounds are tremendously volatile; this is illustrated
by the unusual detection of the whole molecule in the spectra of
4 and 5. The spectrum obtained from 2 displays a signal at 727
(26.5%) M/z (I), that is assigned to Hf(thd)3. This indicates the pres-
ence of compound 5 in the sample. This is probably due to the dif-
ferent way of preparation of this sample, as mentioned above, and
clearly demonstrates the easy transformation of these compounds
in solution (as also has been observed by the NMR experiments).
The preparation and characterization of 2 has earlier been de-
scribed [22]. The mass spectrometry data presented [20] displayed
a two large signals, at 639 (25%) and 587 (35%) that are clearly due
to the presence of 4. The formation of 4 is enhanced by the reflux
step that was included in their synthesis.

The modification of zirconium and hafnium t-butoxides with
Hthd involves di- and tri-substituted compounds. The presence
of a tri-substituted compound is in agreement with the intermedi-
ate structures formed upon Hacac and Hthd modification of zirco-
nium and hafnium propoxides [19–21]. The main difference
between the 4 and 5 and the propoxide analogs is the metal–oxy-
gen bond length of the alkoxide ligand. Sterical hindrance causes



Fig. 5. SEM images and EDS analyzes of the ZrO2 and HfO2 produced by decomposition of compounds 1 and 3 respectively (the Al signal originate from the sample holder).

Table 3
Interpretation of M/z(I) spectrum of 2–5.

2 3 4 5

M(thd)–CH4 257 (7.1) 257 (0.5)
M(OH)(thd)+ 291 (17.8)
M(OH)2(thd) 307 (5.9) 307 (7.5)
M(thd)2 544 (5.7) 456 (6.3)
M(OH)(thd)2 473 (13.9) 561 (22) 473 (31.5) 561 (15.5)
M(OtBu)(thd)2 529 (100) 617 (100) 529 (100) 617 (100)
M(thd)3 639 (3.41) 727 (26.5) 639 (100) 727 (100)
M(OH)(thd)3 656 (4.6) 744 (5.9)
M(OtBu)(thd)3 712 (0.5) 799 (2.3)
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that the metal–oxygen bonds of the t-butoxide ligands in 4 and 5
are longer than that of a propoxide ligands in for instance Zr(Oi-

Pr)(thd)3, Zr(OnPr)(thd)3 and Hf(OiPr)(thd)3. The larger t-butoxide
ligands and the resulting sterical hindrance causes that the
mono-nuclear di-substituted compounds 2 and 3 are formed rather
than di-nuclear mono-substituted compounds as observed in the
modification of zirconium and hafnium propoxides.
3.4. Thermal behavior and the produced oxide materials

Compounds 1 and 3, possessing potentially highest shelf stabil-
ity, were subjected to TGA investigation (heating rate 10 �C/min) in
atmosphere of air under ambient pressure for determination of the
character of their decomposition and nature of its products (MOD).

Compound 1 decomposes in a largely four-step process, where
the first step below 100 �C with the loss of 9 wt.% is associated with
evaporation of hexane occlusions, rather sharp one at 160 �C stays
for 20 wt.% and the second at 272–310 �C accounts for 26 wt.%
(both associated with release of mostly butene and water vapor
through beta-hydrogen elimination and condensation) and, finally,
the combustion of the residual carbon takes place in broad temper-
ature interval 320–560 �C and stays for the loss of additional
13 wt.%. The decomposition of 3 occurs in one major step at
300 �C associated with both thermal decomposition and evapora-
tion as the residual mass (18 wt.%) is largely below the theoretical
for the decomposition (30.5%).

The decomposition products were identified in both cases as
dioxides, tetragonal ZrO2 and monoclinic HfO2 respectively (please,
see Suppl.). The appearance of the produced oxide materials is
drastically different. While the zirconium dioxide obtained from
1 consists of hedgehog shaped aggregates, the hafnium dioxide ob-
tained from 3 is a dense material with characteristic features of a
melt (see Fig. 5). This difference indicates apparently that the
decomposition for 1 occurs under applied conditions without
phase transition directly as a solid, which for metal–organic pre-
cursors is most often associated with formation of the objects de-
scribed, dependent on the details of their appearance as nano-
hedgehogs, nano-raspberries or nano-flowers [23]. The decomposi-
tion of 3 proceeds via melting, resulting probably from higher ther-
mal stability typical for b-diketonate substituted alkoxides [22].
4. Conclusions

The modification of zirconium and hafnium t-butoxides in-
volves di- and tri-substituted compounds. The size of the t-botox-
ide ligands makes that a di-substituted compound is formed
instead of the mono-substituted propoxide compounds. The me-
tal–oxygen bond length of the t-butoxide ligands is significant
longer compared to that of propoxide in analogous compounds.
This clearly underlines the presence of sterical hindrance in these
systems.

The solid state stability of the formed compounds is tremen-
dously high, upon storage for half a year no change in composition
was observed. In contrast, the solution stability displayed behavior
analogous to that of Hthd and Hacac modified zirconium and haf-
nium propoxides, i.e., concentration of the modifying ligands lead-
ing to the formation tetra-substituted and unmodified compounds.

MOD treatment of the obtained precursors provides MO2,
M = Zr, Hf, oxides with nano-hedgehog morphology for Zr3O(Ot-

Bu)10 as starting material, but a dense melt-shaped for mixed-li-
gand precursors, most probably due to lower thermal stability of
the non-substituted alkoxide.
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