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Abstract

The structure of barium—titanium—metaborate xBaO—-xB,03—TiO, (y = 0%, 4%, 8%, 16% and x = 50—y/2) amorphous and
crystallized powders, obtained using a polymeric precursor method, was investigated by Ti and B K-edge X-ray absorption
spectroscopy (XAS) and ''"B-NMR high-resolution techniques. XANES study of amorphous samples shows that Ti** ions exist as
MITj species associated to 'Ti and P'Ti species in a practically equivalent amount. After crystallization, titanium environment is
predominately composed by “'Ti species. According to XANES results obtained at the B K-edge, the fraction of boron in
tetrahedral sites (*B) reduces as the amount of TiO, is increased from x = 0% to 4%, with a consequent increase of boron in
trigonal sites (°'B). By a combination of 'B-NMR spin-echo and triple quantum magic angle spinning (3Q-MAS) techniques, the
detailed borate speciation was determined as consisting in "B and two kind of trigonal sites, *!B, and P!Bg, corresponding,
respectively, to borates sharing three and two O atoms with other boron units. NMR results reveal not only the reduction in boron
coordination also seen by XANES but also the simultaneous reduction in the condensation degree of trigonal units, when the
Ti content is increased in the glass. In crystallized samples, f-BaB,0, and BaTi(BOj3), phases were identified and quantified by

""B-NMR.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Barium metaborate crystal (f-BaB,O4 or -BBO) is
an important material for nonlinear optical applications
in the visible and ultraviolet regions [1-3]. Its physical
properties, such as a large effective second harmonic
generation coefficient, wide range transparency, broad
phase matched region and high damage threshold are
suitable for many optical applications [4].

In the last decade, glass-ceramic materials, containing
p-BBO phase were obtained from the crystallization of
the BaO-B,05-TiO, vitreous system [5,6]. According to
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these works, the difficulties in obtaining f-BBO phase
from stoichiometric 50BaO-50B,03 compositions were
overcome by adding TiO, compound to the BaO-B,O3
system. Although the vitreous phase contains a large
quantity of TiO, (up to 16% in mole), the f-BBO phase
was found to be the major phase when the glassy sample
was subjected to the isothermal crystallization process
[5,6].

The system BaO—B,05-TiO, seems interesting for the
manufacture of ferroelectric barium titanate glass-
ceramic materials [7,8]. Moreover, a new approach for
the chemical synthesis of powders to be used as target
and thin films, based on a method developed by Pechini
[9], has been extensively used to produce a large variety
of materials [10-12]. This method is based on chelation
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or complexion of cations by a hydrocarboxylic acid such
as citric acid [9]. Compared to other chemical methods,
the polymeric precursor method, or Pechini’s method,
offers the advantage of using common reagents and does
not require a special atmosphere. Moreover, the
nanometric powders obtained from such method can
then be used as a source in different physical methods of
thin film deposition. In a previous work [13], we used the
polymeric precursor method to synthesize the S-BBO
nanometric powder phase from the ternary xBaO—x-
B>O53—yTiO, system (BBT), where y = 4%, 8%, 16%
and x = 50—y/2 (mol%) [13]. The S-BBO phase was
found to be the main phase in samples containing
y=4% of titanium oxide. Recently, we used the
nanopowder produced by this method to prepare thin
films from the -BaB,0O4 composition using a electron
beam evaporation method [14].

Although the synthesis and the properties of the
BaO-B,05-TiO, system have been widely exploited,
little information is found in the literature concerning
the structural role of TiO, on the BaO-B,Oj3; system,
especially in samples prepared by a chemical solution
method [13].

The aim of this work was to characterize the local
order of Ti and B atoms in BBT amorphous powders,
obtained from a polymeric precursor method [9], and
also in recrystallized samples. To obtain a detailed
description of the local structural parameters and the
borate speciation, two experimental techniques were
applied: the X-ray absorption spectroscopy (XAS) of Ti
K-edge and B K-edge and solid-state ''B nuclear
magnetic resonance (NMR).

2. Experimental procedures
2.1. Materials

The powder samples in the xBaO-xB,03;—yTiO,
system were prepared using the polymeric precursor
method (Pechini Method) [9], with compositions
y=0%, 4%, 8%, 16% and x = 50—y/2) (mol%).
Barium citrates were formed by the dissolution of
barium carbonate in an aqueous solution of citric acid.
After the Ba-citrate solution was homogenized, a
stoichiometric amount of titanium isopropoxide (in
accordance with the three aforementioned composi-
tions) was added to the Ba-citrate solution. The solution
was kept under slow stirring for approximately 3 h and
its pH was adjusted to a 2-3 interval. After homogeniz-
ing the solution containing the Ba and Ti cations,
sorbitol and boric acid (99.8%) were dissolved in water
and added to the solution citrates. The heat treatments
to produce powder samples were carried out in two
stages: initial heating to 330°C/5h in an oxygen
atmosphere at a heating rate of 10°C/min to pyrolize

the organic materials, followed soon thereafter by
heating to 450 °C for 20 h and 750 °C for 2 h. According
to TGA analysis carried out in a previous study [13],
there is no mass loss at the highest temperature in these
samples, which means that the compositions are close to
the batched compositions.

Polycrystalline and amorphous BaTi(BO3), powdered
samples were used as structural references. These
samples were prepared by mixing appropriate amounts
of commercial powders of reagents grade BaCO;, TiO,
and B,0s3, and then melted in a platinum crucible in an
electrically heated furnace for 3h at 1100 °C. The melt
was quenched on a steel plate and annealed in a furnace
at 450°C for 1h. To obtain a crystalline sample, the
glass sample was heat-treated in air at 620 °C during
120 h.

From previous X-ray diffraction analysis of the
samples crystallized at 750 °C for 2h [13], the f-BaB,0,
(f-BBO) phase was found to be the main phase in all
samples. Two other crystalline phases, BaTiO; and
BaTi(BOs),, were observed as secondary phases. The
amount of BaTiOs decreases and that of BaTi(BOs),
increases as the amount of TiO, increases. According to
the solid equilibrium phase diagram given by Zhang et
al. [15], the BaTiO; should not be observed for the range
of our compositions. The formation of BaTiO; can be
related to the deficiency of B,O; compound. However,
we can exclude the possibility of B,Oj3 loss in this range
of temperatures according to TGA analysis [13]. There-
fore, we attribute the formation of BaTiOz mainly to
local non-homogeneities related to the presence of
remnant organic moieties resulting of partial hydrolysis
of Ti-isopropoxide in the early stages of the reaction. In
any case, the small amount of BaTiOj; inferred by DRX
(less than 4%) indicates the small effect of these
inhomogeneities.

2.2. XAS data collection and analysis

Ti K-edge absorption spectra were collected at the
LNLS (Laboratério Nacional de Luz Sincrotron,
Campinas, Brazil) facility using the XAS beam line
[16]. The LNLS storage ring was operated at 1.37 GeV
with a nominal ring current of 130mA. Data were
collected at the Ti K-edge (4966¢V) and Ba Lj-edge
(5247¢eV) in transmission mode using a Si (111)
“channel-cut” monochromator. Ionization chambers
were used to detect the incident and transmitted flux.
An energy step equal to 0.4 and 1.0eV was used to
collect data at the near region of the absorption edge.
Due to the low critical energy of the machine, harmonic
contamination from the monochromator is negligible at
the energy of measurements [16]. To monitor the energy
calibration, the X-ray absorption near-edge structure
(XANES) spectra of a metallic foil was recorded at the
same time as XANES spectra of the samples, using a
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third ionization chamber. The vertical slits were
adjusted in order to obtain the best resolution. To
compare the intensity and the position of the pre-edge
features, all the XANES spectra were background
corrected and normalized on the first X-ray absorption
fine structure (EXAFS) oscillation.

X-ray absorption spectroscopy (XAS) measurements
at the B K-edge were performed at LURE on the
SuperACO storage ring (Orsay), which operated at
800 MeV energy with currents ranging from 215 to
400 mA. The XANES spectra have been measured on
the SA22 beam line equipped with a high-energy plane
grating spherical mirror monochromator, with a resolu-
tion of ~100 MeV at the B K-edge (188 ¢V). The energy
of the monochromator was calibrated at the boron K-
edge using the BN compound. The spectra were
collected at room temperature using the fluorescence
yield (FY) mode.

2.3. NMR data collection and analysis

High-resolution '"B-NMR measurements were car-
ried out at 9.4 T with a Varian Unity INOVA spectro-
meter, with magic-angle sample spinning (MAS) of up
to 9 kHz in silicon nitride rotors. The NMR spectra were
obtained with two pulse sequences in order to compare
the reliability of the results. FID signals were obtained
from applying the single pulse (SP) technique with /18
pulses. Also, spin-echo (SE) experiments were carried
out under MAS using the sequence proposed by
Dumazy et al. [17] for spin [ =%, which minimizes
spectral distortions arising from ill-refocused signals
(transients and anti-echoes). Echoes were generated
from two low power pulses (yB; = 2kHz) of 9 and
18 us separated by 15 us delay and phase-cycled accord-
ing to Ref. [18]. The spectra were obtained from the
Fourier transform of the decaying part of the echoes.
Up to 20,000 echo signals were collected. Numerical
exponential filters of 30 Hz broadening were applied.
Triple quantum-MAS NMR experiments (3Q-MAS)
were carried out using two pulses for generation-
reconversion of 3-quantum coherences into observable
ones [18], with durations of 10 and 2.2 s, respectively
and intensity of 80 kHz. An additional Z-filter selective
pulse of 11 ps length and 5 kHz strength was also applied
[19]. Spectral widths of 30 and 64kHz were used,
respectively, for the direct and indirect dimensions. A
number of 256 hypercomplex FID signals were col-
lected, with 2048 points and 48 transients each. Recycle
delays of 2 s were used in experiments on glassy samples,
while 400s were used in recrystallized samples. An
aqueous solution of H3BO; (0.1 M) was used as a
reference for ''B chemical shifts and radio frequency
pulse power calibrations. The '"B-NMR powder line-
shapes associated to the central transition were simu-
lated considering the inhomogeneous broadening caused

by the second-order quadrupolar interaction under
MAS [20]. For these simulations, a FORTRAN90 code
was written for calculation of the spectral density of a
powder sample and their convolution with a Gaussian/
Lorentzian line, accounting for the distribution of
coupling parameters in the disordered solid, the residual
spin interactions and the homogeneous broadening.

3. Results
3.1. XANES results: Ti K-edge

The pre-edge region of the K-edge XANES spectra of
some transition metal oxides are characterized by a
pronounced feature several volts before the main rising
edge. In transition metal oxides which crystallize in
centrosymmetric structures, this pre-edge feature is very
small or absent; in non-centrosymmetric structures it
can be quite large. This pre-edge feature before the main
edge is commonly attributed to transitions from ls
energy levels of Ti to the Ti3d/O2p molecular orbital
[21-24]. A 15— 3d transition is Laporte forbidden by
dipole selection rules but becomes allowed when p—d
orbital mixing occurs such in a TiO4 tetrahedron or a
(PITi0)0y site (i.e., without a center of symmetry) [21].
The height and position of this pre-edge feature are
direct functions of the degree of p—d mixing, site
distortion, oxidation state and experimental resolution
[21-24].

Recently, Farges et al. [23,24] showed empirically that
the average coordination number of Ti in a range of
titanium oxide reference materials and titanium silicate
glasses can be extracted reasonably well from plots of
pre-edge intensity versus peak positions. Indeed, 4-, 5-
and 6-fold coordinated Ti atoms appear to give pre-edge
peaks at 4969.5, 4970.5 and 4971.5+0.2 eV, respectively.

Fig. 1a shows the Ti K-edge XANES spectra of BBT
amorphous samples heat treated at 450 °C during 20 h,
whose amorphous state was checked previously by X-
ray diffraction measurements [13]. The characteristic of
the pre-edge structure for these amorphous samples is
given in Table 1. The pre-edge structure in all the
amorphous samples presents a unique and prominent
peak around 4970.0+0.2¢V, with intensity varying
from 0.28 to 0.30. Based on the work of Farges
[23,24], we can say that the pre-edge feature of this
series of samples is characteristic of a mixture of */Ti,
BITi and 'Ti species. We did not observe a significant
increase of the TiO4 groups as the amount of titanium
increases, as was observed by De Pablos et al. [25] in the
B,O5-TiO,—M,0,, (M = Li, Ba, Pb) glassy systems.

Fig. 1b shows the Ti K-edge XANES spectra of BBT
powders samples heat treated at 750 °C during 2 h. For
comparison, we included in the figure the XANES
spectrum of BaTi(BOj3), and BaTiOs crystalline phases
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because these two phases have been detected by previous
XRD experiments [13]. As can be seen, as the amount of
TiO, increases the XANES spectrum of crystallized
samples becomes similar to that of BaTi(BOs3), crystal-
line phase, in good agreement with the XRD results.
The characteristic of the pre-edge structures for these
crystallized samples and for the BaTi(BO;), crystalline
phase are also given in Table 1. As observed in the

0.9 4

0.6

Normalized Intensity (a.u)

0.3

Amorphous samples

0.0

4980 5000 5020 5040

(a) Energy (eV)

2.44

Normalized Intensity (a.u.)

Crystallized samples i

T T T T T T
4965 4980 4995 5010 5025 5040
(b) Energy (eV)

Fig. 1. Normalized Ti K-edge XANES spectra of (a) amorphous and
(b) crystallized samples at 750 °C/2 h.

Table 1

amorphous samples, the main structure at the pre-edge
region is located at around 4970.34+0.2¢V in all heat-
treated samples. However, we observed a smaller
decrease in its intensity for the x = 16% sample. As
can be seen in Fig. 1, the XANES spectra of x = 16%
sample and that of BaTi(BOj), sample are identical,
which means that the environment of Ti atoms is similar
on both samples. On the other hand, the same is not true
for the x = 4% and 8% samples, where the amount of
BaTiO3 phase is more significant and should be taken
into account. We know that Ti atoms in BaTi(BO3;), are
located in regular octahedra [15] whereas in the BaTiO;
phase they are in distorted tetragonal environments,
with one Ti—O bond located at 1.83 A, foour Ti—O bonds
at 2.0A and one Ti-O bond at 2.21 A [21]. As the
intensity of the pre-edge peak at the Ti K-edge that we
analyzed in our work can be directly related to the
distortion of Ti site, we can infer that the smaller
decrease observed on the pre peak intensity of the 16%
TiO, sample is due to a decrease on the distortion of the
Ti site. The analysis of the pre-edge feature position and
intensity using the Farges’ model indicates that we have

1.5

75%BaTi(BO,),+25%BaTiO,
~

1.2+

0.9+

y=4%

064 Crystallized sample |

0.3 1

Normalized Intensity (a.u.)

0.0 1
T T T T T T
4960 4970 4980 4990 5000 5010
Energy (eV)

Fig. 2. Comparison between the Ti K-edge XANES spectrum of
y = 4% amorphous sample with a XANES spectrum composed of a
linear combination of 75% of the XANES spectrum of BaTi(BOs),
and 25% of the XANES spectrum of BaTiOj; crystalline phases.

Position and intensity of structures at Ti pre-edge region and comparison with amorphous and crystalline phases and Ti species

Crystalline phases [8] Sample Position (eV) 40.2eV Normalized height (a.u.) Ti species
Amorphous y = 4% TiO, 450°C/20h 4970.0 0.30 [, 1oy, 1SiTi
Amorphous » = 8% TiO, 450°C/20h 4970.2 0.28 [y, (oiy, i
Amorphous y=16% TiO; 450°C/20h 4970.0 0.28 4y, Oy, B
B-BBO + BaTiO; y =4% TiO, 750°C/2h 4970.4 0.05 (e, 4T, I
-BBO+ BaTiO; + BaTi(BOs), y = 8% TiO, 750°C/2h 4970.4 0.05 (6T, 144y, ST
-BBO + BaTiO; + BaTi(BOs), y = 16% TiO, 750°C/2h 4970.2 0.03 (61T, Ty, 15}
BaTi(BO;)» BaTi(BOs), 4970.3 0.04 (orry,
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for the crystallized samples a mixture of °'Ti, PITi, ¥ITj
species, being the [ITi species the predominant one.

Regarding the sample containing only 4% of TiO,,
according to previous XRD experiments, this sample
only contains the BaTiO; and fS-BBO phases [13].
However, if we compare the XANES spectra of
y = 4% sample with that of BaTiO; (Fig. 1b), we can
see a large difference between both XANES spectra,
indicating that there are other crystalline phases
containing titanium atoms contributing to the XANES
spectra. The most evident possibility is the presence of
BaTi(BOj),. To verify this hypothesis, we compare the
XANES spectra of y = 4% sample after crystallization
with a linear combination of experimental XANES
spectra of BaTiO; and BaTi(BO3), crystalline samples.
As can be seen in Fig. 2, an excellent agreement was
achieved with a simulated XANES spectra composed of
75% from BaTi(BOs), phase and 25% from BaTiO;
phase. Thus, despite XRD results for the 4% TiO,
sample only show the presence of f-BBO and BaTiOj
crystalline phases, the XANES results also showed the
presence of BaTi(BOs;), phase, which is expected from
the phase diagram of this system [15]. The non-
observation of this phase through XRD could be
attributed to the very small size of the crystallites, below
the detection threshold of this technique.

3.2. XANES results: B K-edge

B K-edge XANES spectra of BBT powder samples
heat-treated at 450 °C during 20 h are shown in Fig. 3.
These spectra were normalized by I,, corrected for a
linear pre-edge background and then normalized again
to the height of peak A in the spectrum of the sample
with 0% of TiO,, which corresponds to -BBO. In
agreement with other works [26-28], the B K-edge
XANES spectra of BBT samples are dominated by three

08 T T T
A Amorphous samples
0.7 g

B c

0.6

0.5

0.4

0.34

0.2

Normalized Absorption (a.u.)

0.1

0.0

T T T T
190 195 200 205 210 215
Energy (eV)

Fig. 3. Normalized B K-edge XANES spectra of amorphous samples
obtained 450 °C/20 h.

features, that are presently labeled 4, B and C in Fig. 3.
The sharp peak A is attributed to trigonal B and
assigned to transition of B 1s electrons to unoccupied B
2p. (IT*) states of BOj3 groups [26-28]. Similarly, the
peak B is attributed largely to tetrahedral B and
assigned to transition of B 1s electrons to the
unoccupied B ¢* states of BO4 groups. The broad
feature C reflects contributions from both trigonal BO3
and tetrahedral BO4 groups; it is assigned to transition
of B ls electrons to unoccupied B ¢* states of BOj
groups and multiple scattering resonance.

Sauer et al. [29] and Garvie et al. [30] determined the
proportion of tetrahedral /B from the ratio of the area
of peak A4 to the total area over an energy window from
peak A4 to 14.6eV above it, normalized by same ratio for
a standard with 100% P'B. This total area method
yielded consistent results for samples containing a
moderate and/or low concentration of boron, but failed
at high concentrations. To resolve this problem of
background variation, Fleet and Muthupari [26] pro-
posed a further procedure: a linear background extend-
ing from the base of peak A4 to the envelope at 20eV
above A4 was subtracted and the remaining spectrum was
fitted to 5 Gaussian components, one for A4, two for B
(B1, B»), and two for C and the region beyond it. The
fraction of tetrahedral boron was then given from the
fitted peak area ratio (B;+ B,)/(A+ B;+ B,). Fig. 4
shows, as an example, the fitting procedure applied to
the XANES spectra of f-BBO sample. The proportions
of tetrahedral boron thus obtained from XANES
spectra are given in Table 2. These values indicate that,

0.35

| = B-BBO sample |

>

0.30
0.25
0.20
0.15

010+ L C

Normalized Intensity (a.u.)
@

0.05
T
0.00 w’
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Energy (eV)

Fig. 4. Experimental and deconvoluted B K-edge XANES spectra for
the f-BBO sample.

Table 2
Fractions of B as a function of the TiO, content y

(%) 0 (3-BBO) 4 8 16

MIB fraction 0.69 0.61 0.62 0.60
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between 0% (-BBO) and 4% TiO, the fraction of
tetrahedral sites changes from 0.69 to 0.61 with a
consequent increase on the fraction of trigonal sites.
However, we did not observe a significant change when
the amount of TiO, increases to 8% or 16% (0.61 and
0.60 respectively). Similar results were obtained by
Pernice et al. [5] when they studied the addition of
TiO, in the BaO-B,O; glassy system by Fourier
transform infrared spectroscopy.

3.3 "B MAS NMR results

As boron has an important role on the physical
properties of this glass system, we also characterize the
local order around B atoms in glass and crystallized
samples by means of high-resolution ''B-NMR. The
technique was applied to determine the fraction of
boron species (tetrahedral and trigonal) and to get
information about the atomic environments around
these sites. Both aims depend on the careful determina-
tion of three NMR coupling parameters of ''B nuclei on
each site: (i) the quadrupolar coupling parameter
between the electric field gradient (efg) on the site and
the electric quadrupole moment of the ''B nucleus, (ii)
the asymmetry parameter n of the efg tensor and (iii) the
isotropic chemical shift d;s, [31]. In this work, a strategy
combining triple quantum-MAS-NMR and properly
phase-cycled spin-echo techniques was adopted to
determine the interaction parameters and the site
populations, followed by numeric simulations of the
central transition NMR line shape.

Firstly, we compared the ''B spectra obtained using
SP and SE NMR techniques. Fig. 5a shows high-
resolution NMR spectra of the Ti-free amorphous

Q

1457

sample, obtained from both methods. It is possible to
note some differences between these spectra. The
decaying edges of the SP spectra are broader that those
of the SE spectra. This kind of distortion arises mainly
from dead-time problems at the beginning of the FID.
On the other hand, SP spectra show lower intensities
than SE spectra at central frequencies. This fact may
result as a consequence of the line broadening men-
tioned above, and from the partially selective excitation
of the quadrupolar powder pattern. In contrast, the
spectrum obtained from SE is not affected by dead-time
and the pulse sequence used in these experiments
warrants a uniform excitation of the quadrupolar
pattern [17]. Though small, the differences observed in
Fig. 4a are non-negligible, and may affect seriously the
values of intensities and interaction parameters obtained
from spectral simulations. These distortions were
systematically observed in the SP-spectra of all samples.
Therefore, only spectra obtained from SE signals were
considered in this study. Figs. 6a and 7a show the
spectra corresponding to the set of amorphous and
crystallized powders. We will discuss first the results
obtained in amorphous samples.

The presence of B'B and !B can be readily observed
in the amorphous samples, the latter specie being the
main responsible from the intense signal around
—18 ppm. An unambiguous resolution of these sites can
be obtained by means of the two-dimensional ''B-3Q-
MAS experiment. This experiment allows the separation
of the NMR lines from both boron units along the
indirect isotropic dimension, due to the lower quad-
rupolar coupling constant and more shielded chemical
shift of /B compared with !B species. Fig. 8 shows a
typical 3Q-MAS spectra for the amorphous powders,

experimental
simulated

simulated (one mB)

[&)]
o

-5
resonance shift (ppm)

-10 -15 -20 -25 -30

(a)

(b)

0 -5 -10 -15 -20
resonance shift (ppm)

Fig. 5. '"B-MAS NMR spectrum of the amorphous sample with 0% TiO,. (a) Spectra obtained from spin-echo (solid line) and FID (dashed line). (b)
Simulations of the spin-echo spectrum. Solid line: simulation with two trigonal species (dashed lines) and one tetrahedral (dotted line). Short dashed

line: simulation with one trigonal and one tetrahedral.
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16%TiO,

16%TiO,

8%TiO,

8%TiO,

4%TiO, 4%TiO,

0%TiO, 0%TiO,

0 -10 -20 -30 0
(a) Resonance shift [ppm] (b)

-20 -30

Resonance shift [ppm]

Fig. 6. "'B-MAS spin-echo spectra of the amorphous samples. (a)
Circles: experimental data. Solid line: simulation with two trigonal
species and one tetrahedral. (b) Detail of the simulation components.
Dotted lines: trigonal boron species. Dashed line: tetrahedral boron.

16%TiO,

8%TIO,

4%TiO,

4%Tio,

0%TiO, 0%TiO,

0 -10 -20 -30 0 -10 -20 -30
(a) Resonance Shift [ppm] (b) Resonance Shift [ppm]

Fig. 7. ''B-MAS spin-echo spectra of heat-treated samples. (a) Circles:
experimental data. Solid line: simulations with trigonal sites from f-
BBO and BaTi(BOs), crystal phases. (b) Detail of the simulation
components. Dash-dot line: f-BBO. Dashed line: BaTi(BOs),. Dotted
line: glass.

corresponding to 16% of TiO,, with projections along
the isotropic and anisotropic axes. The 3Q-MAS spectra
from amorphous samples show two intense and well-
resolved peaks corresponding to P'B and ™B, respec-
tively at high and low frequency along the isotropic
dimension. The signal from P!B sites is broader than
from “B sites along the anisotropic axis, due to the
stronger quadrupolar coupling. The isotropic chemical
shift ;50 and the quadrupolar coupling

n

Pg=y\/14+—
(1/(+3

can be calculated for both sites, using the measured
values for peaks frequencies [18]. The resulting para-
meters for amorphous samples are shown in Table 3.
Only a small increase in shielding for P'B in Ti-
containing glasses with respect to the Ti-free sample
can be noted, while no variation in d;s, for /B sites can
be observed. The mean quadrupolar coupling is
essentially independent of composition for both species
in these amorphous samples.

As 3Q-MAS experiments are not quantitative, the
simulation of 1-D spectra is mandatory to get the boron
speciation in these samples and to determine the values
of the efg parameters y and # separately. The parameters
determined from the 3Q-MAS experiments were used as
initial guess values for B and /B sites. The values for
diso» X» 1 and line intensities were systematically varied in
order to reproduce the experimental spectrum. Gaussian
and Lorentzian convolution functions were considered
for boron sites. The best agreement with the experi-
mental spectra was obtained considering a Lorentzian
function for B sites and a Gaussian for B sites. This
particular choice of functions was determined from the
line shape on the opposite edges of the spectra. From the
magnitudes of the interaction parameters measured
from 3Q-MAS it was concluded that the high-frequency
edge of the spectra is determined only by the !B line, i.e.
there is negligible overlap on this side of the spectrum.
There was no satisfactory agreement between the
simulations and the spectral profile when a Lorentzian
convolution function was used. Therefore, a Gaussian
line was adopted for the convolution function of
trigonal boron. Fig. 5b shows a typical result obtained
from the simulations, for the 0% TiO, amorphous
sample. Simulations with only one trigonal site were
clearly not satisfactory, particularly in the middle region
of the spectra. This fact was previously noted by
Clayden et al. [32] in melt-quenched glasses with these
compositions, but they were not able to find a
satisfactory solution with two PIB sites. Simulations
including another °B site were attempted with our
data, starting with the same interaction parameters for
both trigonal species. This condition was assumed
because the difference between the set of parameters of
both sites should be small, as the 3Q-MAS experiments
could not resolve them. As can be seen in Fig. 5b, the
agreement of these simulations with experimental
spectra was notoriously better than in the case of a
single trigonal site. The simulations with two BB sites
and one B for the other amorphous samples are
plotted in Fig. 6b. The interaction parameters and
intensities obtained from this procedure are shown in
Tables 4 and 5 for P'B and B sites, respectively. The
main difference between both BB species is in the
magnitude of d;;,. The less abundant trigonal specie
BIB, has a chemical shift of about —8 ppm, while the
most abundant B, has a shift of about —1.5ppm.
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Fig. 8. ''"B-3Q-MAS spectrum of amorphous sample with 16% TiO,.

Table 3
Interaction parameters of !'B sites in amorphous powders obtained
from 3Q-MAS-NMR experiments

Ti,O (mol%)  do (ppm) Pg (MH2)
Bl 4B Bl 4B
0 —1.54+0.5 —-17.9+0.4 2.840.1 0.90+0.05
4 —2.14+0.3 —18.0+0.3 3.0+0.1 0.90+0.05
8 —-3.0+0.3 —18.3+0.2 3.1+0.1 0.90+0.05
16 —2.440.3 —18.24+0.2 3.1+0.1 0.90+0.05

Also, the quadrupolar coupling y is slightly smaller for
BIB, with respect to P'B,. Comparing the interaction
parameters measured from 3Q-MAS in Table 3 with the
results of simulations, it can be seen a reasonable
agreement for tetrahedral boron, considering the un-
certainty of the methods. For the BIB , and PIBj sites,
the difference in the populations observed in Table 4 can
explain the fact that only one trigonal signal was
observed in 3Q-MAS experiments. The /B, fraction is
three times smaller than PBgz. Consequently, the
measured values for ;5, and P, for the BIB site observed
in 3Q-MAS are closer to those values of the most
abundant BB specie. It can be noted that the value of 5
for these trigonal sites is between 0.2 and 0.3, clearly

above zero, indicating distortions in both sites with
respect to the C3 symmetry.

According to Tables 3 to 4, there is no noticeable
variation with the TiO, content of the coupling constant
v and chemical shift d;s, for boron species. In contrast,
the fraction of boron species shows systematic variations
with composition. According to Tables 4 and 5, as the
TiO, content increases there is a decrease in the *B
fractional population of 0.07, which represents a
variation of 13% relative between the extreme composi-
tions. Also, the fraction of P'B, species decreases in
0.07, which represents a decrease of about 50% relative
to the 0% TiO, sample. Conversely, the fraction of BIB,
increases by 0.14.

The nature of the two /B species can be discussed in
terms of J;,, the only interaction parameter that showed
an appreciable difference between both trigonal sites.
Kroeker and Stebbins showed that d;s, in trigonal
borates is sensitive to their condensation degree n, i.e.
the number of B—-O-B bridges per boron (n = 0, 1, 2, 3),
though the increase in shielding per each bridge is only a
few ppm [33]. Despite the overlap between chemical shift
ranges for some values of n, the most connected trigonal
unit (n = 3) is always the most shielded specie. In our
measurements, PIB sites have d;y, values close to the
higher limit of the most shielded values observed for
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Table 4

Interaction parameters and populations of trigonal boron sites in amorphous powders obtained from the numerical simulation of spin-echo ''B-

MAS spectra

Ti,O (mol%) diso (ppm) 1 (MHz) n Borate fraction
GIg, B, BIg, B, BIg, B, bIg,, BIR,
0 -7240.4 —-1.0+0.3 2.304+0.05 2.50+0.05 0.304+0.03 0.2740.03 0.1340.05 0.354+0.05
4 —-7.0+0.4 —-1.1£0.3 2.40+0.05 2.5040.05 0.20+0.03 0.23+0.03 0.15£0.05 0.35+£0.05
8 -7.540.5 -2.04+0.5 2.340.1 2.60+0.05 0.2740.03 0.2340.03 0.0740.05 0.434+0.05
16 —8.54+0.5 —-1.5+0.5 2.1+0.1 2.10+0.05 0.27+0.03 0.20£0.03 0.06+0.04 0.4940.05
Table 5

Interaction parameters and populations of tetrahedral boron sites in
amorphous powders obtained from the numerical simulation of spin-
echo ""B-MAS spectra

Ti,O (mol%) disoc (ppm) y (MHz) g Borate fraction

4B 4 4B 4B

—17.440.2 0.96+0.02 0.00+0.01 0.5240.04
—17.5+£0.2 0.95+0.02 0.00+£0.01 0.50+0.04
—18.1+£0.2 0.96+0.02 0.00+0.01 0.5040.05
—18.0+£0.2 097+0.02 0.00+0.01 0.45+0.05

N0 O

—_

trigonal boron in Ref. [33], from —2.5 to —6ppm,
indicating that /B, species could be attributed to n = 3.
The following least-shielded species are those with
n = 2, ranging approximately from —1 to —2.5ppm
[33]. The measured shift for ¥'Bj lies within this range,
so we can attribute n = 2 for these boron sites. Kroeker
and Stebbins pointed out that trigonal boron with n = 2
or n =3 in rings are slightly less shielded than similar
units in other arrangements. For this reason, and
considering the extreme shielding observed of !B,
sites, we are led to conclude that most probably these
units are not forming rings. With respect to P'B units,
the small difference in shielding within the n = 2 range
precludes any conclusion whether rings are formed or
not.

On the other hand, the ''B spectra from heat-treated
BBT powders presented features clearly distinctive of
the quadrupolar interaction in polycrystalline samples
(Fig. 7a). In a previous X-ray diffraction study on these
samples, two crystalline phases containing boron were
detected, f-BBO and BaTi(BOs),, with concentrations
depending on the sample composition [13]. For this
reason, 'B-NMR measurements were carried out in a
bulk sample of BaTi(BOs),, in order to determine with
accuracy the interaction parameters, which were used in
the simulations of the spectra from heat-treated samples.
Fig. 9 shows the ''B-NMR spectra of this reference
sample and the numerical simulation, which gave the
interaction parameters shown in Table 6 for the unique
BIB site observed. For heat-treated powders, simulations
of the '""B-NMR spectra were done considering the

10 15 20 25 30 -35
Resonance shift (ppm)

Fig. 9. ""B-MAS spin-echo spectra of a polycrystalline sample of
BaTi(BOs),. Circles: experimental data. Solid line: simulation of the
second-order quadrupole effects.

powder patterns of the crystal phases f-BBO and
BaTi(BOs3),, allowing the variation of their relative
intensity and interaction parameters. The resulting
crystal fractions and site parameters are shown in Table
6, while the calculated spectra are shown in Fig. 7b. The
resulting interaction parameters for BaTi(BOj), in
crystallized powders are comparable with those mea-
sured in the bulk reference sample. The fraction
obtained for -BBO is in good agreement with previous
X-ray diffraction results [13] considering the 5%
uncertainty of that experimental determination. On the
other hand, considering the equilibrium phase diagram,
which predicts crystallization only of S-BBO and
BaTi(BOj),, the fractions of S-BBO phase can be
calculated as 0.917, 0.826 and 0.619, for increasing
TiO, concentrations. The NMR fractions are in reason-
able agreement with these values. The largest fractional
difference is observed for the 4% TiO, sample, where
the NMR fraction is lower than the predicted one by
0.06. This difference could be the result of an over-
estimation of the BaTi(BOj;), fraction due to some
amount of remnant amorphous material, which has a
broad resonance line of P'B species overlapping the
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Table 6
Interaction parameters and crystal phase fractions in heat-treated powders obtained from the numerical simulation of spin-echo ''B-MAS spectra
Ti,O (mol%) diso (ppm) 7 (MHz) n Crystal phase fraction
f-BBO BaTi(BOs), p-BBO BaTi(BOs), p-BBO BaTi(BOs), p-BBO BaTi(BO;),
0 —-1.1+£0.3 — 2.5040.02 — 0.7440.02 — 1 0
4 —1.740.3 —3.540.3 2.48+0.02 2.62+0.02 0.75+0.03 0.00+0.001 0.86+0.04 0.14+0.04*
8 —-1.9+0.3 -3.0+0.3 2.4540.02 2.62+0.02 0.70+0.03 0.0040.001 0.78+0.04 0.2240.04
16 —-1.6+0.3 —2.540.3 2.46+0.02 2.62+0.02 0.70£0.03 0.0040.01 0.6340.04 0.3740.04
BaTi(BOs), -2.540.2 2.635+0.003 0.00+0.01

#Possibly overestimated due to overlap with NMR signal from the amorphous fraction.
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Fig. 10. '"B-3Q-MAS spectrum of heat-treated powder sample with
8% TiO,. The PIB trigonal site corresponds mainly to -BBO crystal
phase, while the B tetrahedral site corresponds to amorphous
domains. Asterisks: spinning side-bands.

BaTi(BOs;), resonance. Indeed, a total fraction of 0.04 of
B in amorphous structure was detected in the simulation
of the NMR spectrum of the 0% TiO, crystallized
sample. In the 4% TiO, sample, a 0.008 fraction of /B
in amorphous structure was detected, demonstrating the
existence of non-crystallized material in this sample too.
As the associated !B signal of the amorphous part is
impossible to separate from the BaTi(BOs), line shape,
then the calculated fraction of BaTi(BOs), for this
sample could be overestimated by about 0.03, assuming
a similar amorphous fraction as in the 0% Ti sample.
For the crystallized samples with 8% and 16% TiO,, no
amorphous fractions could be detected, and crystal
fractions calculated from NMR are closer to the
expected values.

Fig. 10 shows a typical 3Q-MAS spectrum obtained in
these heat-treated samples. In all samples, the most
intense 3Q-MAS signal corresponds to PIB species in
crystalline structure. These experiments show clearly
that the fraction of tetrahedral boron is minimum, and

can be attributed to remnant non-crystallized material.
Table 7 shows the interaction parameters obtained from
these experiments. The observed PIB site corresponds
approximately to the -BBO phase. The signal from
BaTi(BO;), is not observed here because the ''B
spin—lattice relaxation time in this phase is several tens
of seconds long, and the bi-dimensional spectrum was
measured with a short recycle time (2 s) in order to give a
reasonable experiment duration.

4. Discussion

According to the literature, the behavior of Ti cannot
be described simply as a network former or modifier
[34-36]. It was observed that Ti acts as a network former
in systems with a significant amount of 4- and 5-fold
coordinated species [34,35]. Thus, according to the
coordination numbers extracted from the Ti K-edge
XANES spectra of amorphous samples, we can state
that Ti is partially acting as a network former in the
BBT system.

On the other hand, XANES B K-edge results of the
amorphous samples indicate a reduction of 0.09 in the
fraction of B as the amount of TiO, is increased from
0% to 4%, representing a relative variation of 13%.
This observation is in agreement with results obtained
by Clayden et al. [32] in melt-quenched glasses using ''B
NMR. According to their work, the net effect of the
addition of TiO, on the BOy fraction in the network will
depend on the population balance between forming
TiO4> and modifier TiOé‘ groups [32]. When titanium
adopts 6-fold co-ordination as TiOé‘, requires a
balancing charge from the Ba’" cations. As a con-
sequence, less charge is available to the borate network,
which must polymerize further at the expenses of
tetrahedral sites. For this reason, TiOé* groups will
favor the formation of trigonal boron units.

After crystallization, XANES results shows that 'Ti
species become predominant and for the y=16%
sample, only the BaTi(BO;), phase is observed, in good
agreement with previous XRD results [13]. In the case of
sample containing 4% of TiO,, from the XANES
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Table 7

Interaction parameters of ''B sites in thermally treated powders obtained from 3Q-MAS-NMR experiments

Ti,O (mol%) diso (Pppm)

Pgq (MHz)

BBIB crystal f-BBO

B amorphous

BBIB crystal f-BBO 4B amorphous

0 —-1.2+0.2 —
4 —-1.34+0.2
8 —1.440.2
16 —1.4+0.3

—18.9+0.3
—18.6+0.2
—18.840.2

2.70+0.05 —

2.75+0.05 1.0+£0.2
2.70+0.05 0.9+0.2
2.7040.05 0.64+0.2

results, it was possible to shown the presence of the
BaTi(BOs3), phase that had not been observed in XRD
measurements [13].

The structural picture provided by ''B-NMR is
compatible with these observations. NMR results allow
to determine the borate speciation in amorphous
powders with greater detail, as consisting in /B, *'B
and BBy sites. A fraction of about 0.50 corresponds to
MIB species, which reduces by 0.07 in going from 0%
TiO, to 16% TiO,, equivalent to a relative variation of
13%. The more shielded /B sites correspond to highly
connected borates, sharing their three O atoms with
other boron units. The amount of these P'B, species
reduces greatly with the increase of Ti content. At the
same time, the fraction of less connected "By species,
sharing two O with other boron atoms, increases at
expenses of the more connected species. Therefore,
NMR reveals not only the reduction in boron coordina-
tion detected by XANES, but also the simultaneous
reduction in the condensation degree of trigonal units,
when Ti content is increased. Both processes are
compatible with the mechanism discussed above. The
relative reduction in the fraction of /B units determined
by NMR is compatible with the XANES results,
although the absolute values are different, as can be
seen comparing data in Tables 2 and 5. We believe that
the fractions estimated from NMR data are less prone
to systematic errors than XANES, provided that
simulations are carried out on non-distorted spin-echo
spectra. The separation from trigonal and tetrahedral
signals is better in NMR spectra and the line shapes
associated to the second-order quadrupole interaction
are more constrained than XANES simulations.

On the other hand, these results are compatible with
some conclusions obtained in a previous infra-red
spectroscopy study on glasses of the same compositions
prepared through melt-quenching process [5]. Increasing
the Ti content from 0% to 4%, the decrease in the
population of B sites was also observed in that study,
in addition to the increment in the population of a
highly connected trigonal boron. However, from the
qualitative analysis of the infra-red spectrum, these
trigonal sites were attributed to species with n = 3 [5].
Our present NMR determination indicates that the

majority of the trigonal sites corresponds to n =2
species, according to the values of isotropic chemical
shift. We believe that the NMR analysis has the
advantage of a quantitative treatment of the spectra,
which is not possible in the case of the broad infra-red
spectra of these glasses.

The possible existence of differences between the
short-range structure around B in amorphous powders
and in melt-quenched glasses may be discussed. In a
recent study, a determination of the borate speciation in
BBT glasses was performed by NMR [32]. For the
glasses with compositions containing the same amount
of TiO, as our amorphous samples, the measured ''B-
NMR spectra show some differences with the present
results. The intensity of B signal for these glasses is
greater than in spectra of amorphous powders. The total
line-breath measured at the base of those spectra is
10ppm greater than in our amorphous powders,
showing a Lorentzian-like profile at the edges and less
resolution of details. Consequently, the borate specia-
tion obtained from those spectra shows notorious
differences with respect to our results, giving a popula-
tion of about 25% of YB. In order to check whether
these observations are attributable to fundamental
structural differences, we also prepared melt-quenched
glasses for the three Ti-containing compositions [37].
These glass samples were prepared by using the
conventional melt-quench technique. We performed
"B spin-echo NMR experiments and the obtained
spectra were almost identical to those observed in the
amorphous samples [37]. Only a small broadening was
observed, qualitatively similar to the spectra reported in
Ref. [32] but still well below the line-breath values
presented in that study. Also, it should be mentioned
that the differences between spectra obtained from spin-
echo or FID signals are quite small to take account of
the difference with the spectra reported in Ref. [32].
Therefore, from our set of measurements we are led to
conclude that there are no significant structural differ-
ences at molecular scale between the amorphous
powders and bulk melt-quenched glasses with the same
composition. The variance with respect to the results
reported in Ref. [32] may be attributed to the prepara-
tion conditions of the melt-quenched glasses.
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5. Conclusions

The combined application of XAS and NMR
techniques provided a picture of the network organiza-
tion and crystallization behavior in the BaO-B,05-TiO,
system for amorphous samples obtained using the
Pechini method. Titanium ions enter as tetrahedral
TiOy4 units, five and six-fold coordinated species. These
highly coordinated species cause a depolimerization of
the borate network, reducing the fraction of tetrahedral
and trigonal (n = 3) species and increasing the fraction
of less interconnected trigonal species (n=2). No
variations in the chemical shift or the electric field
gradient around B atoms were observed with the
addition of TiO,, indicating that the geometry of the
borate units is not appreciably distorted in this range of
compositions. Also, no structural differences between
these amorphous powders and bulk melt-quenched
glasses of the same compositions were detected at the
molecular scale around boron atoms.
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