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The annealing history of glasses in the system (20—-40) BaO—-40TiO,(40—-20) SiO, has been mon-
itored by 2°Si MAS NMR and FTIR spectroscopy from the dried gel to the final glassy state.
Assignment of chemical shifts to specific building units has been facilitated by comparative studies
of the limiting less complex binary silicate systems. From the NMR spectra at various compositions
appreciable condensation to a three-dimensional network is inferred already at low drying temper-
atures. Processes like the pg'rolysis of acetate rests of the starting materials and modification of the
silicate structure due to Ba** cations have been mirrored in the spectra of both methods for samples
annealed at intermediate temperatures. The microstructure of the final gel glass of the ternary
system has been determined spectroscopically to consist of silicate and titanate species typical of
crystalline fresnoite, whereas remaining amounts of TiO, and SiO, develop a separate network
each. Only small amounts of Si—O-Ti linkages have been recognized in the vibrational absorptions;

they vanish at higher annealing stages.

1. Introduction

Conventional glasses of the composition BaO—
TiO,-SiO, are known to exhibit among other prop-
erties of technological importance, such as high refrac-
tive indices and high deformation temperatures, an
exceptionally good chemical durability [1]. New alkali
resistant glassy coatings of the mixed oxides BaO—
TiO,-Si0, via the sol-gel process have recently been
developed [2]. These coatings may be applied, for ex-
ample, to glass fibres used to reinforce portland ce-
ment as a protection against attack in highly alkaline
solutions arising from the cement surroundings.

The sol-gel dip process allows the formation of mul-
ticomponent coatings with compositions not accessi-
ble by melting. Furthermore, a high chemical homo-
geneity as well as a tailored microstructure of the
deposited films can be achieved by this alternative
procedure [3].

* Present address: Max-Planck-Institut fiir Polymerfor-
schung, Ackermannweg 10, D-55128 Mainz, Germany.

** Permanent address: East China University of Science
and Technology, Shanghai, China.

Reprint requests to Dr. K. Meise-Gresch.

Application of high resolution solid state NMR
spectroscopy to elucidate the structure of glasses is
well known [4-5]. In this laboratory NMR investiga-
tions on gel-derived glasses have been performed pre-
viously [6—8], one of them dealing with the alkali
resistant ternary oxide composition SiO,-TiO,—
ZrO, [6]. An attempt is made to clarify the structural
conversion in the sol-gel-process of the present sys-
tem, mainly by the well-established 2°Si magic angle
spinning nuclear magnetic resonance (MAS-NMR)
spectroscopy [5]. As an important complementary
method, FTIR measurements have been carried out
additionally. A combined spectroscopical effort is
made to find out how the oxygen coordination poly-
hedra of the network formers are interlinked and in
which way the network modifying Ba?* cations will
interfere in this process.

Coatings composed of (20-40)BaO-40TiO,—
(40-20)SiO, given in mol% [2] are known to exhibit
the best resistance against alkaline corrosion. For sen-
sitivity reason bulk material instead of thin films was
synthesized for the NMR investigations, using identi-
cal preparation conditions as outlined in [2]. They had
been optimized for the dip coating procedure. In addi-
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tion the binary systems BaO-SiO, and TiO,-SiO,
have been prepared via the same route and studied for
a better understanding of the more complex ternary
oxide glass-system.

2. Experimental
2.1 Sample Preparation

All chemicals have been purchased from the Merck
Company. According to the compositions listed in
Table 1 several solutions were prepared as follows. At
ambient temperature a liquid mixture of tetraethyl-
orthosilicate (TEOS), anhydrous ethanol (EtOH),
glacial acetic acid (HAc) and water with a molar ratio
of H,O:TEOS=2:1 was vigorously agitated for
120 min. After this step, Ti(OC,H,), mixed with
ethanol was added into the TEOS-solution while stir-
ring for another 30 min. Barium acetate dissolved in
acetic acid and water was added under continuous
stirring. The clear solution was diluted by ethanol to
a concentration of 0.4—0.6 mol/l. A molar ratio of the
total water content to metal alkoxides and acetate of
4 is maintained. The pH of the prepared solutions
ranged from 4 to 5.5. After final stirring (60 min) the
solutions were aged in a covered plastic container at
room temperature for 1 day, then dried at 60°C for 4
days. For further annealing the dried gels were heated
at a rate of 1 K/min to the desired temperature and
kept there for 10 h. To achieve a homogeneous glassy
matrix the binary system 50 BaO-50 SiO, was al-
lowed to gel and dry to the solid state at room temper-
ature for 6 months before being calcined as described
above.

2.2 NMR and FTIR Measurements

29Si MAS NMR experiments were performed on a
Bruker CXP 300 spectrometer. All 2°Si MAS spectra
were recorded at room temperature applying high
power proton decoupling and a spinning rate of
4 kHz. Fairly short radio frequency pulses (15°-25°)
and recycle delays of 30 s were used. The number of
accumulated scans ranged betwen 800—2200.

Prior to Fourier transformation the FIDs have
been processed by exponential multiplication using a
line broadening of 30—100 Hz. In some cases proton
cross polarization was employed with varying contact
times (0.5—30 ms).

Table 1. Compositions of the studied gel glass systems given
in mol% of the oxides.

Gel Glass Compositions

Binary systems 50BaO-50Si0,

57TiO,-43Si0,

20Ba0-40TiO,-40SiO,
30Ba0-40TiO,-30Si0,
40BaO-40Ti0,~20Si0,

Ternary systems

FTIR spectra were measured on a BOMEM DA 8
spectrometer using the KBr pellet technique. To avoid
adsorption of water, the sample cell was evacuated
and the KBr dried before use. All infrared absorption
spectra were recorded at room temperature in the
wavenumber range from 400 to 5000 cm™! with a

spectral resolution of 5cm™!.

3. Results

Figures 1 and 2 represent the 2°Si MAS NMR spec-
tra for samples of all systems prepared at different
annealing temperatures between 60°C and 850°C.
The spectra were decomposed into individual Gaus-
sians in order to perform a quantitative analysis of
different building units Q". This procedure is well-
established in literature [6, 7, 9]. The Q" nomenclature
[5] describes how many oxygens n of a SiO, tetrahe-
dron are interlinked to other silicon atoms (n=0-4).
Chemical shift assignment of single Gaussians to spe-
cial groups is rather difficult in multicomponent
glasses due to the large variety of possible connections
Si—O-X as part of various Q" species. In the BaO—
TiO,-SiO, gel system X can be Si, Ti, H, or instead
terminal oxygen are present. As a consequence broad,
featureless resonances result especially for samples an-
nealed at intermediate temperatures. Decomposition
into individual components is based in these cases on
the lines of the prominent species, whose chemical
shifts could clearly be assigned in the well-structured
spectra of the dried gels at 60°C and of the samples
heat treated at 850°C. The results are listed in
Tables 2—5. The accuracy of the isotropic chemical
shift relative to tetramethylsilane is +0.5 to 1 ppm,
that of the full width at half height (FWHH) 0.5 to
1.5 ppm and that of the relative intensity areas
2-15%.
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Fig. 1. 2°Si MAS NMR spectra of
the binary gel glass systems
50BaO-50Si0, (a—c) and 47TiO,—
53Si0, (d—f) at different annealing
stages. The closed line fitted to the

L I 1 L 1 J L L L 1 L 4 experimental spectra is composed
SO I R - ST N0 0 A a9 aw of the individual signal components
8 [ppm] 8 [ppm] given as dashed traces.

Tables 2—5. Values for the chemical shift, the full individual — Table 3
line width at half height and the percentage of Q" obtained
from analysis of 2°Si MAS NMR.

System Annealing Structural —6,, FWHH Q" System Annealing Structural —¢,, FWHH Q"
Temper-  type (ppm) (ppm) (%) Temper-  type (ppm) (ppm) (%)
ature ature
0 °0)

50 BaO-50Si0, 60 0* 110.7 10 57 40BaO-40TiO,~ 60 0* 1076 11 56

Q%(H) 1012 7 35 20Si0, Q3 H) 9.7 7 30
Q*H),Q®> 920 8 8 Q% Q*2H) 920 8 14
600 various 870 17 98 250 04 1079 12 49
Q° 710 2 2 Q3(H) 1000 8 20
3 2,
850 03 926 5 54 Q,’Q ) gg‘g lg 23
0? 814 4 35 0 :
Q° 710 2 11 275 ¢ 1080 9 10
Q%H) 1000 8 20
57TiO,-43Si0, 60 0* 109.5 12 55 0% 0%2H) 920 11 41
Q%H) 1000 7 20 0! 820 12 29
2,
0%(2H) 920 18 25 300 0 923 10 16
600 04 1100 16 76 Q! 823 13 84
0%H) 1000 7 10 3
0%2H) 90.3 16 14 o 8, g?:g 1? gg
4
530 Q 1090 12 &1 850 o' 823 2 1000

Q%1Ti) 980 12 13
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Fig. 2. 2°Si MAS NMR spectra of the ternary oxide system at variouis annealing stages between 60°C and 850 °C. Compo-
sitions from left to right: 40BaO—40TiO,—-20Si0O,, 30BaO-40TiO,-30SiO, and 20BaO-40TiO,-40SiO,.

3.1 The Binary System

As limiting cases the binary systems BaO-SiO, and
TiO,-SiO, were of special interest, in particular to
find out in which way Ba?* and Ti** ions will influ-
ence the development of the silicate network during
the sol-gel process. The high contents of BaO and
TiO, have been chosen to meet the corresponding
molar ratios of the oxides in the ternary composition
30 BaO-40 TiO,-30 SiO,. Figure 1 shows various
NMR spectra at different states from the dried gels to
the glasses. Table 2 summarizes all NMR derived data
of both systems.

In the 2°Si MAS NMR spectrum of the gel, dried at
60 °C with composition 50 BaO-50 SiO,, three differ-
ent resonances could clearly be identified and assigned
toa Q* and a Q° (H) (three oxygen linkages to silicon,

one OH group) unit at —110.7ppm and at
—101.2 ppm, respectively. The signal of the third
component at —92 ppm may arise from a Q3 (three
linkages, one O ) as well as from a Q?(2H) (two link-
ages, 2OH groups) building element, as the silicon
experiences in both polyhedra a similar chemical shift
range. Cross polarization experiments show typical
signal enhancements at short contact times (1 ms) for
the Q3 (H) and Q?(2H) structural types.

The sample baked at 600 °C exhibits one broad line,
Fig. 1b, with the center of gravity, 3.5, at —87 ppm
and a weak narrow resonance at —71 ppm, arising
from Q° in crystalline Ba,SiO, [5], present in small
amounts. The wide line seems to consist of the broad-
ened overlapping resonances of those two types of
tetrahedra, whose narrow signals emerge in the spec-
trum of the sample annealed at 805 °C, Fig. 1¢; it has
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Table 4
System Annealing Structural —4,, FWHH Q"
Temper-  type (ppm) (ppm) (%)
ature
(°C)
30Ba0O-40TiO,- 60 0* 1089 10 56
308i0, Q(H) 1002 8 37
Q%2H),Q®* 920 7 7
250 Q* 1080 14 51
Q3H) 1000 10 21
Q3 920 10 21
Q! 820 11 7
275 Q* 108.0 12 31
Q3H) 1000 11 20
Q3 920 10 29
Q! 820 14 20
300 Q4 1080 9 7
Q3H) 1000 11 11
Q3 920 14 50
Q! 820 11 32
700 03 90.0 10 21
Q! 820 12 79
850 0! 821 2 100.0
Table 5
System Annealing Structural —4,, FWHH Q"
Temper-  type (ppm) (ppm) (%)
ature
(0
20Ba0O-40TiO,— 60 Q* 1084 12 55
40Si0, Q%(H) 99.8 8 23
Q%2H),Q* 920 15 22
300 Q* 108.0 12 28
Q’H 1000 8 17
Q*(2H),Q®> 920 15 51
0! 81.0 6 4
500 Q* 1080 13 23
Q3H) 1000 8 13
Q%,0%2H) 910 15 46
Q! 81.0 13 18
700 Q* 15 48
Q3H) 8 5
3 13 23
Q! 13 24
800 04 1110 11 41
Q? 101.0 55 38
0! 81.0 3 21
850 0* 109.5 11 63
Q! 814 2 37

completely transformed into crystalline material.
These peaks at —92.6 ppm and —81.4 ppm corre-
spond fairly well with the isotropic chemical shifts
assigned in the literature [5, 10] to Q3 and Q2 in crys-
talline BaSi,O5 and BaSiO;, respectively. The pres-

ence of 50% Q3 and 50% Q? leads to o= —87 ppm,
characteristic of the broad line.

Inspection of Figure 1d reveals splittings compara-
ble to those in Fig. 1a in the spectrum of the system
57 TiO,-43 SiO, dried at 60°C. Cross polarization
experiments have been used to support the assignment
of peaks in the chemical shift range between —92 ppm
and —100 ppm to Q3(H) and Q?(2H) units, respec-
tively. Nevertheless small contributions of Si—O-Ti
linkages cannot be excluded since they may affect the
chemical shift in a similar way as an OH group [6]. In
contrast to the BaO-SiO, composition, further an-
nealing enhances the resonance at more negative
chemical shifts (increased shielding) and results for the
sample annealed at 850°C in a predominant Q* frac-
tion of 87% with a remaining rest of 13% may be
Q*(Ti) (three oxygen linkages to silicon, one to tita-
nium) or Q3 (H).

3.2 The Ternary Systems

A selection of 2°Si MAS NMR spectra representa-
tive of the ternary systems are shown in Figure 2. The
complete NMR results are listed in Tables 3—5. Due
to observable splittings all spectra of the dried gels
(60°C) could easily be decomposed into those reso-
nances already assigned in the binary systems and
confirmed, if necessary, by crosspolarization experi-
ments. Again, spectral contributions of Q3 and of Si—
O-Ti cross-linking are masked by the lins of Q3 (1H)
and Q?(2H), though the mixed oxide bonds give rise
to weak vibrational absorptions in the FTIR spectra
(Chapter 3.3).

The broad and less structured resonances of the
samples annealed between 250°C and 500°C were
composed of the aforementioned predominant lines
and of an additional signal component arising at
about —82+1 ppm. This new peak appears in the
spectra of all ternary compositions as an important or
even exclusive resonance for samples heat-treated at
temperatures >500°C. With the aid of FTIR mea-
surements it could be assigned to a silicate anion, Q*,
formed as part of the fresnoite composition,
Ba,TiSi,0y4, as will be discussed later in this study. In
the system 20 BaO-40 TiO,-40 SiO,, baked at
700°C, a well resolved splitting indicates the begin-
ning of a phase separation into a fresnoite like compo-
nent, still amorphous, and into a SiO, rich region
composed of Q* only. The glassy character of the Q*
structure is maintained in the further calcined sam-
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Fig. 3. FTIR spectra of the composition 30BaO—40TiO,—30SiO,: a) at different annealing stages between 250 ° and 300 °C;
b) as final gel glass baked at 700°C and of the devitrified sample annealed at 850 °C.
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Fig. 4. FTIR spectra of the composition 40BaO—40TiO,—
20SiO, annealed between 100°C and 250°C

ples, while the fresnoite composition transforms into
the crystalline state.

3.3 FTIR Measurements

FTIR spectra have been taken preferably from the
ternary systems (Figures 3—4) Typical bands at
1561 cm™! and 1419 cm™! can be assigned to the
asymmetric and symmetric stretching vibrations of
the carboxyl group [11] in the HAc and BaAc,. These

bands vanish in the medium temperature range of
annealing stages at about 300 °C due to the pyrolysis
of the organic rests (Figure 3 a).

Another interesting but not very intense absorption
in the vibrational spectra of the dried gels appears at
945 cm ™!, Fig. 4, which consists of the SiIOH out of
plane bending vibration at ~950cm ™! [12] and a
Si—O-Ti component [13] at 930 cm ™. At elevated
annealing temperatures up to ~300°C this band is
splitted into its individual absorptions with a decreas-
ing fraction of Si—OH vibrations. For samples cal-
cined above 300°C the Si—O-Ti absorption is not
longer visible (not shown) since the spectrum consists
only of a very broad band in this range of wavenum-
bers, originating from skeletal vibrations which indi-
cate the formation of an amorphous glassy network
[14].

Figure 3b shows the FTIR spectra of two samples
of the system 30BaO-40TiO,-30SiO, annealed at
700°C and 850°C. The first one is still glassy and
exhibits featureless broad bands, whereas the crys-
talline sample gives rise to the specific absorptions
characteristic of the silicate fresnoite [15]. Both vibra-
tional patterns of Fig. 3b, are the same as those re-
ported in the literature for molten ternary BaO-
TiO,-Si0, glass of the same composition as used in
our study, which had been annealed in a second step
to crystallize to fresnoite [15]. Additional XRD-studies
of our devitrified gel glass samples confirm the
fresnoite structure.
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4. Discussion

By means of 2°Si MAS NMR and FTIR measure-
ments as a function of composition and annealing,
detailed information about the structural develop-
ment could be obtained. Regardless of the composi-
tion the 2°Si MAS NMR spectra of the gels dried at
60°C are very similar. Already half of the starting
TEOS material has condensed to a three-dimensional
silicate network built by Q* and Q3 (H) units mainly.
Small amounts of Si—-O-Ti, though detected by FTIR
measurements in the ternary systems, do not con-
tribute essentially to the NMR spectra. However fur-
ther annealing leads to very different structural evolu-
tions depending strongly on the gel compositions.

4.1 Structural Conversion of the Binary System

In spite of the high content of BaO it has been
possible to bake the BaO-SiO, gel system to the
glassy state up to 600°C. At this temperature only
very small amounts of crystalline Ba,SiO, were de-
tected in the amorphous matrix. By annealing, the
network-modifying Ba?* cations transform the Q*
structure of the dried gel into less condensed Q3 and
Q2 building units in the gel-glass. Our structural inter-
pretation is based on the findings that the chemical
shift of the resonance of the glass coincides with the
spectral position of the center of gravity calculated
from the peaks of the devitrified sample annealed at
850°C. It is known from literature [5, 16] that the
speciation of microstructures in molten alkaline earth
silicate glasses is hampered by badly resolved 2°Si
resonances. In agreement with our results Murdoch
et al. [5] showed, however, that the positions of the
29Si peak maxima of the dominant species present in
molten alkaline earth meta- and disilicate glasses are
those found in the corresponding crystalline materials
of the same composition.

An opposite structural development upon heating
is observed in the TiO,-SiO, gel. Polycondensation
to a three-dimensional silicate network proceeds dur-
ing annealing without any remarkable interlinkages
to the titanium oxide structure, and this despite of the
high TiO, content. Up to now a more pronounced
hetero-condensation between these oxides has been
reported only for low TiO, concentrations, using a
two stage hydrolysis of the alkoxides in a strongly
acidic medium [17]. By contrast, the preparation con-
ditions outlined in this study are optimized to exhibit

the best performance of the ternary system for the
dipcoating procedure.

4.2 Evolution of the Microstructure
in the Ternary BaO-TiO,-SiO, Systems

The results of the binary systems show clearly that
only Ba?" acts as a modifying cation, whereas Ti** is
not incorporated into the silicate structure. In all com-
positions of the ternary system under investigation the
chemical shift of the center of gravity of the 2°Si reso-
nance increases (decreased shielding) by annealing
and reaches its highest value within a very narrow
temperature interval of ca. 50 K between 250° and
300°C. Within this temperature range the organic ac-
etate ligands are pyrolized, as is mirrored in the FTIR
spectra, Figure 3a. Pyrolysis releases the Ba?*
cations. They modify in turn the initially formed net-
work of the dried gels. In these intermediate annealing
stages the wide and nearly featureless >°Si resonances
reflect a broad distribution of species in the mi-
crostructure, including a certain amount of Si—O-Ti
linkages. These bonds are recognized by weak vibra-
tional absorptions, decreasing with raising curing
temperatures between 60°C and 300°C.

By annealing, Ba?* ions convert the dominant
structural building units Q* and Q3 (H) into Q3 and Q"
successively. Parallel to the development of Q! units,
parts of the titanium oxide may transform into a five-
fold oxygen surrounding of a central Ti as both, Q!
and TiOg, are the characteristic features of a fresnoite
structure [15].

The composition with the lowest SiO, content of
20 mol% could be baked to the glassy state till 500°C
and exhibits nearly exclusively Q' with only small
amounts of Q3 left. Further heat treatment devitrifies
the gel glass and forms crystalline fresnoite. In agree-
ment with [15], no Si—O-Ti absorptions are detect-
able in the FTIR spectra of a fresnoite like glass struc-
ture. A comparable evolution under annealing is
observed in the system composed of 30 mol% SiO,.
For the silicon dioxide rich composition (40 mol%)
the SiO, concentration exceeds that of BaO. As be-
fore, the originally formed Q* silicate network is par-
tially broken into less condensed units after heat treat-
ment up to 500°C. At the 700°C annealing stage,
those silicate species which are not consumed by Ba%*
cations to form a fresnoite like microstructure, rede-
velop back into a silicate matrix as a separate phase.
This process continues while heating and results at
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850°C in crystalline fresnoite and an amorphous Q*
phase component as the only structural elements.

The microstructure of these special ternary gel
glasses cannot be considered just as the sum of the
building units identified in both binary systems. By
contrast, the Ba?* cations form preferably silicate
dimers instead of several anions as has been found in
the BaO-SiO, sample. Excess Ba?*, not used for the
formation of the fresnoite structure, may be incorpo-
rated into the titanate matrix. A homogeneous gel
glass phase composed of all three oxides is only real-
ized in the fresnoite part of the microstructure with a
low degree of condensation, whereas remaining
amounts of TiO, and SiO, develop a separate net-
work each.
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