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Abstract Calcium aluminate (CaAl,O4, CA) powders
were prepared by sol-gel technique at low sintering tem-
peratures. Aluminium-sec-butoxide (Al(O*Bu)z, Asb) and
calcium nitrate tetrahydrate (Ca(NO;3), x 4H,O) were
used as starting materials. Ethyl acetoacetate (CgH (O3,
Eaa) was used as a chelating agent in order to control the
rate of hydrolysis of Al(O°Bu)s. Three gels with Eaa/Asb
molar ratios of 1/1, 3/2 and 2/1 were prepared. The dried
gels and thermally treated samples were characterized by
means of Fourier Transform Infrared spectroscopy (FTIR),
'H, *C Nuclear Magnetic Resonance (NMR) spectros-
copy, solid-state 2’ Al Magic Angle Spinning (MAS) NMR,
3Q MAS NMR spectroscopy, and X-Ray Diffraction
(XRD). From the results obtained, the effect of modifica-
tion of the starting Asb on the hydrolysis process,
hydrolyzed gel structure and crystallization behavior is
discussed. It has been established that Eaa reacts com-
pletely with Asb forming chelate. Various chelate units are
formed including trichelated, Al(Eaa); units. Spontaneous
gellation has been observed in the sols slowly hydrolyzed
by exposing to air moisture. The reactivity towards
hydrolysis of chelated alkoxide depends on the number of
chelating ligands bonded to aluminium. Sec-butoxy groups
were primarily hydrolyzed; ethyl acetoacetate groups in
less chelated units are much less susceptible to hydrolysis,
while trichelated units were not hydrolyzed. Thus, in
hydrolyzed gels a partially chelated oligomers and
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trichelated Al(Eaa); units exist. The crystal phase, not
described previously, related to Al(Eaa); chelate crystal-
lizes in the gels with higher Eaa/Asb ratio. Hydrolysis leads
to formation of three kinds of Al coordination sites: six
coordinated Al(Eaa);, and five and six coordinated Al
atoms in oligomers. The Eaa/Asb ratio strongly influences
the relative ratios between the various coordination states
of aluminium atom. After thermal treatment of the gels at
1,000 °C for 2 h, CA was obtained along with minor
CHA1407, (CAz) and C312A114033(C12A7) Compounds.
Thermal treatment at higher temperature increases the
amount of CA and decreases the amount of minor
components.

Keywords Calcium aluminate - Aluminium
sec-butoxide - Ethyl acetoacetate - Sol—gel -
Solid-state MAS NMR

1 Introduction

Calcium aluminate, CA, is the main crystalline phase of
aluminate cement and an important refractory material.
Crystalline calcium aluminate is also used in high strength
and high toughness ceramic-polymer composite materials
[1] and plays an important role in the processing and per-
formance of chemically bonded ceramics [2]. Recently,
new applications for calcium aluminate have emerged in
optical and structural ceramics. CA glasses have small
scattering losses and IR transmissions superior to most
ordinary oxide glasses and thus they have possible appli-
cations as optical fibers [3]. Some CA glasses are
photosensitive, which makes them potential candidates for
information storage devices [3]. Recently, it has been
demonstrated that CA have bioactive properties and
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CA-based materials have been investigated as bioactive
dental material [4].

For advanced applications high purity CA is required.
The preparation of pure CA phase is also of importance for
research in cement chemistry. The use of pure CA enables
deeper insight in the hydration process kinetics or the
influence of minor elements and additives on the reactivity
of cement [5].

The traditional technique of preparing pure calcium
aluminate compounds is by solid state reactions (sintering)
of calcium and aluminium oxides (or oxide precursors such
as carbonates or oxalates). Precursors are physically mixed,
held at high temperatures (required for solid-state diffusion
process) for extended time, grinded and re-sintered. This
process takes several hours up to days with several inter-
mediate grindings [5] and still does not allow the fine
control of the phase composition and the microstructure
due to limitations of physical mixing to the micrometer
scale, yielding multiple, unwanted phases [1]. Therefore,
the advanced CA applications such as fibers, thin films and
coatings require sophisticated preparation process.

Various chemical approaches have been developed for
the synthesis of pure, single phase calcium aluminate
powders: e.g., evaporation [1], spray-drying [2], Pechini
process [6] and self-propagating high temperature synthesis
(combustion synthesis) [7] and sol-gel process.

In order to provide a more efficient way for the synthesis
of pure phases, the sol-gel process was introduced to
synthesize amorphous calcium aluminate powders. The
sol-gel method is a wet-chemical process with multiple
advantages to solid state reaction methods. Such advanta-
ges had been related to good mixing of starting reagents
yielding more homogeneous products with greater reac-
tivity. Consequently, the crystallization is achieved by
subsequent heating of amorphous gel and lower processing
temperature.

One of the early attempts of sol-gel synthesis of calcium
aluminate powders was reported by Uberoi and Risbud [8].
They used Ca(NOj3), x 4H,0 and aluminium di-sec-butoxide
acetoacetic ester chelate because the use of pure Asb as
alumina source was found impracticable due to the rapid
hydrolysis of Asb when exposed to air. Goktas and
Weinberg [3] prepared calcium aluminate gels from
Ca(NO3), x 4H,0 and Asb using HCI in dissolution pro-
cedure. Same method was adopted by Kerns et al. [9].
Aitasalo et al. [10] employed aluminium isopropoxide and
Ca(NOs), x 4H,0.

Aluminium alkoxides, such as Asb, are known for their
high affinity for water, uncontrolled hydrolysis of those
precursors results in an aluminium hydroxide precipitate
[11]. The rapid rate of hydrolysis of the alkoxide precursor
is due to the presence of an electronegative alkoxy group
which makes the metal atom highly prone to nucleophilic

attack. In order to achieve control over sol to gel trans-
formation the alkoxide hydrolysis rate has to be controlled.
This is best achieved by using chelating agents such as
p-diketones [11, 12]. Chemical modification of metal alk-
oxide with chelating agents like [-diketones enables
reduction of the hydrolytic activity, i.e., the rate of
hydrolysis and therefore control of condensation process of
reactive metal alkoxides [11, 13-15].

The f-ketoesters, like Eaa, are capable of undergoing
keto-enol tautomerism. The reaction is shown in Fig. 1. In
pure Eaa the ketonic form predominates, and enolic content
is only about 8% [14]. In the presence of Asb the reactive
enol form of Eaa substitutes the alkoxy groups of Asb
(Fig. 1). A replacement of the reactive alkoxy group with
less hydrolysable entity, i.e., the formation of a chelate,
strongly shifts keto-enolic equilibrium towards enolic form
stabilized by chelation with Asb.

Some key works in the field of chelation of aluminum
alkoxides and hydrolysis of obtained chelates are those
of Nass and Schmidt [14], Mehrotra [16], Bonhomme-
Coury et al. [12], Tadanaga et al. [13], Yamada et al.
[17], Le Bihan et al. [18], and Hoebbel et al. [19].
f-diketones such as ethyl acetoacetate and acetyl acetone
have been successfully applied to produce nano-alumina
powders, alumina thin films [14, 20], alumina fibers [21],
alumina aerogels [22, 23], mullite [24] and cordierite
[15, 25].

The structure of modified alkoxide affects the structure
of gel formed by its hydrolysis. The coordination number
of aluminium atoms increases upon introducing chelating
agent, which is reflected in hydrolysis process, gel structure
and physical properties of the final material.

For this reasons, sol-gel synthesis of CA from Asb
and Ca(NOj3), x 4H,O have been subjected to investi-
gation. Asb has been chelated with Eaa in various ratios.
After hydrolysis, the structure of the prepared gels has
been investigated with spectroscopic techniques. The
influence of the extent of alkoxide modification on gel
formation, structure and thermal evolution of gels has
been reported.

2 Experimental
2.1 Synthesis

Precursor materials used to prepare gels were Asb
(A1(O°Bu)s, 97%, Aldrich, Great Britain), Eaa (CgH;0Os3,
99%, Fluka, Germany) and Ca(NOs3), x 4H,O (p.a. assay,
Kemika, Croatia). Isopropyl alcohol (C;H;OH, 99%,
Kemika, Croatia) was used as a solvent as it is experi-
mentally proven to be a good mutual solvent for the
Asb-Eaa system [11]. All chemicals were used as received.
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Fig. 1 Keto-enol tautomerism ((I)(}%i) (léf:{) (K1) (gf_'f) (§3Hf) E1) (E2b) (E3b) (E1b)
and formation of chelate. Labels s . 9 CH, s 1% CH, CH, CH 0 CH,
are introduced for 'H and "*C NN \/\/\/ \/\/\/
NMR resonance peaks K6)C C (KS) (E:;z (E6HC C|(E5f) (&gz (E6b) C C(E‘sb)(EC‘ul;i)2
description. K-keto, E-enol, (|)| g [EE—— (|) l) 1) g
f-free, b-bonded to Al \ \
H Al
/ \
(a) keto (b) enol (c) chelate

Three gels were prepared, with Eaa/Asb molar ratios of
1/1, 3/2 and 2/1, denoted accordingly. The influence of the
amount of the solvent, synthesis duration and the addition
of water were examined in preliminary experiments, in
order to define optimal synthesis conditions. The increased
solvent content prolonged the gel formation without any
benefit to gel homogeneity and final phase purity, deter-
mined using XRD. Similar was with the prolonged
synthesis duration while the addition of water resulted in
far less homogeneous gel. Therefore, room temperature,
1 day synthesis and the slowest water addition rate possi-
ble, slow hydrolysis with air moisture was applied. An
additional sample without calcium nitrate and solvent,
having 2/1 Eaa/Asb molar ratio, noted AE2, was addi-
tionally prepared in order to clarify some observations
noted in the course of investigation.

The Eaa was firstly added to the solvent and then the
appropriate amount of Asb was dissolved in solvent/Eaa
solution. Asb was added to the solution using syringe to
minimize exposure to air humidity. Upon addition of Asb
to the Eaa/solvent solution the exothermic process
occurs. The appropriate amount of Ca(NOj), x 4H,O
was dissolved in solvent separately. Both solutions were
stirred for 1 h before the Ca(NO3), x 4H,O solution was
added dropwise to the Eaa/Asb solution. The molar ratio
of Asb:Ca(NO3), x 4H,O:solvent was 2:1:10, and the
molar ratio of Eaa:Asb was 1:1, 1.5:1 and 2:1 for sam-
ples 1/1, 3/2 and 2/1, respectively. No water was added
except for water present in Ca(NOs), x 4H,O. Before
the addition of Ca(NOj), x 4H,O sample 2/1 was
slightly turbid, upon addition of Ca nitrate a clear sol
reappeared. The mixture was stirred in a closed reactor
for 24 h at room temperature, no precipitation was
observed.

The clear sols were poured into a large Petri dish in
order to maximize exposure to air moisture and kept at
room temperature. After two days the gellation occurred,
for the samples 3/2 and 2/1 a completely transparent gel
has been obtained. Sample 1/1 yielded a white fragile solid
upon hydrolysis. Sample AE2 turned to white sticky solid
in <12 h. Drying of the samples for five more days at room
temperature enabled the evaporation of solvent and the
release of alkoxy groups resulting with a dry product. The
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obtained samples were subsequently grinded to fine pow-
ders and stored. The measurements were done
approximately 1 month after the synthesis.

2.2 Characterization

IR spectra of the samples were acquired using the Fourier
transform infrared spectrometer Bruker Vertex 70 in ATR
(attenuated total reflectance) mode. The samples were
pressed on a diamond and the absorbance data were col-
lected between 400 and 4,000 cm™! with spectral
resolution of 1 cm™" and 64 scans.

'H and '>C NMR spectra were recorded on high-reso-
lution NMR Spectrometer Bruker Avance 300, operating at
298.64 MHz for 'H resonance and for '*C at 75.10 MHz.
The samples were dissolved in C¢Hg-ds and measured in
5 mm NMR tubes. The 'H and '>C NMR chemical shift
values (J) are expressed in ppm referred to tetramethyl-
silane (TMS) as internal standard and coupling constants
(J) in Hz.

*’Al magic-angle spinning (MAS) NMR spectra were
recorded on a 600 MHz Varian NMR system, operating at
*’Al Larmor frequency of 156.3 MHz. Sample rotation
frequency was 10 kHz, repetition delay between consecu-
tive scans was 1 s and the number of scans was 480. In all
spectra, frequency axis in ppm is reported relative to the
signal of aluminum nuclei within 1 M solution of
AI(NOs);. *’Al 3QMAS spectrum was obtained by a
z-filtered pulse sequence [26] using a hypercomplex
approach. Spectral width and number of increments along
the indirectly detected dimension were 20 kHz and 48,
respectively.

Mass spectrum was recorded using electrospray ioniza-
tion technique (ESI) on the Micromass Platform LCZ
single quadropole mass spectrometer. Prior to analysis
sample was dissolved in acetonitrile. Elemental analyses
for carbon and hydrogen were performed on the Perkin
Elmer 2400 elemental analyzer.

The crystal phases were identified by powder X-ray
diffraction (XRD) using Philips diffractometer PW 1830
with CuKo radiation. Data were collected between 5 and
70° 20 in a step scan mode with steps of 0.02° and counting
time of 2 s.
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3 Results
3.1 FTIR spectroscopy

The chelation process was examined using FTIR. Infra red
spectra of chelating agent, sol of the sample 3/2 and
samples 1/1, 3/2 and 2/1 after hydrolysis are presented in
Fig. 2. The assignments of FTIR spectra of Eaa based
chelates, described in literature, are often incomplete and
sometimes contradictory. Therefore, the assignment of
absorption bands has been reevaluated and based primarily
on handbook [27], as well as on recent papers [12, 13,
17-19, 28-30].

IR spectrum of Eaa shows bands for ketonic and enolic
form. Eaa in ketonic form shows absorption frequencies of
C-H stretching vibrations in region 2,980-2,850 cm™ L.
Band at 2,980 cm™ ! results from the asymmetrical (as)
stretching mode in which two C-H bonds of the methyl
group are extending, while the third one is contracting (v,
CH5). Band at 2,870 cm™! arises from symmetrical (s)
stretching (v; CH3) in which all three C-H bonds extend
and contract in phase. The asymmetrical stretching (v,
CH,) and symmetrical stretching (vy CH,) occur at 2,940
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Fig. 2 IR spectra of chelating agent, sol 3/2 and gels 1/1, 3/2 and 2/1

and 2,850 cm™ ', respectively. Characteristic bands for the
ketonic form of Eaa occurs at 1,753—-1,718 cm ™! due to the
C=0 stretching vibration of two carbonyl groups (one
being slightly shifted due to an inductive effect of esteric
oxygen). Spectrum also exhibits bands at 1,475 cm ™' (due
to asymmetrical bending vibration involves out-of-phase
bending of the C-H bonds, J,; CH3) and 1,369 cm™! (due
to symmetrical bending vibration involves in phase bend-
ing of the C-H bonds, é; CHs3). The scissoring band
(6s CH,) in the spectrum occurs at 1,470 cm~ L. A series of
bands in the region 1,350-1,150 cm ™! is characteristic for
esters, because of methylene twisting and wagging vibra-
tions. In addition to that, the absorption frequencies of
O-C-C stretching, -C—C-O stretching and C—C stretching
occur at 1,040, 1,155 and 1,317 cm ™!, respectively.

The majority of absorption bands, rising from ketonic
form, rise also due to an enolic form. Instead of bands of
the ketonic form of Eaa at 1,753-1,718 cm™', in the
spectrum of enolic form characteristic bands are observed
at 1,650 cm ™' due to hydrogen bonding between the ester
C=0 and the enolic hydroxyl group, as well as absorption
frequencies of the alkene bond in conjugation with a car-
bonyl group at 1,630 cm ™.

The C-H rocking vibration of alkene occurs at
1,415 cm™'. The most characteristic vibrational modes of
alkenes are the out of plane C-H bending vibrations
between 620 and 940 cm ™.

Therefore, the most characteristic absorption bands in
FTIR spectra of ketonic form are at 1,753-1,718 cmfl,
while the enolic form is characterized by absorption band
at 1,650 and 1,630 cm™". On the other hand, Eaa in chelate
shows characteristic absorption bands at ~ 1,610 cm~! due
to a C-O in enolic form bonded to Al, as well as absorption
band at ~1,525 cm™! due to a C—C vibration of six
membered ring of the complex.

FTIR spectra presented in Fig. 2 confirm that Eaa, in all
samples, i.e., for all Eaa/Asb ratios, reacts completely with
Asb forming chelate. Following reaction occurs:

Al(O®Bu),+nMeCOCH,COOE(
— Al(O°Bu), , (MeCOCHCOOEL), +n°BuOH

—n

FTIR spectrum of 3/2 sol, beside absorption bands of
Eaa in chelate, is characterized by absorption bands of
isopropanol. The most pronounced bands are wide band
between 3,600 and 3,000 cm™! (OH stretching vibrations),
bands between 3,000 and 2,800 cm™! (C-H stretching
vibrations), series of bands in range 1,500-1,200 cm ™!
(CH; symmetrical and asymmetrical bending vibrations)
and 1,200-1,100 cm™" (C-O stretching vibrations) and
single bands at ~950 cm~' (CH; rocking vibrations in
isopropyl group) and 820 cm™' (CHj rocking vibrations).
The major absorption bands due to a NO; ™~ are located at
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1,305, 1,445 and 1,630 cm_l, mostly overlapped with Eaa
bands.

In FTIR spectra of hydrolyzed gels the absorption bands
due to a C-H stretching in region 2,980-2,850 cm™!
almost disappear, but the characteristic bands of Eaa in
chelate still exist. All bands are strong for the sample 2/1,
slightly weaker for the sample 3/2, both being similar to
spectra of a sol, except for the absence of evaporated
propanol solvent. Bands of the sample 1/1 are very weak.
The sample 1/1 was indeed prepared with half of the
quantity of Eaa compared to sample 2/1 but it still seems
that a considerable part of Eaa has been released during
hydrolysis. On the other hand, bands due to a hydroxyl
groups bonded to alumina [14], which give absorptions
around 3,600 cm ™!, increase in reverse order, i.e., 2/1 < 3/
2 < 1/1. On spectra of the sample 1/1 a broad band around
500 cm™' is present, probably due to a formation of
Al-O-Al bonds by condensation process [12].

From the obtained FTIR spectroscopy results it is
obvious that hydrolyzed gels still contain Eaa bonded to
alkoxide but it seems that, at least for sample 1/1 a part of
Eaa from chelate complex is released upon hydrolysis.
Regardless of high boiling point of Eaa, some part of
released Eaa could evaporate from high surface area
powder in the course of gel drying and aging.

3.2 'H and "*C NMR spectroscopy

'H and ">C NMR spectra of samples 2/1, 3/2 and 1/1 are
presented in Figs. 3, 4. Due to advanced hydrolysis the
samples were not completely soluble in benzene. Sample
2/1 dissolved almost completely while the sample 1/1 was
rather poorly dissolved. It could be assumed that soluble
part of sample is predominantly of organic nature, i.e., the
chelated moieties, while the unsoluble part of the sample
are predominantly of inorganic nature. The nature and
amount of the dissolved species are different, depending on
the extent of condensation and the amount of organic
ligand present. Hydrogen and carbon atoms are labeled
according to Fig. 1. Assignments of 'H and '’C NMR
spectra were performed on the basis of chemical shifts,
signal intensities, magnitude and multiplicity of H-H
coupling constants, as well on the basis of literature ref-
erences [12, 17, 19, 29, 31].

The perusal of "H NMR spectrum of sample 2/1 clearly
showed the presence of three species, chelate, ketonic Eaa
and enolic Eaa in which the major compound is chelate
(chelate:ketonic Eaa:enolic Eaa = 150:5:1).

The '"H NMR spectrum of sample 2/1 exhibit signals due
to a enolic form of Eaa bonded to Al: vinylic proton at
5.32 ppm (E3b), methylene protons (E4b) were found as a
multiplet at chemical shifts 4.12—4.22 ppm, methyl protons
(E2b) at 1.96 ppm for which the H-H coupling pattern is
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Fig. 3 'H NMR spectra of samples 1/1, 3/2 and 2/1. Peaks are
labeled according to Fig. 1

doublet of doublet (J/ = 4.89, 11.55 Hz) and methyl pro-
tons (Elb) as multiplet at 1.03 and 1.12 ppm. This
spectrum also showed minor peaks due to a free Eaa in keto
form: singlets for methylene protons at 3.00 ppm (K3) and
for methyl protons at 1.76 ppm (K2), a weak signals for
methyl (K1) and methylene protons (K4) are overlaped
with E1b and E4b. The characteristic signals of the free
Eaa in enolic form in this spectrum is the singlet of the
vinylic proton (E3f) that occurs at 5.32 ppm and singlet of
methyl protons at 1.62 ppm (E2f). Signals for methyl (E1f)
and methylene protons (E4f) are overlapped with the peaks
of bonded ethylacetoacetate groups (E1b and E4b).

The '*C NMR spectrum of sample 2/1 is in good cor-
relation with '"H NMR showing signals due to an enolic
form of Eaa bonded to Al: methyl carbons at 13.9 ppm
(E1b) and 22.2 ppm (E2b), methylene carbon at 60.5 ppm
(E4b), methyne carbon at 85.4 ppm (E3b) and quaternary
carbons at 174.8 ppm (E5b) and 188.4 ppm (E6b). Other
peaks due to a free Eaa in keto form are either overlapped
or to weak to be visible, except for methyl carbon at
20.5 ppm (K2) and methylene carbon at 49.7 ppm (K3).
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Fig. 4 '3C NMR spectra of samples 1/1, 3/2 and 2/1. Peaks are
labeled according to Fig. 1

In the "H NMR spectrum of sample 3/2 the presence of
three species (in ratio ketonic Eaa:chelate:enolic
Eaa = 5:4:1) is obvious. The 'H NMR spectrum of sample
3/2 exhibited singlets for methylene protons at 3.00 ppm
(K3) and for methyl protons at 1.76 ppm (K2), a triplet
(J =7.1 Hz) at chemical shift values of 0.99 ppm for
methyl protons (K1) and for methylene protons a quartet
(J = 7.12 Hz) at 3.98 ppm (K4), that confirmed the pres-
ence of Eaa in ketonic form in this sample. The
characteristic signals of the enolic form (E3f) and chelate
(E3b) in the "H NMR spectrum of sample 3/2 are the
singlets of the vinylic protons, that occur at 5.01 and
5.31 ppm, respectively. The overlapped signals of the
methylene protons E4f and E4b were also observed as
multiplet at chemical shift values of 4.04—4.16 ppm.
Spectrum also showed singlet of methyl protons at
1.62 ppm (E2f) and doublet of doublet (J = 4.85,
11.39 Hz) for methyl protons (E2b) at 1.96 ppm. Signals
for methyl protons E1b and E1f were found as overlapped
multiplet at 1.03-1.15 ppm. The '*C NMR spectrum of 3/2
is in accord with assignments of "H NMR data.

"H NMR spectrum of sample 1/1 contains signals for
each tautomeric form of Eaa in which the ketonic form of
Eaa prevails. In the "H NMR spectrum of sample 1/1 there
were characteristic signals of an ethyl ester moiety in
ketonic form found: triplet (/ = 7.11 Hz) at chemical shift
values of 0.95 ppm (K1), singlets at 1.71 and 2.96 ppm
(K2 and K3) and quartet (J/ = 7.12 Hz) at 3.94 ppm (K4).
Furthermore, for enolic form of Eaa minor signals of
vinylic proton (E3f) as a singlet at 4.97 ppm, methylene
protons E4f (overlapped with K4), methyl protons EIf
(overlapped with K1) and E2f as a singlet at 1.57 ppm were
also observed. The '>*C NMR spectrum of sample 1/1 is in
conformity with determination of "H NMR data.

According to these observations it follows that in sample
2/1 Eaa exist mainly in enolic form bonded to Al. Only a
minor part of Eaa is free with ratio between keto and enolic
form generally expected for the free Eaa [14] (waist
majority of free Eaa in keto form). For the sample 3/2 the
ratio between bonded and free Eaa is changed to the benefit
of free form. The characteristic peak of Eaa bonded to Al at
og = 5.32 (E3b) is weaker, and the characteristic peak of
free Eaa in keto form at oy = 3.00 (K3) stronger in com-
parison to sample 2/1. The peaks due to an enolic form of
free Eaa are also visible. The '>*C NMR spectra corroborate
findings of the state of Eaa (bonded or free) in samples.
Only resonance peaks due to free forms of Eaa are visible
on spectra of sample 1/1. Generally, the quantity of Eaa
reduces significantly from sample 2/1, through sample 3/2
to a sample 1/1. The increasing number of scans should be
recorded to reveal resonance peaks from sample 2/1 to
sample 1/1 which is visible from the increased thickness of
baseline. This is consequence of different solubility of the
samples, i.e., different organic/inorganic ratio. Therefore,
in sample 2/1 stable form of chelate, resistant to hydrolysis
exist and the majority of Eaa added during synthesis is still
in the sample. The presence of greater amount of chelating
ligands, less hydrolysable than alkoxy groups, changes the
functionality of the precursor and prevents hydrolysis [14].
Far less Eaa is in sample 3/2, smaller part in chelate and
greater as free forms. In the sample 1/1 only traces of Eaa
are present being completely in free forms. Such behavior
was expected because Eaa bonded to alkoxide reduces the
extent of the hydrolysis and condensation reactions of
metal alkoxide. The residual alkoxy groups are much more
subject to hydrolysis than the chelating Eaa [17] so the
samples with more remained alkoxy groups (less chelating
agent) are hydrolyzed to a greater extent. A part of Eaa is
released upon hydrolysis and exists as a free Eaa. The high
amount of chelate found for the sample 2/1 is consistent
with the fact that this sample has lower condensation
degree, the high condensation degree of 1/1 reduces
significantly the amount of this species in benzene solution.
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It is important to note that no multiple sets of resonance
peaks due to bonded Eaa were recorded. Such spectra would
suggest the existence of uneqivalent chelating sites [12].
Structural models proposed for Asb [32], as well for Asb
chelated with f-diketones [13, 33] suggest that Asb and
chelated Asb exist mostly as trimer possessing different
chelation sites. The lack of multiple sets of resonance peaks
points out that molecules of chelating agent are bonded to
only one site type, i.e., that all molecules of chelating agent
that remained bonded after hydrolysis are in equivalent sites.

None of the spectra show resonance peaks due to the
sec-butoxide groups, free or bonded to Al. Part of sec-
butoxy groups has been replaced with Eaa in the course of
chelation and the remaining sec-butoxy groups are released
during hydrolysis and evaporated.

The resonance peaks in Fig. 3, at 0.48 ppm (sample 1/1),
0.59 ppm (sample 3/2) and 0.62 ppm (sample 2/1) are
probably due to H atoms in hydroxyl groups bonded to Al
(H-O-Al) in partially hydrolyzed, still soluble oligomeric
units. This claim couldn’t be corroborated with literature
data but it seems quite logical since the intensity of this peak
increases with the decrease of Eaa peaks, i.e., with the
progression of hydrolysis process. The additional argument
is the increase of FTIR absorption band around 3,600 cm_l,
due to a hydroxyl groups bonded to aluminium, in the same
manner.

The obtained results corroborate assumption on the
predominantly organic nature of soluble part of sample
which consist of chelated Al, chelated Al oligomers formed
due to hydrolysis and free Eaa.

Curiously, while NMR spectroscopy detected keto form
of Eaa in all three samples, FTIR spectroscopy detected no
such form. There is a slight possibility that the remaining
free Eaa is confined in pores inside the gel and undetectable
to ATR FTIR spectroscopy but the samples are powdered
and statistically homogeneous, so this is quite unprobable.
More probably is that this can be due to effects of the
solvent polarity in the NMR experiments influencing the
keto-enolic equilibrium. Finally, this could be the conse-
quence of small concentrations of keto form of Eaa in the
samples.

From the NMR data it could be concluded that as the
molar ratio Eaa/Asb increases, the possibility of hydrolysis
and condensation reactions decreases. With the increase of
amount of Eaa, the increased number of alkoxy groups is
replaced. Since the Eaa groups are much less subject to
hydrolysis than alkoxy groups, samples with less remaining
alkoxy groups are less hydrolyzed [17].

3.3 XRD of the gels

XRD pattern of the sample 1/1 exhibits two broad peaks
which could be ascribed as amorphous phase. On the other
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hand, samples 3/2 and, especially, 2/1 show diffraction
peaks (Fig. 5). Two phases were detected in the samples 3/
2 and 2/1. In the sample 3/2 both phases could be ascribed
as minor components, but in sample 2/1 one phase is
present in considerable quantity. Minor phase is identified
as Ca(NO); x 4H,O (ICDD-PDF No. 49-1105). We were
unable to find other phase in the database. XRD pattern of
sample AE2 (sample without calcium) also showed well
defined diffraction peaks of this phase (Fig. 5). Le Bihan
[18] reports that chelation of Asb with acetylacetone for
ratio higher than 1, results in a precipitation of well-defined
Al(acac); compound. The precipitation of Eaa—Asb com-
plex is reported by Hoebbel etal [19] but without
additional information.

3.4 Solid-state ’Al MAS and 3QMAS NMR
spectroscopy

In order to obtain additional information on the structure
and on the coordination of aluminum, gels were studied by
2’Al MAS NMR spectroscopy. The *’Al MAS NMR
spectra of samples 1/1, 3/2, 2/1 and AE2 are shown in
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Fig. 5 Powder X-ray diffraction patterns of gels 1/1, 3/2, 2/1 and
AE2



J Sol-Gel Sci Technol (2009) 50:58-68

65

2/1 3/2

20 10 0 -10 20 20 10 0 -10  -20
5/ ppm 5/ ppm

Fig. 6 Solid state >’Al MAS NMR spectra of samples 1/1, 3/2, 2/1
and AE2

Fig. 6. They are composed of several asymmetric contri-
butions that substantially overlap with each other and thus
suggest that aluminum atoms occupy several different sites
in these samples. Obviously, various kinds of structural
units are formed by chelation followed by hydrolysis and
condensation.

Resolution of ’Al MAS NMR spectra can be improved
by a two-dimensional 3QMAS technique. The spectrum of
sample 3/2 is shown in Fig. 7. It exhibits three well-resolved
peaks, which can be denoted with A, B and C. The estimated
isotropic chemical shifts and quadrupole coupling constants
for the corresponding three sites are given in Table 1.

Site A is very well defined and exhibits a typical second-
order quadrupolar lineshape with sharp discontinuities. On

Fig. 7 *’Al (sheared) 3QMAS
NMR spectrum of sample 3/2

Table 1 Estimation of isotropic chemical shifts and quadrupolar
coupling constants of signals A, B and C of a 3QMAS spectrum

Site diso/ppm Co/MHz
A 32 3.1

B 6.0 2.0

C 11.2 2.8%

* Very rough estimation, large distribution in d;s, and Cq

the other hand, site B and site C are far less defined.
Especially the latter one exhibits a wide distribution of
chemical shifts and quadrupole coupling constants, which
suggests that the surrounding of Al in site C is not uniform
throughout the sample. Isotropic shift of Al in site A points
out to six-fold coordination, while isotropic shift of Al in
site C points out to five-fold coordination. Isotropic shift of
Al in site B is in between and indicates either five- or six-
fold coordination.

Based on 3QMAS NMR experiment, the 2’Al spectra in
Fig. 6 could be interpreted as follows: The fraction of Al
occupying a well-defined hexacoordinated site A is
decreasing from the sample 2/1 over the sample 3/2 to the
sample 1/1. The largest fraction of hexacoordinated Al
atoms (about 60%) can be found in sample AE2. This
sample has the same Eaa/Asb ratio as the sample 2/1.

An MS scan of sample AE2 in range 50-1,000 m/z
revealed multiple m/z signals. Majority of signals are frag-
ments, e.g., m/z = 285.0896 which could be assigned to
[Al(Eaa),]". Some of the oligomeric fragments we were
unable to assign, but the signal (although relatively small)
m/z = 415.1544 is unambiqously assigned to [Al(Eaa);]H*.

F1(ppm)(sc)

F2 (ppm)
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Chemical analysis of the sample AE2 yielded 46.26% C,
6.59% H and inorganic residue 16.25%. The quantity of
carbon remaining in a dried sample AE2 corresponds to
quantity of initially added chelating agent fitting ratio Eaa/
Al = 2/1. According to chemical analysis the overall
stoichiometry of sample AE2 is close to Al(Eaa),OH but
this data should be interpreted as a mixture of Al(Eaa);
compound and Al(Eaa)OH, oligomer. Wengrovious [33]
reports that [AI(OR)(f-diketonate),], compounds are
unstable and decompose via ligand disproportion to give
Al(f-diketonate); and [AI(OR),(f-diketonate)], products.
This disproportionation reaction may in part be due to the
steric crowding about octahedral Al centers. Another factor
in disproportionation reactions may be the favorable sta-
bility of the resulting Al(f-diketonate); chelates.

Based on samples initial stoichiometry, 'H and '*C
NMR spectra of samples 2/1, 3/2 and 1/1, XRD patterns of
samples 2/1, 3/2, 1/1 and AE2 and MS results and chemical
analysis of the sample AE2, the site A could be assigned to
Al(Eaa); complex while sites B and C could be assigned to
Al sites in polymerized gel. As can be seen for the sample
1/1, where according to 'H and '*C NMR spectra (Figs. 3,
4) only traces of Eaa survived hydrolysis and are not
attached to Al but exist in free form, resonance peak at
3.2 ppm is almost invisible (Fig. 6). The same resonance
peak increases for sample 3/2 and dominates the spectrum
of sample 2/1 (Fig. 6) in which a large amount of Eaa is
still attached to Al (Figs. 3, 4). The peak at 3.2 ppm is even
more intense in sample AE2 compared to sample 2/1, just
as XRD pattern of this sample showed better defined dif-
fraction peaks both being due to a greater quantity of
Al(Eaa); complex in sample. This is quite expectable
because sample AE2 is composed of Asb and Eaa only,
without calcium nitrate.

Tadanaga et al. [13] reported that the >’ Al NMR spectra
of Asb, modified with the Eaa, show peaks due to four-, five-
and six coordinated structural units. The higher the Eaa/Asb
ratio was, the stronger peak assigned to six-coordinated Al
was obtained. At the same time the peaks assigned to four-
and five-coordinated Al were much weaker.

Bonhomme et al. [12] noted that the spectrum of Asb
chelated with Eaa showed an increase of the coordination
of Al atoms in comparison with the spectrum of pure Asb
as well as evidence for hexacoordinated, pentacoordinated
and tetracoordinated sites. These changes are a conse-
quence of the replacement of monodentate O°Bu ligand by
a bidentate Eaa group which leads to an increase of the
coordination number.

Tadanaga et al. [13] noted that certain types of six-
coordinated structural units are easily hydrolyzed and
others are hardly hydrolyzed. They find out that many
kinds of condensed six-coordination units, most of which
are chelated are present in solution after hydrolysis.

@ Springer

On the basis of presented lH, B¢ NMR, solid-state 27TAl
MAS NMR and MS data a following path of events could
be proposed: In the course of chelation of Asb with Eaa
mono-substituted, di-substituted and tri-substituted che-
lates are formed. According to Kriz et al. [32] Asb is
present in solution mainly as linear trimer. As proposed by
Tadanaga et al. [13], the formation of mono- and di-
substituted chelate does not impair trimeric structure. On
the other hand, for the formation of tri-substituted chelate it
seems that decomposition of trimer occurs. The ratio
between various AlI(O°Bu)s _ , (Eaa), units depends on the
amount of Eaa added and it changes to the benefit of tri-
substituted units with the increase of the amount of Eaa. On
hydrolysis the residual alkoxy groups are attacked
(hydrolyzed) first, followed with partial hydrolysis of Eaa
groups in mono- and di-substituted chelate. In such manner
[AI(OH);_(Eaa),], oligomers are formed. According to
Nass and Schmidt [14] the polycondensation takes place to
a very limited extent. Tadanaga et al. [13] reported that
when Eaa/Asb ratio was more than one, the sols did not
form gels during aging for 1,000 h in closed containers and
that for Eaa/Asb ratio 1 and 1.5 about 80% of chelating
agent remains unhydrolyzed at gellation point. Hoebbel
et al. [19] reports that high hydrolytic stability of Eaa
complexed Al results in small particle size.

Organic complexing agents are known to have important
effect on the hierarchical organization of the gel network
[34] by modifying the connectivity of the —AI-O-Al-
network. The functionality of the precursor influences the
precursor resistance to hydrolysis and oligomer formed
later on through hydrolysis and condensation process. The
more multi-substituted chelates are formed, the more
hydrolysis resistant the precursor is. The tri-substituted
chelate is completely resistant to hydrolysis and remains in
material unchanged. As a consequence the number of well-
defined hexacoordinated Al sites in Al(Eaa)s increases with
the increase of Eaa/Asb ratio while the number of less-
defined hexacoordinated and pentacoordinated sites in still
partially chelated oligomer increase with the decrease of
the same ratio.

3.5 XRD of thermally treated samples

The samples were thermally treated in static air at a heating
rate of 10 °C min~" and a firing temperature of 1,000 °C
for 2 h. Figure 8 shows XRD patterns for the thermally
treated powders. The aluminate samples presented 3 crystal
structures, which were identified as CA (ICDD-PDF No.
23-1036), as a major crystalline phase, and CA, (ICDD-
PDF No. 23-1037) and C;,A; (ICDD-PDF No. 48-1882),
as a minor phases. The diffraction maxima of minor phases
are slightly greater in sample 2/1 comparing to other two
samples.
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Fig. 8 Powder X-ray diffraction patterns of samples 1/1, 3/2 and 2/1
after heat treatment at 1,000 °C for 2 h

The direct crystallization of calcium aluminate powders
obtained by various chemical processing techniques into
pure corresponding crystalline phases is rather difficult and
rarely reported. This may be due to a: local chemical
variations in the composition of the precursors originating
from sol segregation, high number of possible compounds
in the binary oxide system, inhibition of long-range dif-
fusion of cations at moderate temperatures [2] and more
rapid kinetics of other phases [3].

We believe that the primary reason of formation of
minor components in our samples is inhomogeneity. The
inhomogeneity of the powders arises from Al complexing
process. The chelate, as well oligomers, are both free of
calcium. Local concentrations of excess aluminium ions, as
well of calcium ions (as nitrate) occur, resulting in the
formation of aluminium and calcium rich clusters.

A study of the crystallization behavior of prepared cal-
cium aluminate powders is in progress and preliminary
results show that prolonged heat treatment or increased
heat treatment temperature promote CA crystallization and
diminish of the minor phases.

4 Conclusions

The CA gels have been prepared using calcium nitrate
tetrahydrate and aluminium sec-butoxide. Chemical mod-
ification of the Asb precursor has been carried out with
ethyl acetoacetate in ratios Eaa/Asb = 1/1, 3/2 and 2/1.
The gels composition, structure and thermal evolution were
studied using multiple spectroscopic techniques.

Spontaneous gellation has been observed in the sols
slowly hydrolyzed by exposing to air moisture. A trans-
parent gels were obtained for the samples with Eaa/
Asb = 3/2 and 2/1 ratio.

Eaa reacts completely with Asb forming chelate. How-
ever, due to a statistical nature of chelation process various
chelate units are formed including trichelated, Al(Eaa);
units.

The reactivity towards hydrolysis of chelated alkoxide
depends on the number of chelating ligands bonded to
aluminium. The trichelated units were hardly hydrolysed
by the attack of the water molecules in the gellation pro-
cess, but part of less chelated units undergoes hydrolysis
forming oligomeres. Sec-butoxy groups were primarily
hydrolyzed,

Eaa groups are much less susceptible to hydrolysis thus
preventing complete condensation of the alkoxide network,
but a part of Eaa groups is also liberated in the course of
hydrolysis.

The crystal phase, not described previously, related to
Al(Eaa); chelate crystallizes in the gels with higher Eaa/
Asb ratio.

Hydrolysis led to formation of three kinds of Al coor-
dination sites: six coordinated Al(Eaa)s;, and five and six
coordinated Al atoms in oligomers. The Eaa/Asb ratio
strongly influences the relative ratios between the various
coordination states of aluminium atom.

After thermal treatment of the gels at 1,000 °C for 2 h,
CA was obtained along with minor CA; and C Ay
compounds.
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