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Abstract Theoretical and spectroscopic studies of a series
of monomeric and dimeric complexes formed through the
modification of a zirconium butoxide precursor with
acetylacetone and subsequent hydrolysis and/or condensa-
tion have been performed by applying DFT/B3LYP/6-31+
+G(d) and highly accurate RI-ADC(2) methods as well as
IR and UV-Vis transmittance and diffuse reflectance
spectroscopies. Based on DFT model calculations and
simulated and experimental UV-Vis and IR spectra of all
the studied structures, the most probable building units of
the Zr(IV)–AcAc gel were predicted: the dimeric double
hydroxo-bridged complex Zr2(AcAc)2(OH)4(OH)2br 9 and
the monooxo-bridged complex Zr2(AcAc)2(OH)4Obr·2H2O
12. In both structures, the two AcAc ligands are coordinat-
ed to one Zr atom. It was shown that building units 9 and
12 determine the photophysical and vibrational properties
of the gel material. The observed UV-Vis and IR spectra of
Zr(IV)-AcAc gel were interpreted and a relation between
the spectroscopic and structural data was derived. The
observed UV-Vis bands at 315 nm and 298/288 nm were

assigned to partial ligand–metal transitions and to intra-/
inter-AcAc ligand transitions, respectively.

Keywords Zirconia . Sol-gel . DFT modeling . UV-Vis
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Introduction

Sol-gel technology provides a low-temperature method of
preparing oxide materials with improved optical or electri-
cal properties using different dopants, such as organic dyes
and d- and f-ion complexes. Zirconia is one of the most
thoroughly investigated sol-gel systems due to the excellent
properties of ZrO2 material, which have led to its use in
porous membranes, matrices in catalysis, and dense
dielectric and ferroelectric films in electronics [1–6].
Recently, we synthesized hybrid zirconia sol-gel materials
modified with acetylacetone (AcAc) [7], and demonstrated
that modifying agents like AcAc and nitric acid decrease
the optical band gap of the sol-gel zirconia from 4.84 eV to
about 3 eV. Doping with AcAc leads to yellow-brown
materials [7–9]. The well-known color of AcAc-containing
zirconia sol-gel materials is caused by Zr(IV)–AcAc
complex formation during hydrolysis in the liquid (sol)
state, which exhibits strong absorption in the UV region and
low-intensity absorption in the visible spectral region [7].

Despite numerous investigations, however, the chemistry
and structure of Zr(IV)–AcAc complexes in zirconia gels
and during gelation are not well understood. The experi-
mental conditions and precursor used determine the
characteristics of the modified zirconia sol-gel. Zr butoxide
has been used as a precursor to prepare Zr(IV)–AcAc oxide
materials [7]. Its structure has recently been the focus of
intense study, and the results of this research seem to be
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controversial [10–13]. Based on X-ray absorption spectros-
copy, EXAFS and XANES, zirconium n-butoxide in
n-butanol was described as consisting of asymmetric
tetramers, Zr4(BuO)16 [10]. A similar zirconium tetramer
structure with double hydroxo bridging ligands has also
been established by X-ray diffraction studies [11]. Bauer et
al. proposed a symmetric trimer structure for zirconium n-
butoxide [12]. Based on NMR data, the species Zr3O
(BuO)10 has been suggested to occur in the solid state and
in solution [14]. Other authors have argued for monomeric
Zr(BuO)4, considering the atomic radius of Zr (1.45 Å),
whilst the larger Th atom (radius ∼1.65 Å) forms an
oligomeric t-butoxide complex [15]. The tetrameric com-
plex Zr4(OH)8(H2O)16Cl8 has been identified in both
aqueous solution and the solid state [16]. The tetrameric
zirconium hydroxyl species could arise from tetrameric Zr
butoxide or from concomitant hydrolysis and condensation
of monomeric zirconium butoxide, as suggested for the
silicon alkoxides. Knowledge of the Zr butoxide structure is
important for the reliable prediction and modeling of the
AcAc-modified precursor and AcAc-modified zirconia
along the reaction steps.

The aim of the work described in this paper was to
theoretically and spectroscopically characterize the Zr
(IV)–AcAc complexes formed through the modification
of the zirconium butoxide precursor with acetylacetone
and subsequent hydrolysis and/or condensation, and to
compare results obtained with those gained from UV-Vis
diffuse reflectance and transmission spectroscopy and IR
spectroscopy. DFT modeling and spectral simulations
with quantum-chemical methods (DFT and RI-ADC(2))
were applied to determine the complexes that are most
likely to be formed during the reaction procedure.
Monomeric (Zr(BuO)4−n(AcAc)n, Zr(OH)4−n(AcAc)n,
n=1–4) and dimeric hydroxo-bridged models were calcu-
lated in the gas phase and in solution at the DFT/B3LYP/
6-31++G(d) level, and the results were related to the sol
species. Dimeric hydroxo- and oxo-bridged Zr(IV)–AcAc
models were constructed to represent the repeat units of
the ZrO2–AcAc gel.

Experimental details

Sample preparation

The samples based on zirconia butoxide as the starting
precursor were prepared at room temperature. The syntheses
were performedwith Zr(OC4H9)4 (80% solution in 1-butanol;
Aldrich, St. Louis, MO, USA), secondary butanol (99%;
Fluka, Buchs, Switzerland), and acetylacetone (99%; Sigma–
Aldrich, St. Louis, MO, USA). Acetylacetone was used as a
chelating ligand, which resulted in the formation of the

previously described yellow–brown complexes between
acetylacetone and zirconium [7]. As a result of the
preparation scheme applied (given in Fig. 1), transparent
amorphous gels that were colored by the Zr(IV)–AcAc
complex were obtained. In this paper, sol and gel species
with a molar ratio of reagents nZr/nAcAc of 0.6 were
investigated in detail. The chemical composition (Zr
content=42.3% and C content=14.6%) of the sample (nZr/
nAcAc=0.6) was determined using an Ultima 2 ICP from
Horiba Jobin Yvon (Edison, NJ, USA).

UV-Vis measurements

Room-temperature UV-Vis transmittance and diffuse re-
flectance spectra of solutions and powdered species were
measured on a PerkinElmer (Waltham, MA, USA) Lambda
35 spectrophotometer with a deuterium lamp for the UV
region. Optical transmittance spectra of EtOH solutions
containing a Zr–AcAc complex (cZr≈6×10−4 mol/l, nZr/
nAcAc=0.6) were obtained using a 10 mm SUPRASIL
(Hellma, Müllheim, Germany) quartz glass cuvette (80%
transmittance at 200 nm) and pure ethanol as a reference.

Diffuse reflectance spectra from powdered gels were
obtained with a specular reflectance accessory (RSA-PE-
20, Labsphere, North Sutton, NH, USA) between 250 and
900 nm. The powders were placed in a black vertical
sample holder made in-house from POLIPOM; Fig. 2. The
f-f transitions of Ho2O3 are used as a reference; both peak
positions and intensities were in good agreement with
theory between 250 nm and 900 nm [17]. The Kubelka–

Munk function FðRÞ ¼ ð1�2RÞ2
2R was calculated from the

diffuse reflectance R(%) [18]. The signal/noise ratio in the
region 250–300 nm was improved using undoped zirconia
sol-gel powders as a white standard.

XRD, IR-spectroscopy, TG/DTA, and analytical
characterization

XRD investigations were performed on a Bruker (Billerica,
MA, USA) D8 Advance diffractometer with Ni Kβ filtered
radiation and a LynxEye position-sensitive detector (PSD).
The results indicated that all of the zirconia samples were
X-ray amorphous. The infrared spectra were recorded on a
Bruker model IFS 25 Fourier transform interferometer
(resolution<2 cm−1) at ambient temperature using KBr
discs as matrices.

The thermal stability of the Zr–AcAc sol-gel material
was studied using thermogravimetry (TG) and differential
thermal analysis (DTA) measurements. DTA/TG was
performed on a LABSYS™ EVO apparatus (Setaram,
Caluire, France) with Pt/PtRh thermocouples under an air
atmosphere. Alumina crucibles were used as vessels at a
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heating rate of 10 °C/min in the temperature range 25–800 °C.
The TG and DTA curves recorded for AcAc-modified
zirconia suggest decomposition of the Zr(IV)–AcAc gel
via one endothermic weight loss process maximizing at
122.0 °C and three exothermic processes occurring at 261.8,
370.8, and 547.1 °C; see Fig. S1 of the “Electronic
supplementary material” (ESM). The endothermic process
at 122.0 °C relates to sample dehydration. The exothermic
effects (240–660 °C) result from the decomposition/oxida-
tion of the organic matter and the crystallization of tetragonal
zirconia nanocrystals during heating [7].

Computational methods

Based on the preparation scheme for the synthesis of AcAc-
containing zirconia sol-gel materials, reaction equations
were suggested, and the products, monomeric and dimeric
Zr–AcAc structures, were modeled (see Table 1). Geometry
optimizations of closed shell Zr(IV)–AcAc complexes were
performed with DFT and the hybrid B3LYP functional [19,

20] using Gaussian 09 [21]. The 6-31++G(d) basis set was
used for carbon, oxygen (11s5p1d)/[4s3p1d], and hydrogen
((5s)/[3s]) atoms. The effective quasi-relativistic core
potential ECP28MWB and the corresponding basis set
were used for the Zr atom (8s7p6d/[6s5p3d] [22].
The ECP28MWB treats [Ar]3d10 as a core, whereas
4s24p64d05s0 shells are taken into account explicitly. Full
geometry optimizations were carried out without symmetry
constraints. The structural minima were qualified by the
absence of negative eigenvalues in the diagonalized
Hessian matrix, giving an imaginary normal vibrational
mode. The IR spectra of the model complexes were
simulated using the DFT/B3LYP/6-31++G(d) method, and
approximate assignments of the calculated frequencies to
the molecular vibrational modes were performed based on
the atom movements in Cartesian coordinates calculated
with the Gaussian program. The calculated atom move-
ments were further used as an input for the ChemCraft
program, which animates them and makes it possible to
visually inspect each molecular mode [23]. To explore the
experimental UV-Vis data of Zr(IV)–AcAc complexes

Fig. 1 Preparation schemes
used for the sol-gel synthesis
of zirconia gels (left). A typical
zirconia gel with nZr / nAcAc≈
0.35 is also shown (right)

Fig. 2 Sample holder used for
diffuse reflectance measure-
ments of powder samples
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measured in polar solution, the absorption spectra of the
optimized geometries in butanol were calculated in the same
solution at the TDDFT/B3LYP/6-31++G(d) level. A nonequi-
librium implementation of the polarizable continuum model
(PCM) using the integral equation formalism variant
(IEFPCM) was applied to simulate the solvent effects [24–
26]. To overcome the failure of TDDFT to calculate the
correct charge-transfer transition, the vertical excitation
energies of Zr(IV)–AcAc complexes were calculated with
highly accurate resolution-of-the-identity algebraic diagram-
matic construction through a second-order (RI-ADC(2))
method [27, 28] using the def2-SVP basis for all atoms

and the effective core potential ECP28MWB for the Zr atom
[29, 30]. When used in combination with the resolution of
the identity (RI) procedure [31], ADC(2) is a computation-
ally very efficient approach that incorporates dynamical
electron correlation effects. The recent introduction of linear
response theory (LRT) in combination with analytic gra-
dients [32] provides the capacity to treat excited states. The
RI-ADC(2) calculations were performed with the Turbo-
mole6.1 software package [33]. The character of the
molecular orbitals that contribute to the most intense
transitions was analyzed by means of Mulliken and natural
population analyses (NPA) [34].

Table 1 Reaction equations and structures of the Zr–AcAc products obtained by following the preparation scheme (Fig. 1) for sol-gel synthesis.
The geometries were optimized at the DFT/B3LYP/6-31++G(d) level (ECPMWB28 potential for Zr)
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Table 1 (continued)
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Results and discussion

Monomeric Zr(IV)–AcAc complexes and dimeric hydroxo-
bridged Zr(IV)–AcAc complexes formed in solution The
AcAc-modified Zr(IV) butoxide precursor and AcAc-
modified zirconia species obtained in solution are now
discussed in accordance with the reaction scheme shown in
Fig. 1 and supported by the known chemistry of Zr butoxide
and Zr–AcAc complex formation [1–16, 35, 36]. Initially,
zirconia sol 1 is obtained from Zr butoxide in n-butanol
solution, and, based on previous studies, the formation of
monomeric [16] or tetrameric Zr4(BuO)16 [10] complexes
would be expected here. According to EXAFS and SAXS
studies, four Zr atoms form a ring, and each Zr atom is linked
to other two Zr atoms by double oxygen bridges (BuO). Two
single and four bridging BuO groups are connected to the
six-coordinated Zr(IV) center, as shown in Fig. 3.

The second stage involves the reaction of zirconium
butoxide (monomeric Zr(BuO)4 or tetrameric Zr4(BuO)16)
with AcAc in butanol solution and the formation of mixed-
ligand Zr–BuO/AcAc complexes (zirconia sol 2). Consid-
ering a monomeric Zr(BuO)4 precursor in the complexation
reaction with the AcAc ligand, the formation of the
complexes Zr(AcAc)(BuO)3 (1) and Zr(AcAc)2(BuO)2 (2)
is anticipated, corresponding to reactions (1) and (2),
respectively, in Table 1 [15]. The Zr(AcAc)3(BuO) complex
is unstable in solution in the absence of hydrolysis, so it is
not considered further here [37]. The complete exchange of
all BuO ligands and formation of the most stable complex,
Zr(AcAc)4, is unlikely because of the low AcAc ligand
concentrations used in our experiment. In the case of a
tetrameric Zr4(BuO)16 precursor in butanol [10] and the
molar ratio nAcAc/nZr=0.6, we expect that all of the
Zr4(BuO)16 reacts with AcAc to produce the compound

Table 1 (continued)

a Scheme
b For simplicity, the number denotes the main molecule structure (without the outside coordination sphere of hydrogen-bonded water molecules)
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Zr4(AcAc)2(BuO)14 (3); see reaction (3) in Table 1. In the
modified complex, the two BuO− groups that are linked to
non-neighboring Zr atoms, to neighboring Zr atoms, or to
one Zr atom could be replaced by two chelating AcAc
ligands. Hence, the formation of three Zr4(AcAc)2(BuO)14
species (3a, 3b, 3c) is suggested; see Table 1. Based on
preparation steps 1 and 2 (Fig. 1) and the chemistry of Zr
butoxide, three compounds of zirconia sol 2 (1, 2, and 3;
Table 1) are thought to be produced in butanol solution.
These complexes are further discussed as potential AcAc-
modified Zr butoxide precursors in the sol-gel process,
including hydrolysis and condensation reactions.

An experimental study on the hydrolytic stability of
organic ligands in metal alkoxide complexes has shown that
the AcAc (95–100%) has high hydrolytic stability due to its
strong chelate bonding to the metal, meaning that only
hydrolysis of the alkoxo groups proceeds [38]. In the
reaction scheme used in this study, the amount of water is
dominant (nButOH:nH2O = 1:4), and we accept that the
hydrolysis reaction goes to completion (all BuO groups are
replaced by OH groups). As a result of the hydrolysis
processes (4–6) in Table 1, the complexes Zr(AcAc)(OH)3
(4), Zr(AcAc)2(OH)2 (5) or Zr4(OH)14(AcAc)2 (6) should
be obtained. Since the computation of the large tetramer
structure is very time-consuming, we divided cluster 6 into
three dimer fragments with double hydroxo (OH) bridges
linking both Zr atoms: Zr2(AcAc)(OH)5(OH)2br (7) and two
Zr2(AcAc)2(OH)4(OH)2br complexes (8, 9), where the

AcAc ligands are connected to different Zr atoms and to
one Zr atom, respectively; see Table 1.

The hydrolysis is usually accompanied by a dimerization
or condensation reaction, which results in the formation of
larger Zr-containing molecules that form chains or rings.
Therefore, dimerization between the hydrolyzed mono-
meric Zr(IV)–AcAc complexes (Zr(AcAc)(OH)3 or Zr
(AcAc)2(OH)2) and Zr(OH)4 (nAcAc:nZr=0.6) in solution
should be expected, and the condensation reactions (7),
(8), and (9) were assumed to occur, Table 1. The dimeric
double hydroxo-bridged Zr(IV)–AcAc products 7, 8, and 9
of the reactions above appear to form the same kind of
clusters already included in our discussion of the hydro-
lyzed tetrameric Zr(IV)–AcAc complex above (see cluster
approach to 6 in Table 1).

The chemical analysis performed in this study, as well as
our recent results [7], suggest the presence of both
physically and chemically bonded water in the sol-gel
glasses. The results thus obtained are further used to
simulate the hygroscopic moisture. In the structural models
studied below, water molecules that are hydrogen bonded to
the ligand oxygen atoms (AcAc and OH) are included.

DFT modeling and UV-Vis spectra simulations [TDDFT
and ADC(2)] of monomeric and dimeric hydroxo-bridged
Zr(IV)–AcAc complexes in solution To obtain data on the
molecular geometries of Zr(IV)–AcAc complexes formed
in butanol/aqueous solution, two groups of model complex
structures were considered in the gas phase at the DFT
level: monomeric (4, 5) and dimeric double hydroxo-
bridged (7, 8, 9); see Table 1. Dimeric Zr(IV)–AcAc
complexes with double hydroxo bridging have been
reported in the literature, and data on their structures are
available [39]. The vertical excitation energies were calculat-
ed in the gas phase and in butanol solution at the
corresponding optimized geometries of the model Zr(IV)–
AcAc complexes by applying the TDDFT/B3LYP/6-31++G
(d) method. Comparison of the calculated vertical excitation
energies at the TDDFT level in the gas phase and in solution
showed that the solvent effect is small (∼5 nm). This finding
led us to perform the absorption spectra calculations in the gas
phase using the highly accurate RI-ADC(2) method. The
simulated UV-Vis spectra of the model Zr(IV)–AcAc com-
plexes 4, 5, 7–9 (at the RI-ADC(2) level) were compared to
the experimental absorption spectrum in solution to suggest
the most probable complex formed in solution. The
experimental absorption spectrum of the Zr(IV)–AcAc
complex and the calculated ones of 5, 9, 8 are shown in
Fig. 4, while those of 4 and 7 are given in Fig. 5.

The experimental UV-Vis spectrum of a sample with the
molar ratio nAcAc/nZr = 0.6 in solution shows an intense band
at 298 nm, a medium band at 208 nm, and a shoulder at
315 nm. All of the calculated UV-Vis spectra of the model Zr

Fig. 3 The tetramer Zr(IV) structure, as experimentally demonstrated
in solution [10] (R = Bu, H)

J Mol Model (2012) 18:2409–2422 2415
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(IV)–AcAc complexes studied (Fig. 4 and Fig. 5) exhibit a
strong band in the region 290–298 nm, which correspondswell
to the most intense experimental absorption band at 298 nm.
Based on themolecular orbitals, this bandwas assignedmainly
to the intra/interligand π(AcAc)→π*(AcAc) transition. The
experimental UV-Vis spectrum displays a clearly distinguish-

able shoulder at ∼315 nm; see Fig. 4. Such a shoulder was
calculated for the model structures 5 and 9, shown in Fig. 4.
In the calculated spectra of the model structures 4 and 7,
however, the shoulder at ∼315 nm is missing (Fig. 5), and
only one intense band at ∼294 nm is predicted. Obviously,
the simulated spectra of the model structures 4 and 7 with one
AcAc ligand attached to a Zr atom do not agree with the
experimental one, so these two models (considered to be less
probable) are not discussed further here.

The best agreement with the experimental spectrum was
achieved for model structures 5 and 9 (Fig. 4), where the

Fig. 4 Experimental UV-Vis spectrum of Zr–AcAc sol (nAcAc/nZr=
0.6) compared to simulated ones of Zr(AcAc)2(OH)2⋅2H2O (5),
Zr2(AcAc)2(OH)4(OH)2br (9) and Zr2(AcAc)2(OH)4(OH)2br·2H2O
(8). Vertical excitation energies and oscillator strengths were calculat-
ed with the RI-ADC(2) method

�

Fig. 5 Experimental UV-Vis spectrum of Zr-AcAc sol (nAcAc / nZr=0.6) compared to simulated ones of Zr(AcAc)(OH)3.2H2O (4) and Zr2(AcAc)
(OH)5(OH)2br·2H2O (7). Vertical excitation energies and oscillator strengths were calculated with the RI-ADC(2) method

J Mol Model (2012) 18:2409–2422 2417



two AcAc ligands are bound to one Zr atom. The
monomeric complex 5 and the dimeric complex 9 showed
similar absorption properties, despite their different struc-
tures. Hence, we can conclude that the monomeric Zr(IV)–
AcAc unit is the main source of the photophysical
properties of the larger Zr chains or rings in the zirconia
sol-gel material. The characteristic bands at 312/308, 297/
298, and 204/207 nm calculated for 5 and 9 are consistent
with the observed bands at 315, 298, and 208 nm for the Zr
(IV)–AcAc sol; see Fig. 4. The bands are due mainly to
π(AcAc)→π*(AcAc)/d(Zr), π(AcAc)→π*(AcAc) and
π(AcAc/OH)→ π*(AcAc)/d(Zr) transitions, respectively.
Thus, the bands at 312 and 208 nm have partial L→M
charge-transfer character. In summary, the simulated ab-
sorption spectra, when compared to the experimental one,
predicted that the monomeric complex 5 and the dimeric
double hydroxo-bridged complex 9 are the complexes that
are most likely to form in solution. It should be mentioned,
however, that the monomeric structure 5 probably occurs in
solution, but it needs significant reorganization to become a
suitable unit for forming and growing a chain in the gel
material. Therefore, structure 5 will not be discussed further
here.

The calculated UV-Vis spectrum of the dimeric
double hydroxo-bridged structure 8 with two AcAc bound
to neighboring Zr atoms showed two intense bands at
304 nm and 290 nm, which are due to intraligand
π(AcAc)→π*(AcAc) transitions; see Fig. 4. These bands
arise from the presence of two 4 units, which produce one
intense UV-Vis band at 293 nm. The calculated bands at
304 nm, 290 nm, and 205 nm may be related to the
observed bands at 315 nm, 298 nm, and 208 nm, so
structure 8 could also be considered a potential repeat unit
in gel formation.

DFT modeling and UV-Vis spectra simulations [RI-ADC
(2)] of dimeric monooxo-bridged and double oxo-bridged
Zr(IV)–AcAc units in solid gels The sol-gel process
involves condensation reactions and dehydroxylation (the
formation of oxo bridges –O–), and thus the formation of
polymeric species with mono- (or double) hydroxo (−OH–)
or oxo (−O–) bridges is expected [40–43]. These oligomers
consist of repeat units that determine the main photo-
physical and vibrational properties of the zirconia gel
material. To study these properties, we applied a compre-
hensive cluster approach. We expect the hydroxo-bridged
Zr–AcAc structures 8 and 9, formed in solution (sol), to
participate as building units in the Zr–AcAc gel (during the
process of gelation). In addition, we performed DFT
modeling of the dimeric monooxo-bridged Zr2(AcAc)2(O-
H)4Obr·4H2O (10) and (AcAc)2(OH)4Obr·2H2O (12) and
the double oxo-bridged Zr2(AcAc)2(OH)2O2br·4H2O (11)
and Zr2(AcAc)2(OH)2O2br·H2O (13) structures obtained by

dehydroxylation reactions (10–13); see Table 1. The
calculated vertical excitation energies of dimeric structures
10–13 were compared to the diffuse reflectance spectrum of
the Zr(IV)–AcAc gel material; see Fig. 6. The visualized
molecular orbitals in Fig. 6 reveal the nature of the
corresponding energy transitions. The experimental reflec-
tance spectrum reveals an absorption band at ∼316 nm and
an intense band at ∼288 nm, and this is similar to those
seen for the Zr(IV)–AcAc sol in solution (two bands at 315
and 298 nm).

As seen from Fig. 6, the best agreement with the
experimental spectrum was achieved for the dimeric
monooxo bridged Zr(IV)–AcAc structure 12: a band at
295 nm due to the π(AcAc)→π*(AcAc) transition, and a
band at 313 nm due to the π(AcAc)→π*(AcAc)/d(Zr)
transition; i.e., it has partial L-M charge transfer character.
In contrast to structure 12, the simulated spectra of the
dimeric oxo-bridged structures 10, 11, and 13 show two
transition bands that are very close in energy: at 294 and
298 nm, at 299 and 297 nm, and at 308 and 306 nm,
respectively. In all of them, the absorption band at 316 nm
is missing. As they are not completely in accord with the
experimental results, structures 10, 11, and 13 are consid-
ered unlikely.

In summary, based on the calculated absorption and
experimental reflectance spectra, the hydroxo-bridged
structure 9 and the oxo-bridged structure 12 (two AcAc
ligands are connected to one Zr atom) are considered to be
the the most likely building blocks for the Zr(IV)–AcAc gel
material. Structure 8 appears less probable, but is also
considered to be a possible unit in the solid state. Further,
confirmation of the suggested structural units can be found
in the vibrational study of the Zr(IV)–AcAc gel material.

IR spectra simulations and vibrational analysis

To verify the dimeric Zr(IV)–AcAc structural units of the
zirconia sol-gel material, we performed detailed vibrational
analysis based on a comparison of the calculated IR
frequencies of the model dimeric structures 8, 9, and 12
(suggested above) with the experimental IR spectrum of Zr
(IV)–AcAc gel material; see Fig. 7. The IR spectra of the
other dimeric structures (monooxo-bridged 10 and double
oxo-bridged 11 and 13) are given for comparison in Fig. S2
of the ESM.

According to IR calculations of the microsolvated
dimeric Zr(IV)–AcAc complexes, the observed broad
intense band at 3417 cm−1 is due to ν(OH) vibrations.
The position of this band confirms the suggestion regarding
H-bonded solvent molecules (H2O) and H-bonded OH
groups attached to the Zr atom. Free water molecules and
free OH ligands should produce low-intensity ν(OH) bands
at higher frequencies ∼3700 cm−1 than those observed
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Fig. 6 The diffuse reflectance
spectrum of Zr(IV)–AcAc gel
compared to the calculated
absorption spectra of monooxo-
bridged and double oxo-bridged
model Zr complexes 10–13.
Vertical excitation energies and
oscillator strengths were calcu-
lated with the RI-ADC(2)
method

J Mol Model (2012) 18:2409–2422 2419



∼3417 cm−1. The broadening of the band at 1604 cm−1

suggests an overlapped vibration due to the bending
δ(HOH) mode of the water molecules. According to the

calculations, the ρ(HOH) and δ(OH···O) vibrations should
appear at ∼650 cm−1 and ∼850 cm−1. However, these bands
are not distinct, since the Zr–OH group vibrations are found

Fig. 7 Experimental IR
spectrum of the Zr–AcAc gel
and B3LYP/6-31++G(d) IR
spectra (scale factor: 0.98) of
the dimeric complexes Zr2(A-
cAc)2(OH)4(OH)2br⋅H2O (9),
Zr2(AcAc)2(OH)4(OH)2br·2H2O
(8) and Zr2(AcAc)2(OH)4Obr

2H2O (12)

2420 J Mol Model (2012) 18:2409–2422



in the same region. Thus, the broad intense band at
3417 cm−1 and the low-intensity shoulder at ∼1680–
1640 cm−1 are indicative of hydrogen-bonded water
molecules in the Zr(IV)–AcAc system, in agreement with
TG/DTA measurements.

The calculated IR spectra of the dimeric Zr(IV)–AcAc
complexes 8, 9, and 12 confirmed the bidentate binding of
the AcAc ligand to the Zr atom. The bands observed at
1604 and 1379 cm−1, assigned to ν(CO) vibrations of
AcAc, are indicative of the bidentate binding of AcAc; see
Fig. 7. The bands are shifted to lower frequencies
(∼150 cm−1) than free acetylacetone [44]. The bands at
1526 and 1278 cm−1 are attributed to ν(CC) vibrations,
whereas the bands at 1188, 1030, and 929 cm−1 are due to
bending δ(CCH) mixed with stretching ν(CC) vibrations.
According to the calculations, ν(Zr–OAcAc) vibrations
should appear at 415–430 cm−1 with medium band
intensity.

The butoxide group should produce an intense band in
the 1050–1150 cm−1 region [45]. Such an intense band at
1050 cm−1 was observed for Zr(OBu)4−n(AcAc)n com-
plexes in [37, 42]. In line with data in the literature, our IR
spectra calculations of complexes 1 and 2 (Table 1)
predicted a very strong ν(CO)BuO band at ∼1110 cm−1.
However, the experimental IR spectrum of the zirconia gel
material modified with AcAc does not show such an
intense band, indicating the absence of a butoxide group
in the material. The calculated and experimental IR spectra
confirmed our suggestion that during the sol-gel process in
solution, all of the BuO groups in the Zr complex are
replaced with OH groups.

A detailed analysis of the IR spectra was performed to
search for a vibrational criterion that can distinguish the
bridging type, considering double hydroxo-bridging struc-
tures 9 and 8 and monooxo–bridging structures 12 (Fig. 7)
and 10 (see Fig. S2 of the ESM).

Our IR calculations for the models 8 and 9 showed that
the medium bands in the region 822–770 cm−1 are due to
characteristic bending δ(Zr–O–H)br vibrations; see Fig. 7.
Such a band should be indicative of a hydroxo bridge in the
Zr(IV)–AcAc material, since there is no vibration of the
AcAc ligand in the region 930–700 cm−1. This vibration
was found for the hydroxo-bridged metal complexes in the
range ca. 1000–677 cm−1 [39, 46]. The Zr–O(H)br group
exhibits out-of-plane bending and stretching ν(Zr–O)
vibrations below 600 cm−1, which are mixed with Zr–OH
vibrations and overlap, so they are not informative.

At the same time, the calculated IR spectrum of structure
12 showed an intense band at 780 cm−1 due to the ν(Zr–
Obr) stretching vibration; see Fig. 7. The same intense ν(Zr–
Obr) band at 775 cm−1 was detected for the monooxo-
bridged structure 10. Such a strong band at 766 cm−1

attributed to vibrations of the mono Ti–O–Ti bridge was

detected by a variable temperature IR study of Ti species
containing multinuclear oxo clusters in the gas phase [47].

In summary, the calculated IR spectra and assignments
of the vibrational frequencies confirmed the presence of
hydrogen-bonded water molecules, the absence of any
butoxide group, and the bidentate binding of the AcAc
ligands to the Zr atom in the Zr(IV)–AcAc material.
However, the calculated IR spectra cannot help to distin-
guish between structures with double hydroxo bridging and
those with monooxo bridging. Since a medium band at
771 cm−1 is observed in the IR spectrum of Zr(IV)–AcAc
gel, both double hydroxo- and monooxo-bridged structures
are possible. The calculated spectra of 9 and 12 best
approximate the experimental IR spectrum (Fig. 7). Taking
into account the best agreement found between the
calculated UV-Vis spectra of the double hydroxo-bridging
and monooxo-bridging structures 9 and 12 with the
reflectance spectrum, these two structures can be consid-
ered the most probable building blocks that determine the
photophysical and vibrational properties of the Zr–AcAc
gel.

Conclusions

DFT modeling at the B3LYP/6-31++G(d) level of a series
of Zr(IV)–AcAc monomeric and dimeric structural models,
and subsequent simulations of their UV-Vis and IR spectra,
predicted the most probable building blocks of the Zr(IV)–
AcAc sol-gel material. The AcAc-modified Zr(IV) butoxide
precursors and AcAc-modified zirconia species formed
during the sol-gel process were discussed in accordance
with the preparation scheme: exchange, hydrolysis, con-
densation, and dehydroxylation reactions. It was established
that the monomeric Zr(IV)–AcAc unit is the main source of
the photophysical properties of the larger Zr chains or rings
in the zirconia sol-gel material. Based on the best
congruence between the simulated UV-Vis and IR spectra
and the corresponding experimental spectra of the Zr–AcAc
sol-gel, the dimeric double hydroxo-bridged species
Zr2(AcAc)2(OH)4(OH)2br (9) and the dimeric monooxo
bridged species Zr2(AcAc)2(OH)4Obr·2H2O (12) were
predicted to be the most likely building blocks for the Zr–
AcAc gel. In both structures, the two AcAc ligands are
coordinated to one Zr atom. The intense absorption band
observed at 288 nm was assigned to the intraligand
π(AcAc)→π*(AcAc) transition, whereas the band at
316 nm was attributed to the π(AcAc)→π*(AcAc)/d(Zr)
transition (partial L-M charge transfer character). The
calculated IR spectra and assignment of the vibrational
frequencies suggested the presence of hydrogen-bonded
water molecules, the absence of any butoxide group, and
bidentate binding of the AcAc ligands to the Zr atom in the
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Zr(IV)–AcAc material. It was shown that the most probable
building blocks 9 and 12 determine the photophysical and
vibrational properties of the Zr(IV)–AcAc gel.
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