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The solution structure of hafnium-n-butoxide Hf(OnBu)4, an important precursor for the sol–gel

preparation of hafnium oxide containing materials, was studied in solution in pure toluene, and in

presence of acetylacetone, iso-propanol and tetrahydrofuran by EXAFS-, XANES- and

IR-spectroscopy. The combination of these three methods and the additional measurements and

discussions of well known solid state references allow us to identify structural motives and to gain

a detailed picture of the structures formed in solution without any a priori knowledge about these

structures. The dimeric structure of crystalline Hf(OnBu)4 is not preserved in solution and a

trimeric cyclic structure is formed. While the addition of HOiPr and THF does not induce any

change of the formed complexes, one equivalent of Hacac reduces the degree of aggregation by

the partial formation of dimers. In the presence of two and three equivalents of Hacac, solely

monomeric species are formed. The obtained structural parameters are used to establish for the

first time an empirical correlation of a spectral feature in the XANES region with the average

oxygen coordination number.

Introduction

The sol–gel process1 has been extensively studied as a route to

high-purity oxides,2 thin-film coatings,3 fibres,4 multicompo-

nent ceramics5 or new binary oxides and hybrid materials.6

Key steps in this process are hydrolysis and condensation

reactions of molecular precursors, such as alkoxides.7 Metal

alkoxides generally form aggregated compounds in solution,

and the degree of aggregation and the chemical constitution of

the used molecular precursors are important parameters that

influence the relative reaction rates of the condensation reac-

tion. Oligomers of the type [M(OR)n]x � y HOR are often used

as precursors for the sol–gel preparation of materials. The

oligomerization degree itself is influenced by the competition

between chelating ligands and bridging alkoxide groups or by

addition of more bulky Lewis bases like iso-propanol HOiPr

or cyclic ethers, for example THF. Thus the structure of the

alkoxide precursors and their modification by various coordi-

nating groups, which are different from the alkoxide group,

are of special interest for the preparation of tailor made

materials. Their reaction rates can be influenced by addition

of chelating ligands like acetylacetone Hacac (2,4-pentadione),

which reduce the possibility of nucleophilic attack by H2O

through blocking coordination sites of the metal ion.

In general, alkoxides of transition metals tend to saturate

their coordination sites in non-polar solvents by alkoxide

bridging, while in polar solvents the association of solvent

molecules is favoured.8–10 In the solid state the structure of

different metal alkoxides was determined by the analyses of

single crystals by X-ray diffraction.11,12 But whether the

molecular structures found in solid state references are similar

to those found in solution is often questionable.13

Classical methods to determine the molecular complexity of

metal alkoxides like ebullioscopic or cryoscopic measurements

suffer from unstable reproducibility and large errors.8 Mass

spectrometry is a method often applied, but has the disadvan-

tage of not directly probing the formed structures in situ.9

Various other spectroscopic methods (Raman-, IR-,
1H-NMR-, multinuclear NMR-spectroscopy) were applied

to identify the molecular structures of alkoxides in solution.14

However, these methods do not provide direct information on

the local structure of the central metal atom in contrast to

X-ray absorption spectroscopy that probes the local environ-

ment of a metal atom directly. Only a few X-ray absorption

(XAS) experiments on solutions of alkoxides are known from

the literature, e.g. titanium15 and zirconium,10 mixed

titanium–zirconium16 and cerium alkoxides.17 In the case of

hafnium alkoxides, to the best of our knowledge no XAS

investigations have yet been carried out. The present studies

could further enlighten the structures formed in solution, since

NMR-investigations were unable to identify the species

formed after dissolving and modifying well-characterized solid

Hf-alkoxides.14d Only for aqueous solutions of hafnium salts

has the important EXAFS technique been applied so far,18,19
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but the results of these studies are of limited value for solutions

of Hf alkoxides in anhydrous, aprotic solvents.

Therefore, we wanted to extend these studies and apply

XAFS spectroscopy to Hf-precursors used for the sol–gel

process. We chose Hf(OnBu)4 (1) in toluene (2) as a model

system for this purpose. Since we also wanted to show the

importance of XAFS spectroscopy for chemical analyses of

solution structures, about which usually no prior knowledge

exists, we restricted ourselves to the interpretation of the radial

distribution functions instead of multiple scattering calcula-

tions. With this approach in combination with XANES- and

IR-spectroscopy, it was possible to identify the species formed

by 1 in 2.

In the first part of this work, the structures of solid state

references, relevant for the discussion of the experimental

results, will be briefly reviewed. The effects of the Lewis bases

THF (tetrahydrofuran) and HOiPr (iso-propanol, 2-propa-

nol), and of the chelating compound Hacac (acetylacetone,

2,4-pentadione) on the structure formed by 1 in 2 are studied

in the third part. Finally, the results of the EXAFS analyses

are correlated to a particular XANES-feature at around 9.58

keV. Throughout the whole work, the behaviour of Hf(OnBu)4
is compared to that of the homologous Zr(OnBu)4,

20 since

despite the generally very similar chemical behaviour of

zirconium and hafnium, the alkoxides of both metals can

show significant differences.21

Experimental

Samples

Hafnium-n-butoxide (95% in n-butanol) was purchased from

ABCR and used as obtained without further purification. The

concentration of hafnium in toluene in all measurements was

0.18 mol l�1 to achieve an optimal transmission signal in the

EXAFS measurement. Sample handling and addition of the

dry and purified complexing agents THF, HOiPr and Hacac

were carried out under argon atmosphere. After adding the

donor compounds, each solution was allowed to equilibrate

for two hours under stirring at room temperature in order to

ensure equivalent conditions during the measurements. Mono-

clinic HfO2 was purchased form Sigma–Aldrich and used as

received.

IR-spectroscopic measurements

FT-IR spectra were recorded using a Bruker IFS FT-infrared

spectrometer. The measurements were carried out in ATR

mode utilizing a silicon crystal. All the spectra were collected

in the region from 5000 to 400 cm�1 with a resolution of

2 cm�1. 8000 scans were accumulated and averaged for each

spectrum. As no spectral changes were observed even 24 h

after the addition of up to four equivalents Hacac, the stability

of the formed structures was proved.

EXAFS measurements

The EXAFS measurements were performed at beamline A1 of

the Hamburger Synchrotronstrahlungslabor (HASYLAB) at

DESY (Hamburg, Germany). For the Hf LIII-edge (9.561

keV) a Si(111) channel-cut double crystal monochromator

was used. The synchrotron beam current at HASYLAB

(positron energy 4.45 GeV) was between 80–140 mA. The

experiments were carried out under ambient conditions at

20 1C. Energy resolution was estimated to be about 1 eV for

the Hf LIII-edge. All the spectra were collected in transmission

mode with ion chambers filled with argon. A sealed liquid

sample cell for handling of air sensitive samples22 was used in

the EXAFS experiment to prevent hydrolysis. The path length

for the samples of 1 was 6 mm in order to achieve an edge

jump of approximately 1.5.

Data analysis

Data evaluation started with background removal from the

experimental absorption spectrum by subtraction of a

Victoreen-type polynomial. Then the background subtracted

spectrum was convoluted with a series of Gauss functions of

increasing FWHM and the common intersection point of the

convoluted spectra was taken as energy E0.
23 To determine the

smooth part of the spectrum, corrected for pre-edge

absorption, a piecewise polynomial was used. It was adjusted

in such a way that the low-R components of the resulting

Fourier transform were minimal. After division of the back-

ground subtracted spectrum by its smooth part, the photon

energy was converted to photoelectron wave numbers k. The

resulting EXAFS functions presented in this work were

weighted with k3 after background removal and conversion

into k-space. Data analysis was performed in k-space accord-

ing to the curved wave formalism of the program

EXCURV98,24 which carries out calculations of the EXAFS

function according to a formulation in terms of radial

distribution functions:

wðkÞ ¼
X
j

S2
0ðkÞFjðkÞ

Z
PjðrjÞ

e�2rj=l

kr2j
sin½2krj þ djðkÞ� drj

This method is suitable especially for chemical analyses of

amorphous systems and solutions, since in contrast to path-

by-path evaluation methods25 it does not require detailed

structural information as input and results in a model inde-

pendent description of the system. No Fourier filtering was

applied, since the spectra show a high signal-to-noise ratio. In

course of the fitting procedure, the overall amplitude reduction

factor S2
0 (k) was kept constant at a value of 0.8, which was

determined for the HfO2 reference. To minimize the risk of

misinterpretations and to achieve a reliable determination of

the coordination numbers, consistency of the k3-weighted with

k2- and k1-weighting schemes was checked. Differences in the

obtained coordination numbers were within the error bar.

XALPHA phase and amplitude functions24 were used to

calculate the theoretical spectra and the mean free path of

the scattered electrons was calculated from the imaginary part

of the potential (VPI was set to �4.00). An inner potential

correction Ef was introduced to account for phase differences

of the experimental and theoretical EXAFS functions.

The quality of the least-square fit is reflected in the R-factor,

calculated according to

R ¼
P
jwtheo � wexpjk3dkP
jwexpjk3dk � 100%
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To avoid overinterpretation by fitting too many parameters to

the experiment, the number of independent points was calcu-

lated by Nind = 2p�1(DkDR),24b where Dk is the range in

k-space used for the analysis and DR the range in which

distances are fitted. To account for the non-ideal signal

packing this number was multiplied by 2/3 to achieve a

reasonable number of free fitting parameters Nfree. The

accuracy of the determined coordination numbers is 10%, of

the distances 1%, and again 10% for the Debye–Waller

factor s2.26

Evaluation and least square fit of the XANES region were

carried out by using the WINXAS program package.27 To

obtain a good fit, an arctan step function representing the

transition of the ejected photoelectron to the continuum in

combination with an asymmetric pseudo-Voigt function was

used. In the latter, the percentages of the Gaussian and

Lorentzian part were iterated to reproduce the experimental

white line properly. Although applying this very flexible func-

tion, by which spectral information contained in the white-line

can not be resolved any further, this procedure is justified by

the fact, that the subject of this work is the signal after the

white line. Also, the number of parameters in the fits is

minimized in this way. To reproduce the experimental signal

at 9.58 keV, an asymmetric Gaussian function was used for all

samples. No constraints were used in the least square fit and

several sets of initial parameters were applied, which gave all

identical reproducible results.

Results and discussions

Structures of solid state references

As mentioned in the introduction, almost no structural in-

formation is available for hafnium alkoxides in solutions in

non-aqueous liquids. Transition metal alkoxides often show

an oligomerization in solution and in crystal structure to

complete their coordination environment. This is usually done

by two mechanisms, the use of alkoxide bridges between

different metal centers and the coordination of free alcohols.

A key role in the degree of oligomerization and the complexity

of the structures is played by the sterical demand of the

ligands: as a rule of thumb, smaller alkoxides such as ethoxides

favor large multinuclear structures, while sterically more

demanding alkoxides such as isopropoxides favor low degrees

of oligomerization. If the alkoxides are substituted by biden-

tate or multidentate ligands the degree of oligomerization is

usually reduced because more coordination sites at the metal

center are occupied compared to the monodentate alkoxide

ligands. In order to obtain an impression of which structures

and which oligomeric species of hafnium alkoxides exist, a

brief review of crystalline references relevant for the formation

of clusters is discussed in the following section. The corre-

sponding averaged values of coordination numbers and dis-

tances, as they would be obtained by EXAFS spectroscopy,

are summarized in Table 1.

The dimer Hf2(O
iPr)8(HOiPr)2 (3) consists of edge sharing

octahedra with one hafnium backscatterer at a distance of 3.47

Å and each hafnium center coordinated by two equatorial

terminal [OiPr]� ligands at 1.93 Å. The second oxygen shell is

constituted by one axial [OiPr]�, one axial HOiPr and two

bridging [OiPr]� ligands at an average distance of 2.16 Å for

the four O-atoms. Since almost all systems, discussed here,

exhibit two oxygen shells, the first shell is denoted as O1 and

the second one as O2 in Table 1. The structure of Hf(OiPr)4-

(HOiPr) is similar to the solid Zr(OiPr)4(HOiPr)4 analog.
28

The hexamer Hf6O2(OEt)20(EtOH)2 (4)
29 shows an average

Hf coordination number of 2.7 at a distance of 3.45 Å and an

octahedral oxygen coordination, with average distances of

Table 1 Structural parameters of solid state references as they would be determined by EXAFS spectroscopya

Reference Oligomerization Structure
N(O1)
R(O1)

N(O2)
R(O2)

N(Hf)
R(Hf) Deduced model structure

3: Hf2(O
iPr)8(HOiPr)2

11 Dimer Linear 2 4 1 I

1.93 Å 2.16 Å 3.47 Å
4: Hf6O2(OEt)20(EtOH)2

29 Hexamer Chair 2.3 3.7 2.7 —
1.97 Å 2.13 Å 3.45 Å

5: Hf3O(OEt)10
29,b Trimer Triangle 2 4 2 II/IVc

1.97 Å 2.13 Å 3.45 Å
6: Hf4O2(OMc)12

21 Tetramer Rectangle 1.5 6 2.5 III

2.06 Å 2.18 Å 3.54 Å
7: Hf2(O

iPr)6(tmhd)2
30 Dimer Linear 2 4 1 V

c

1.94 Å 2.15 Å 3.48 Å
8: Hf2(O

nPr)6(tmhd)2
14d Dimer Linear 2 4 1 V

c

1.90 Å 2.12 Å 3.46 Å
9: Hf2(O

iPr)2(tmhd)4(OH)2
14d Dimer Linear 1 6 1 VIIc

1.89 Å 2.14 Å 3.56 Å
10: Hf(OtBu)2(mmp)2

3a Monomer — 2 4 — VI
c

1.93 Å 2.18 Å
11: Hf(OiPr)(tmhd)3

14d Monomer — 1 6 — VIII
c

1.81 Å 2.13 Å
12: Hf(acac)4

31 Monomer — — 8 — —
2.20 Å

a Not identical with, but deduced from crystallographic data. b Values are deduced from the corresponding hafnium sub-framework and oxygen

shells of 4 and Zr3O(OtBu)10.
c The reference compounds serve as model for the hafnium framework, and some changes to the oxygen

coordination of the references were applied to obtain the deduced model structures in order to mirror the experimental data, e.g. the coordination

of an additional neutral ROH ligand.
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1.97 Å for 2.3 terminal alkoxide and 2.13 Å for 3.7 bridging

ligands. In solutions, the degradation of the hexamer

Hf6O2(OEt)20(EtOH)2 to trimers similar to Zr3O(OtBu)10 is

assumed.29 The trimeric Zr3O(OtBu)10 shows two terminal and

four bridging ligands. From the structural parameters of

hexameric 4 and trimeric Zr3O(OtBu)10, the values that would

be obtained by EXAFS measurements of the trimer

Hf3O(OEt)10 (5) can be deduced, since the ionic radii of

Zr4+ and Hf4+ are very similar. They are given in Table 1.

A tetrameric rectangular arrangement forms the frame of

the oxocluster Hf4O2(OMc)12 (OMc = methacrylate) (6).21

The two different coordination sites with a mean oxygen

coordination of 1.5 atoms at 2.06 Å, and six at 2.18 Å,

respectively, can be averaged to one shell with an oxygen

coordination number of 7.5 at 2.16 Å and the two different

Hf–Hf distances, present in 6, can be averaged to one

shell with 2.5 Hf backscatterers at 3.54 Å. The complexes

[Hf4(OH)8(OH2)16]Cl8 and [Hf4(OH)8(OH2)16](ClO4)8, found

in aqueous solutions, exhibit similar Hf–Hf distances.18 No

tetrameric structure with 6-fold coordinated hafnium centers

was found in the literature.

From structure 3 the dimeric Hf2(O
iPr)6(tmhd)2 (7)

(tmhd = 2,2,6,6-tetramethylheptane-3,5-dionate) and Hf2-

(OnPr)6(tmhd)2 (8) are derived by exchange of two axial

alkoxide and alcohol ligands by two bidentate [tmhd]�. There-

fore the structural values do not change significantly.29 But it

should be mentioned that NMR studies of both diketone-

monosubstituted alkoxides in solution indicate ligand-isomer-

ization.14d,30

A structure significantly different from the so far discussed

dimeric species shows Hf2(O
iPr)2(tmhd)4(OH)4 (9).14d The

sevenfold oxygen coordination in this complex is constituted

by one O-atom at 1.89 Å and six at 2.14 Å. The hafnium

neighbour is found at 3.56 Å.

Typical representatives of monomeric species are

Hf(OtBu)2(mmp)2 (10) (mmp = 1-methoxy-2-methyl-2-pro-

panolate) with a six-fold O-coordination, seven-fold O-co-

ordinated Hf(OiPr)(tmhd)3 (11) with one apical iso-propoxide

ligand and six oxygen from tmhd (denoted in the following as

equatorial) and eightfold O-coordinated Hf(acac)4 (12),

Hf(tmhd)4 and Hf(tod)4 with four bidentate ligands like Hacac

or tod (2,7,7-trimethyl-3,5-octandione).14d,31

The presented references are used to deduce models that are

relevant for the interpretation of the EXAFS results. The

characteristic features of the different species are presented

in Scheme 1 with the nomenclatures given in Table 1 (for the

cluster type) and Table 2 (for the different Hf–O bonds).

It is obvious from this discussion that the important para-

meter for the identification of the different species in solution

is the Hf–Hf coordination number, whereas the Hf–O coordi-

nation number can only be interpreted under consideration of

stoichiometry and IR-spectroscopic results.

Pure Hf(O
n
Bu)4 in toluene

Fig. 1 shows the experimental EXAFS functions k3 � w(k) and
the corresponding Fourier transforms of pure Hf(OnBu)4 (1) in

toluene (2) without and with HOiPr or THF. For complete-

ness, spectra of the reference samples monoclinic HfO2
32 and

Hf4O2(OMc)12 (6)
21 are also shown in Fig. 1 and 4. Structural

parameters, obtained by fitting the experimental EXAFS

function of these references and 1 in 2 are given in Table 3.

Scheme 1 Structural models used for the discussion of the EXAFS
results. The nomenclature of the oxygen atoms is given in Table 2.

Table 2 Overview of the different Hf–O bond types, together with their labelling in Scheme 1

Type of bond Coordination/binding site Label in Scheme 1 Bond type

Hf–OR Octahedral/equatorial 1O O1 (B1.95 Å)
Hf–OR 7-fold/apical 1O O1 (B1.95 Å)
Hf–OR Octahedral/axial, m2-bridging

2O O2 (B2.15 Å)
Hf–OR 7-fold, 8-fold/equatorial, m2-bridging

2O O2 (B2.15 Å)
Hf–OR 8-fold/all 2O O2 (B2.15 Å)
Hf–HOR Octahedral, 7-fold, 8-fold/all 3O O2 (B2.15 Å)
Hf–Oacac Octahedral, 7-fold, 8-fold/all 4O O2 (B2.15 Å)

This journal is �c the Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2007 New J. Chem., 2007, 31, 1950–1959 | 1953

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

B
el

gr
ad

e 
on

 0
1 

Ja
nu

ar
y 

20
13

Pu
bl

is
he

d 
on

 2
7 

Ju
ly

 2
00

7 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/B

70
70

79
A

View Article Online

http://dx.doi.org/10.1039/b707079a


Fig. 1 Experimental k3 � w(k) functions (left) of Hf(OBu)4 (1) in toluene (2) (short dashed line), as well as containing three equivalents of HOiPr

(dotted line) or THF (medium dashed line), monoclinic HfO2 (filled circles) and Hf4O2(OMc)12 (open squares) together with their Fourier

transforms (right).

Table 3 Structural parameters, obtained by fitting the k3 w(k) weighted spectra of Hf(OBu)4 (1) in toluene (2), and containing one to three
equivalents of HOiPr, THF and Hacaca. For comparison the values of monoclinic HfO2 and Hf4O2(OMc)12 are also listed

Sample Abs-Bsb N(Bs) R/Å sÅ
Dk/Å�1

DR/Å

Nind

Nfree

Niterated

Ef/eV
Fit index

Hf(OBu)4 Hf–O1 1.9 � 0.2 1.94 � 0.02 0.050 � 0.005 13.0c 20.7 �2.21
Hf–O2 4.7 � 0.5 2.14 � 0.02 0.089 � 0.009 2.5d 14 21.85
Hf–C 2.9 � 0.3 3.11 � 0.03 0.112 � 0.011 13
Hf–Hf 2.0 � 0.4 3.42 � 0.03 0.081 � 0.008

1 eq. HOiPr Hf–O1 2.1 � 0.2 1.94 � 0.02 0.050 � 0.005 13.0c 20.7 �2.21
Hf–O2 5.0 � 0.5 2.14 � 0.02 0.089 � 0.009 2.5d 14 23.71
Hf–C 2.2 � 0.2 3.13 � 0.03 0.112 � 0.011 13
Hf–Hf 1.7 � 0.2 3.42 � 0.03 0.081 � 0.008

2 eq. HOiPr Hf–O1 1.8 � 0.2 1.94 � 0.02 0.045 � 0.005 13.0c 20.7 �2.04
Hf–O2 5.2 � 0.5 2.14 � 0.02 0.092 � 0.009 2.5d 14 26.95
Hf–C 2.2 � 0.2 3.16 � 0.03 0.112 � 0.011 13
Hf–Hf 2.0 � 0.2 3.42 � 0.03 0.084 � 0.008

3 eq. HOiPr Hf–O1 1.7 � 0.2 1.93 � 0.02 0.022 � 0.002 13.0c 20.7 �1.77
Hf–O2 5.4 � 0.5 2.14 � 0.02 0.095 � 0.009 2.5d 14 30.92
Hf–C 2.1 � 0.2 3.16 � 0.03 0.112 � 0.011 13
Hf–Hf 1.8 � 0.2 3.41 � 0.03 0.087 � 0.009

1 eq. THF Hf–O1 2.1 � 0.2 1.94 � 0.02 0.050 � 0.005 13.0c 20.7 �1.59
Hf–O2 4.9 � 0.5 2.14 � 0.02 0.089 � 0.009 2.5d 14 22.08
Hf–C 2.8 � 0.3 3.10 � 0.03 0.112 � 0.011 13
Hf–Hf 2.1 � 0.2 3.42 � 0.03 0.084 � 0.008

3 eq. THF Hf–O1 2.1 � 0.2 1.94 � 0.02 0.050 � 0.005 13.0c 20.7 �1.46
Hf–O2 5.0 � 0.5 2.14 � 0.02 0.089 � 0.009 2.5d 14 23.98
Hf–C 2.5 � 0.3 3.10 � 0.03 0.112 � 0.011 13
Hf–Hf 2.0 � 0.2 3.42 � 0.03 0.084 � 0.008

1 eq. Hacac Hf–O1 0.9 � 0.1 1.94 � 0.02 0.032 � 0.003 13.0c 20.7 �2.69
Hf–O2 6.3 � 0.7 2.17 � 0.02 0.077 � 0.008 2.5d 14 15.48
Hf–C 5.8 � 0.6 3.19 � 0.03 0.097 � 0.010 13
Hf–Hf 1.5 � 0.2 3.52 � 0.04 0.067 � 0.007

2 eq. Hacac Hf–O 7.6 � 0.7 2.17 � 0.02 0.084 � 0.008 13.0c 12.4 �2.6719.3
Hf–C 7.8 � 0.8 3.21 � 0.03 0.089 � 0.009 1.5e 9

7
3 eq. Hacac Hf–O 8.3 � 0.8 2.17 � 0.02 0.084 � 0.008 13.0c 12.4 �2.4119.3

Hf–C 7.6 � 0.8 3.20 � 0.03 0.084 � 0.009 1.5e 9
7

Monoclinic HfO2 Hf–O1 7i 2.12 � 0.02 0.110 � 0.011 13.0c 20.7 �1.54
Hf–Hf1 7i 3.42 � 0.03 0.097 � 0.010 2.5d 14 32.03
Hf–O2 7i 3.90 � 0.04 0.110 � 0.011 9
Hf–Hf2 4i 3.94 � 0.04 0.107 � 0.011

Hf4O2(OMc)12 Hf–O1 1.6 � 0.2 2.06 � 0.02 0.063 � 0.006 13.0c 20.7 �2.6
Hf–O2 5.9 � 0.6 2.19 � 0.02 0.092 � 0.009 2.5d 14 26.58
Hf–Hf 2.3 � 0.2 3.48 � 0.03 0.063 � 0.006 10

a Amplitude reducing factor (AFAC) = 0.8. b Abs = X-ray absorbing atom, Bs = backscatterer, R = distance, s = Debye–Waller factor.
c kmin = 3 Å�1, kmax = 16 Å�1. d Rmin = 1.5 Å, Rmax = 4.0 Å. e Rmin = 2.0 Å, Rmax = 3.5 Å. f Calculated according to Nind =

2p�1(DkDR). g Nfree = 2/3Nind
h Quality of fit. i Coordination numbers were fixed to literature values.
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Only two oyxgen shells can be fitted to the experimental data.

The values are in accordance with the Hf(OiPr)4(HOiPr) (3)

reference as determined by Veith et al.11

Hafnium compounds with oxygen coordination numbers of

seven (HfO2) or 7.5 (6) exhibit a signal in the XANES

spectrum at around 9.58 keV.33 Therefore, the absence of this

signal in the spectrum of 1 in 2, shown in Fig. 2, is indicative of

an oxygen coordination smaller than seven, which is later

confirmed in the EXAFS analysis.

The hafnium coordination number of two at a distance of

3.42 Å is contradictory to a dimeric structure in solution

(cf. Scheme 1). A fit with a fixed Hf-coordination number of

one, according to I resulted in a reduced quality of fit

(R-factor) by more than 20%. Also, structure III deduced

form Hf4O2(OMc)12 (6) determined by Gross et al.,21 can be

excluded owing to the longer Hf–Hf distance. Although 1 in 2

and 6 show comparable hafnium coordination numbers, the

higher intensity of the Hf-signal in the Fourier transform of 6

is explained by the smaller Debye–Waller factor. But both the

experimental number of hafnium backscatterers and their

distance are in good agreement with structure II, determined

by Starikova et al. as subunit of Hf6O2(OEt)20(HOEt)2
(cf. Tables 1 and 4), or like in Zr3O(OtBu)10.

29

In solutions of metal alkoxides, formation of equilibria

between different structure types can not be excluded a priori.

Despite the fact that it might make the discussion not as

straightforward as possible, we are convinced that in EXAFS

investigations of complex solutions, it is mandatory to account

for the inherent property of the method, namely to average

over all species present, and to discuss the possible existence of

different species. Simple mixtures that yield a Hf-coordination

number of two are listed in Table 4 as M1 and M2. For

simplicity, only well defined molar ratios are used for discus-

sion. Nevertheless, this approximation does not affect the later

results. While M1 still contains structure II, but in combina-

tion with I and III in a molar ratio of 2 : 1 : 1, M2 is only

constructed by I and III in a 2 : 1 ratio. As M1 shows a

distance more similar to the experiment than M2, M1 is more

probable. There can also be more complicated mixtures than

M1 and M2, that mirror the EXAFS results with the same

quality. Two examples of such mixtures are listed in Table 2 as

M3 and M4. Both illustrate the fact, that structure II is

required to be the dominant one.

Even if the error in the coordination number is taken into

account, like in the mixtures M5 to M8, the constructed

mixtures can reproduce the experimentally obtained distance

of the hafnium shell only, if the fraction of II becomes

very high.

As a conclusion to this paragraph, the cyclic trimer II is

identified to be the dominant structure. In contrast to

Zr(OnBu)4, an increased degree of association is therefore

observed for Hf(OnBu)4 in non-polar solvents, which is in

accordance with ebullioscopic results by Bradley et al.34

Surprisingly, in case of Zr(OnBu)4, such an increased aggrega-

tion could not be detected by EXAFS investigations.10,20 The

different cluster sizes of these two precursors in solution may

be an explanation for their different reactivity in the synthesis

of Hf- and Zr-oxo-alkoxide clusters.21

Hf(OnBu)4 in toluene with additional donor compounds

Fig. 1 also shows the experimental w(k)-spectra of 1 in 2 plus

three equivalents HOiPr or THF. The spectra for samples with

one and two equivalents HOiPr and one equivalent THF,

respectively, were omitted for clarity.

From comparison of the spectra it can be seen that no

changes take place, when the Lewis bases HOiPr and THF are

added. The iterations of all parameters gave stable results

Fig. 2 XANES region of Hf(OBu)4 (1) in toluene (2) (short dashed

line), and after the addition of one (double dotted dashed line), two

(long dashed line) and three (dotted dashed line) equivalents of Hacac,

monoclinic HfO2 (filled circles) and Hf4O2(OMc)12 (open squares).

The arrow marks the characteristic post-edge signal for seven- or

eight-fold oxygen coordination.

Table 4 Average structural parameters for several mixtures of the reference compounds I, II and III used to describe the results obtained with
EXAFS spectroscopy of Hf(OBu)4 (1) in toluene (2)

Mixturea I II III Average hafnium coordination numberb Average hafnium distance [Å]

M1 2 1 1 1.8 3.52
M2 2 0 1 1.8 3.56
M3 2 2–N 1 1.9 3.51–3.45
M4 1 10–N 1 2.0 3.47–3.45
M5 5 1 1 1.5 3.51
M6 4 2 1 1.7 3.50
M7 2 2 2 2.0 3.53
M8 2 1 3 2.1 3.56

a Numbers of the complexes denote the unweighted molar ratios of the complexes (note: I contains two, II contains three and III contains four

hafnium atoms). b Coordination numbers obtained in EXAFS spectroscopy, not identical with crystallographic coordination numbers.
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identical to those of 1 in 2. Only the carbon shells show slight

variations, but the obtained Hf–C distances are similar to

those obtained for related zirconium alkoxides.35 The imple-

mentation of a carbon shell into the fitting procedure is

necessary, as it improves the quality of fit by more than

40%. But it should be noted, that the properties of carbon

as backscatterer at distances beyond the nearest neighbour

shell restrict the reliability of the obtained coordination num-

bers.36 Additionally, the carbon shell in alkoxides comprises

Hf–C bonds of different ligands (terminal, bridging, alkoxide,

alcohol) with similar distances. As the EXAFS signal of this

shell is smeared out, the Debye–Waller factor is larger. Hence,

these coordination numbers should only be used in a com-

parative way, with the value for pure 1 in 2 as standard.20 The

results of the EXAFS analyses are supported by the XANES

region (see supplementary information, Fig. SF1w) where no

changes could be observed when HOiPr or THF were added.

It can be stated that the local environment of the hafnium

atoms remains unaltered, but we can not exclude an exchange

of n-butoxide by iso-propanol and THF. This behaviour is

similar to that of Zr(OnBu)4, where also no changes were

induced by these two ligands.

The XANES spectra of the solutions with one to three

equivalents Hacac in Fig. 2 show an increasing intensity of the

shoulder after the white line at 9.58 keV.

This is a first indication of an altered oxygen coordination,

since the XANES region is dominated by multiple scattering

effects in the nearest neighbour shells.37 To support this

interpretation the coordination properties of Hacac in solu-

tions of 1 in 2 were studied by IR-spectroscopy. Fig. 3 shows

the difference spectra between solutions with one to four

equivalents Hacac and that of pure 1 in 2 in the region of

1500–1650 cm�1. Two signals at around 1595 and 1530 cm�1

are assigned to the n(CQC) and n(CQO) stretching modes of

the coordinated enolate ion, respectively.38

Both absorption bands show a linear increase of the inte-

grated intensity up to three added equivalents Hacac (see also

supplementary information, Table ST1 and Fig. SF2w). But
with four Hacac the intensity at 1530 cm�1 remains unaltered.

The slight deviation of the band at 1595 cm�1 from this

behaviour can be explained by the fact that solvent signals

interfere with this signal (see supplementary information,

Fig. SF3w). Together with the fact that characteristic signals

of free Hacac39 between 1700 and 1730 cm�1 are only observed

with four equivalents Hacac (see supplementary information,

Fig. SF4w) it can be concluded, that in the solutions of 1 in 2

all Hacac ligand molecules present in solution coordinate up

to a maximum of three equivalents per hafnium center, and no

free Hacac remains until the concentration of Hacac exceeds

three equivalents. This result forms the frame for the following

discussion of the EXAFS results.

The increased average coordination number of the oxygen

shell after the addition of Hacac (cf. Table 3) can be qualita-

tively explained by a progressing exchange of monodentate

[OnBu]� against bidentate [acac]�, which also causes a change

in the Hf–C distance in accordance with the literature.40 Also,

the higher coordination number in the carbon shell can be

explained by this exchange, since [OnBu]� ligands provide one

carbon neighbour, while [acac]� provides at least two carbon

atoms per ligand. But as already mentioned, no exact quanti-

tative discussion of the carbon shell is possible.36 All these

effects are also clearly visible in the Fourier transforms of the

experimental w(k)-functions, shown in Fig. 4, where the signals

of the second oxygen and the carbon shell continuously

increase, while the first O- and the Hf-peak vanish with

increasing Hacac concentration.
Although the oxygen coordination number found with one

equivalent Hacac would be in accordance with structure IV or

V, the number of 1.5 hafnium neighbours is contradictory to

such a simple situation according to the following reactions

(1) or (2):

II + 3 Hacac - IV + 3 nBuOH (1)

2 II + 6 Hacac - 3 V + 6 nBuOH (2)

4 II + 12 Hacac - 2 IV + 3 V + 12 nBuOH (3)

4 II + 12 Hacac - 2 II + 3 VII + 12 nBuOH (4)

8 II + 24 Hacac - 2 II + 2 IV + 3 V + 3 VII

+ 12 nBuOH (5)

A detailed discussion of possible reactions, involving the

structures of Scheme 1, gives three reactions (3)–(5), that

reproduce the obtained experimental values to a largest extent

(see supplementary information, Scheme SS1 and Table

ST2w). In contrast to the discussed solid state structures of

diketone-substituted Hf- and Zr-alkoxides,14d,29 our EXAFS

results demand the coordination of a neutral nBuOH ligand to

achieve the obtained sevenfold Hf–O coordination with

one equivalent Hacac. While (3) is in accordance with solid

mono-substituted Zr2(O
nPr)6(tmhd)2, Zr2(O

iPr)6(acac)2 and

Hf2(O
nPr)6(tmhd)2 (8), the reactions (4) and (5) can provide

an explanation for the changes, when these solid compounds

are dissolved.14d,41 But in contrast to Kessler et al.,14d who

suggest rearrangement of Hf2(O
nPr)6(tmhd)2 mainly to tetra-

substituted Hf(tmhd)4 and dimeric hafnium n-propoxide, in

our study the complex II and the di-substituted dimer VII are

the only possible species, existing in solution, that are in

accordance with the EXAFS results. The analog to structure

Fig. 3 CQO and CQC vibrational bands of the difference spectra

between Hf(OBu)4 (1) in toluene (2) (short dashed line), and with one

(double dotted dashed line), two (long dashed line), three (dotted

dashed line) and four (solid line) equivalents Hacac.
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VII, Ce2(O
iPr)4(acac)4 had already been found for the

modification of Ce(OiPr)3 with Hacac by means of EXAFS

spectroscopy.17,42,43 The only dimeric di-substituted Hf–alk-

oxide is complex 9. Three-substituted structures like VIII can

therefore be ruled out in solutions of Hf(OnBu)4 with one

equivalent Hacac in toluene. Therefore a similar behaviour of

Hf(OnBu)4 to that found by Kessler et al. in analogy to

reaction (2) by means of NMR spectroscopy41 for Zr(OiPr)4
with one equivalent Hacac can not be confirmed by EXAFS

spectroscopy.

Despite the fact that the limits of EXAFS spectroscopy are

reached at this stage, and no definite decision for one of the

reactions (3)–(5) can be made due to their identical coordina-

tion numbers, it can be concluded that the aggregation degree

of the original complex formed by 1 in 2 is reduced when one

mole equivalent Hacac is added.

With two equivalents Hacac further reduction of the ag-

gregates solely to monomers can be observed, since no Hf–Hf

shell can any longer be adjusted to the experimental data.

Therefore, the mechanism proposed in ref. 41 for the reaction

of mixed ligand zirconium-propoxides with two equivalents

Hacac can not be applied here. Instead of a mixture of tri- and

tetra-substituted monomers and the unsubstituted dimer, only

the monomeric disubstituted complex VI in accordance with

Jones et al.44 is possible from our EXAFS analysis:

II + 6 Hacac - 3 VI + 6 nBuOH (6)

The obtained Hf–O coordination number of 7.8 in a single

shell (no second shell could be fitted) can only be explained by

the coordination of a second neutral nBuOH ligand. In ref. 19

it was shown for aqueous hafnium solutions, that an eightfold

oxygen coordination by ionic and neutral ligands results in a

single O-shell with a distance of 2.15 Å.

With three equivalents of Hacac, only the monomer com-

plex VIII can be deduced from the EXAFS results, since no

Hf–Hf neighbours are found again. By consideration of the

IR-spectroscopic results it can be concluded that the eightfold

oxygen coordination in VIII is achieved by three [acac]�, one

[OnBu]� and one nBuOH ligands. Although in principle a

mixture of monomeric VI and Hf(acac)4 would yield an

oxygen coordination number of the same order, this combina-

tion is unlikely, since even no formation of Hf(acac)4 could be

detected by IR-spectroscopy. The same behaviour was found

in our previous studies for Zr(OnBu)4.
20

Correlation of the XANES signal at 9.58 keV to the oxygen

coordination number

The XANES regions of the samples, shown in Fig. 2, contain a

signal at around 9.58 keV. Obviously the intensity of this

signal varies for the different samples. Isolation of this parti-

cular signal was carried out according to the procedure,

described in the experimental section. As an example the

deconvoluted XANES spectrum of the solid reference

Hf4O2(OMc)12 (6) is shown in Fig. 5.

Details of the obtained spectral parameters for all samples

are given in the supplementary information (Table ST3w). As

it can be seen in Fig. 6, the height of the isolated signal at

B9.58 keV exhibits a linear correlation to the experimentally

determined average oxygen coordination number.

Although the integral intensity shows a similar trend, the

peak height is preferable, due to the better correlation factor of

R = 0.966 in comparison to R = 0.939 for the integrated

Fig. 5 Example of a deconvoluted XANES spectrum of

Hf4O2(OMc)12. The edge step is approximated by an arctan function

(dotted line), the white line by a asymmetric Psoido-Voigt (short

dashed line) and the signal at around 9.58 keV by a asymmetric

Gaussion (long dashed line) function. The addition of all three parts

(solid line) fits the experimental XANES spectrum (solid squares) very

well.

Fig. 4 Experimental k3 � w(k) functions (left) of 1 in 2 (short dashed line), as well as containing one (double dotted dashed line), two (long dashed

line) and three (dotted dashed line) equivalents of Hacac, monoclinic HfO2 (filled circles) and Hf4O2(OMc)12 (open squares), together with their

Fourier transforms (right).
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intensity. This empirical correlation can be used as indicator

or measure for the average oxygen coordination number,

regardless of the exact coordination geometry. It is the first

time that such a model-independent interpretation of this

feature of hafnium XANES spectra has been given.

Conclusions and outlook

With this work we showed the potential of X-ray absorption

spectroscopy (XAS) as an experimental method to identify

structures formed by alkoxide precursors in solution, for

hafnium n-butoxide as examples. In comparison to standard

analytical methods, EXAFS spectroscopy probes the clusters

size directly by ‘‘counting’’ the metal neighbours around an

X-ray absorbing atom. But on the other hand, XAS has the

disadvantage of averaging over all species present in the

solutions. Therefore first we determined the coordination

numbers with high reliability by the use of different k-weight-

ings. In a second step we compared our results with the

structures of well-known solid state references of defined

geometry, that form the basis for the discussion of possible

mixtures of different species, and combined the results with a

second spectroscopic method. This approach allowed the

identification of a cyclic trimer as the main component in

solutions of Hf(OnBu)4 in toluene. While HOiPr and THF do

not alter the hafnium framework, one equivalent of Hacac

causes partial degradation to a disubstituted dimeric structure.

With two and three Hacac, only di- and tri-substituted mono-

mers are formed.

The evaluation of the XANES signal at around 9.58 keV

can be used in future studies of such systems as a first measure

of the average oxygen coordination number in addition to the

EXAFS analysis. The obtained structural parameters can be

used as input for first-principle multiple scattering calculations

to obtain a deeper insight into the geometrical details of the

clusters. Such calculations will be carried out for the present

system, to achieve also a theoretical explanation for the

empirical XANES-oxygen coordination relation.
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