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Abstract

The structure of 50ZnO–10B2O3–40P2O5+xTiO2 glasses prepared by slow cooling (for x ¼ 0–24mol% TiO2) or by quenching

(for x ¼ 28–64mol% TiO2) was studied by Raman, 31P and 11B MAS NMR spectroscopy. TiO2 incorporates into the glass

structure, which results in a decrease in the molar volume and an increase in the glass transition temperature. According to Raman

spectra Ti atoms form distorted TiO6 octahedra and their incorporation into the structural network results in the depolymerization

of phosphate chains. 11B NMR spectra of the glasses with increasing TiO2 content show gradual changes from one symmetrical

signal of B(OP)4 units to a broad complex signal which was separated into five signals ascribed to four different types of BO4 units

and one BO3 unit. With increasing TiO2 content a part of boron atoms changes from tetrahedral BO4 to trigonal BO3 units, which is

ascribed to the formation of TiO6 units in the glass structure.

r 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Phosphate, borate and borophosphate glasses doped
with TiO2 have been studied in recent years for their
possible technological applications associated mainly
with their non-linear optical properties [1]. Therefore,
there is also a great interest in the study of the structure
and properties of various glass-forming systems based
on P2O5 and TiO2. Spectroscopic studies of phosphate-
based glasses doped with titanium dioxide TiO2 were
reported in [2–5]. In these glasses, TiO2 behaves as
intermediate network former and contributes to the
stabilization of the phosphate network and thus
relatively large glass-forming regions were reported
[2,3]. The incorporation of TiOx polyhedra into the
structural network was realized mostly with the forma-
tion of TiO6 octahedra [1,2,4] or TiO5 distorted
e front matter r 2005 Elsevier Inc. All rights reserved.
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polyhedra [3]. The previous study of PbO–B2O3–P2O5–
TiO2 glasses [4] showed that the incorporation of TiO2

into the borophosphate glasses is improved by small
additions of B2O3 (about 10mol% B2O3) in comparison
with lead phosphate glasses. Therefore, for the study of
the effect of TiO2 on zinc borophosphate glasses we
have chosen 50ZnO–10B2O3–40P2O5 as a starting glass
composition. This contribution deals with the prepara-
tion and study of the effect of TiO2 on the structure and
properties of the Zn borophosphate glass.
2. Experimental

Glasses of the 50ZnO–10B2O3–40P2O5+xTiO2 sys-
tem were prepared from ZnO, H3BO3, H3PO4 and TiO2

by heating the reaction mixture up to 1200–1300 1C in a
Pt crucible, followed by cooling the melt in air or by
quenching between two copper blocks to the room
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Table 1

Molar fraction of TiO2, density (r), molar volume (VM), glass

transition temperature (Tg), dilatation softening temperature (Td) of

50ZnO–10B2O3–40P2O5+xTiO2 glasses

x (mol%) r (g cm�3) VM (cm3) Tg (1C) Td (1C)

0 3.14 33.26 483 517

2 3.16 32.85 492 550

4 3.18 32.52 502 561

8 3.21 31.93 511 571

12 3.25 31.35 526 583

16 3.26 30.93 535 579

24 3.30 30.23 542 597

28 3.31 29.95 545 600

32 3.31 29.71 548 607

36 3.32 29.67 551 602

40 3.32 29.58 554 600

48 3.33 29.29 556 614

56 3.34 28.65 558 613

64 3.35 28.28 560 617

Fig. 1. Compositional dependences of the glass transition temperature

Tg and the thermal expansion coefficient a in the glass series

50ZnO–10B2O3–40P2O5+xTiO2.
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temperature. The glasses were separately annealed for
60min at a temperature of 10K above their Tg and then
slowly cooled to room temperature to improve their
mechanical properties. The glass density, r, was
determined on bulk samples by the Archimedes method
using CCl4 as the immersion liquid. The molar volume,
VM; was calculated using the expression VM ¼ M̄=r:
From the thermomechanical analysis the values of the
thermal expansion coefficient, a, the glass transition
temperature, Tg; and the dilatation softening tempera-
ture, Td; were determined.

Raman spectra were measured on an FT IR spectro-
meter, Bruker model IFS 55, with the Raman attach-
ment, FRA 106, under excitation with a Nd:YAG laser
radiation using a slit width of 4 cm�1 with the power of
300mW at the sample surface. The Raman spectra were
measured at room temperature on bulk samples using
400 scans.

31P and 11B MAS NMR spectra were measured on a
BRUKER Avance 400 spectrometer equipped with a
standard 1H-X probe with 4mm rotors. The Larmor
frequencies were 161.9 and 128.4MHz for 31P and 11B,
respectively. Pulse length of 1 ms was used for 31P,
corresponding to p/9. To avoid background signals
from the boron nitride stator, a rotorsynchronized echo
was used for the detection with selective pulse lengths of
20 and 40 ms for the first and the second pulse,
respectively. In total, 32–128 scans were typically used
to obtain a correct signal to noise ratio. The recycle
delay was 10 s for 11B MAS NMR and 20 s for the 31P
MAS NMR measurements, which were sufficient to
enable relaxation. 31P chemical shifts are referenced to
an 85% H3PO4 solution, those of 11B to BPO4 used as a
secondary reference at—30 ppm. In the present manu-
script, negative shifts are upfield (shielded), according to
the delta convention reported by Levitt [6].

The Qn notation introduced by Van Wazer [7] is used
in this paper: n is the number of bridging oxygen atoms
bonded to a given PO4 sites, i.e., Q2 is the metapho-
sphate unit with two bridging oxygen atoms and Q1 is
the end unit with one bridging oxygen atom.
3. Results

By slow cooling of the melt in air we have obtained
homogeneous 50ZnO–10B2O3–40P2O5+xTiO2 glasses
in the concentration region of x ¼ 0–24mol% TiO2 and
by quenching between copper plates in the region of
x ¼ 28–64mol% TiO2. The color of the doped glasses
slowly changed from clear to yellowish and brown with
increasing TiO2 content. The density of the doped
borophosphate glasses increases slightly with increasing
content of TiO2, whereas the molar volume of the
glasses steadily decreases (see Table 1). The values of
glass transition temperature Tg increase significantly
with increasing TiO2 content (see Fig. 1). The observed
increase in Tg is more steep for the slowly cooled
samples, having the composition of x ¼ 0–24mol%
TiO2 (Tg increases from 483 to 557 1C). For the samples
prepared by quenching (x ¼ 28–64mol% TiO2) the
increase in Tg is smaller (from 542 to 560 1C). Similar
trends were revealed for the data on the dilatometric
softening temperature Td (Table 1).

On the other side, thermal expansion coefficient, a,
with increasing content of titania decreases at first
sharply within the concentration range 0–12mol%
TiO2, while at higher titania concentrations the decrease
of a slower (see Fig. 1).

Raman spectra of the 50ZnO–10B2O3–40P2O5+x

TiO2 glasses are shown in Fig. 2 for the concentration
region of x ¼ 0–24mol% TiO2 and in Fig. 3 for the
region of 28–64mol% TiO2. The spectrum of the
50ZnO–10B2O3–40P2O5 borophosphate glass shows
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Fig. 2. Raman spectra 50ZnO–10B2O3–40P2O5+xTiO2 glasses for the

samples with x ¼ 0–24mol% TiO2.

Fig. 3. Raman spectra 50ZnO–10B2O3–40P2O5+xTiO2 glasses for the

samples with x ¼ 28–64mol% TiO2.
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one broad band in the high-frequency region with a
maximum at 1162 cm�1 and two medium bands in the
middle-frequency region peaking at 747 and 666 cm�1.
In the region with a low TiO2 content of x ¼ 0–12mol%
TiO2 (Fig. 2) the shape and the position structure of the
dominant high-frequency Raman band observed in the
region of 900–1400 cm�1 changes very significantly,
whereas in the glasses with a higher TiO2 content the
high-frequency band shifts slowly to lower wavenum-
bers up to 979 cm�1 at the glass with x ¼ 64mol% TiO2.
In TiO2-rich glasses (Fig. 3) with increasing x another
two strong bands at 798 and 652 cm�1 and a strong
band in the region of deformation vibrations at
304 cm�1 grow significantly with increasing x.

31P MAS NMR spectra (Fig. 4) show two overlapping
signals at �25 and �16 ppm for the base glass and their
shape evolves with increasing TiO2 into one signal
peaking at �16 ppm. The 31P spectra contain a large set
of spinning sidebands due to uncomplete elimination of
the chemical shift anisotropy at the MAS spinning
frequency used. For the sake of clarity, only the
isotropic region is shown on the spectra. The high-
and low-frequency wings that appear on some spectra
are due to spinning sidebands.

The 11B NMR spectra (Fig. 5) show several BO4

resonances between –4.2 and 0 ppm, the intensity of the
low-field resonances increases progressively at the
expense of the high-field ones. In the low-field region a
broad signal characteristic of BO3 site can be seen,
which intensity increases with the TiO2 content.
4. Discussion

A relatively high solubility of TiO2 in the zinc
borophosphate glasses is one of several evidences of its
glass-forming behavior in the studied 50ZnO–10
B2O3–40P2O5+xTiO2 glasses. The glass-formation re-
gion is larger here than in the similar lead boropho-
sphate glass, where bulk glasses were formed by slow
cooling only up to x ¼ 16mol% TiO2 [4]. Also the
observed decrease in the molar volume and increase of
the glass transition temperature with increasing TiO2

content (Table 1) confirm the conclusion that titanium
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Fig. 4. 31P MAS NMR spectra of the 50ZnO–10B2O3–40P2O5+xTiO2

glasses for the samples with x ¼ 0–64mol% TiO2.
Fig. 5. 11B MAS NMR spectra of the 50ZnO–10B2O3–40P2O5+x-

TiO2 glasses for the samples with x ¼ 0–64mol% TiO2.

L. Koudelka et al. / Journal of Solid State Chemistry 178 (2005) 1837–18431840
dioxide enters the structural network and increases
cohesion forces inside the network of the starting
50ZnO–10B2O3–40P2O5 glass. The observed trends in
oppositional changes in the compositional dependences
of the glass transition temperature and the thermal
expansion coefficient are similar to those observed
recently by Jun et al. [8] in phosphate-based glasses,
where the product of Tg and a was found to be a
constant.

The yellowish up to brown color of the glasses we
ascribe to the presence of small amounts of Ti3+ ions in
the glasses. Similar coloration of glasses due to the
presence of Ti3+ ions was observed also in the studies of
calcium phosphate glasses with additions of TiO2 [2].
According to Hashimoto et al. [9] decoloration of the
glasses can be done by annealing at temperatures
around Tg; which results in the removing of Ti3+ ions
from the glass.

The coordination of Ti4+ ions by oxygen atoms in the
studied zinc titanophosphate glasses is reflected in the
character of their Raman spectra. The spectra of the
TiO2-rich glasses (Fig. 3) reveal two bands at 798 and
652 cm�1, which can be ascribed to the vibrations of
titanate units TiOx, because their relative intensity
against the high-frequency band at 979 cm�1 increases
with increasing TiO2 content. In order to solve the
assignment of these two bands we have prepared sodium
glass of the composition 50Na2O–10B2O3–40P2O5+48
TiO2 and compared its Raman spectra with the
corresponding 50ZnO–10B2O3–40P2O5+48TiO2 glass
(Fig. 6). Both spectra reveal a similar structure; only
the corresponding Raman bands at sodium glass are
shifted to lower wavelengths in comparison with the
spectra of the zinc glass. Krimi et al. [10] in their study
of Na2O–TiO2–P2O5 glasses observed similar bands at
742 and 637 cm�1 and ascribed these bands to the
vibrations of distorted TiO6 octahedra. Its shift to
higher wavelengths in Zn glasses can be explained by the
differences in the ionic field strength of Na+ and Zn2+

cations. Therefore, we suppose that titanium ions form
TiO6 octahedra in the structure of the studied glasses
and that the bands of 652 and 798 cm�1 in the Raman
spectra of Ti-rich glasses Zn borophosphate glasses can
be assigned to the vibrations of TiO6 units. Moreover,
the measurement of Raman spectra with the polarized
light showed that the band of 798 cm�1 is polarized, i.e.,
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Fig. 6. Comparison of the Raman spectra of 50ZnO–10B2O3–40-

P2O5+48TiO2 glass and 50Na2O–10B2O3–40P2O5+48TiO2 glass.
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it corresponds to the totally symmetric vibration of TiO6

units. The smaller band of 496 cm�1 present in the
Raman spectrum of sodium glass is probably over-
lapped in the Raman spectrum of Zn glass by a
broadband of deformation vibrations and can be seen
only as a shoulder. This band can be seen also in the
Raman spectra of sodium titanophosphate glasses [10],
where its assignment was not given. Sakka et al. [11]
report the band of 611 cm�1 as a characteristic for the
octahedral coordination of Ti in rutile crystals.

The information on the vibrations of phosphate units
can be obtained from the high-frequency part of the
Raman spectra. Its evolution in the glasses with a low-
TiO2 content (Fig. 2) shows on the depolymerization of
phosphate chains, because in the region 0–12mol%
TiO2 its maximum shifts from the region of the
vibration of Q2 units into the region characteristic for
the vibrations of Q1 units [12].

In the parent undoped glass of the composition,
50ZnO–10B2O3–40P2O5 this band is accompanied by
two medium bands peaking at 666 and 747 cm�1

ascribed to the vibrations of bridging oxygen atoms in
the Q2 chains and Q1 units, respectively [12]. The
band of 666 cm�1, characteristic for the vibrations of
bridging oxygen atoms between metaphosphate units
[13], vanishes within the concentration region of
x ¼ 0–8mol% TiO2 simultaneously with increasing
content of Q1 units. On the other side the band of
747 cm�1 shifts to higher wavenumbers up to 772 cm�1

at the glass with x ¼ 20mol% TiO2 showing on the
presence of Q1 units.
This evolution of the Raman spectra we ascribe to the
interruption of metaphosphate chains by the insertion of
TiO6 units. The dominant band of the stretching
vibrations of phosphate units changes its character also
at the glasses with a higher TiO2 content, where the
strength of the band at 1030–1040 cm�1 decreases and
the strength of the band 966–980 cm�1 increases. The
latter band approaches the region characteristic of the
vibrations of Q0 (orthophosphate) units in the solid
orthophosphates [14]. Therefore, we cannot exclude that
in the TiO2-rich glasses some phosphate groups are
isolated by titanate or borate groups.

31P MAS NMR spectra (Fig. 4) of the parent glass of
the composition 50ZnO–10B2O3–40P2O5 reveals one
broad resonancy composed of two signals with maxima
at d ¼ �25 ppm �16 ppm: With increasing content of
TiO2 the strength of the second maxima increases, while
that of the first maxima decreases and the maximum of
the first signal shifts downfield. These changes in the
NMR spectra are associated with the depolymerization
of the borophosphate network and the formation of Q1

sites bonded to TiO6 polyhedra. We note that in these
borophosphate glasses, Q1 and Q2 sites may be linked to
either another phosphate unit, or to a borate unit (BO4

or BO3). The broad distribution of chemical shifts does
not enable to distinguish a possible small amount of the
Q0 units the presence of which cannot be excluded
according to the Raman spectra. This 31P chemical shift
distribution originates from the distribution of bond
lengthes and angles, which are inherent to the amor-
phous state.

11B MAS NMR spectra (Fig. 5) of the parent glass of
the composition 50ZnO–10B2O3–40P2O5 show one
symmetrical signal at �4.3 ppm, characteristic of BO4

units coordinated by four phosphorus atoms [15].
With increasing TiO2 content the structure of the
NMR signal changes very significantly. In the region
of positive values of the chemical shift the resonancy
characteristic of BO3 units [16] appears in the NMR
spectra showing on the change in the coordination of
boron atoms from tetrahedral BO4 to three-coordinated
in BO3 units. The starting symmetric resonancy of BO4

units also changes its structure, which can be separated
into four signals reflecting four different coordinations
of boron atoms. Thus we have decomposed the obtained
11B MAS NMR spectra into individual components
corresponding to the structural units identified with
these spectra—B(OP)4 at �4.27 ppm, B(OP)3(O–Zn,Ti)
at �2.5 ppm, B(OP)2(O–Zn, Ti)2, at �0.3 ppm,
B(OP)1O(Zn, Ti)3 at 2.3 ppm and BO3 units at
10.6 ppm. An example of the fit is shown in Fig. 7 for
the glass composition 50ZnO–10B2O3–40P2O5+48
TiO2. The BO3 resonance is fitted with a second-order
quadrupolar lineshape with typical characteristics
(Cq ¼ 2.4MHz, Zq ¼ 0:5). BO4 are fitted with Gaussian
lineshape, meaning that they are submitted to a very
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Fig. 8. The compositional dependence of the relative amount of basic

structural borate units in 50ZnO–10B2O3–40P2O5+xTiO2 glasses for

the samples with x ¼ 0–64mol% TiO2 as obtained by the fit of 11B

MAS NMR spectra.

Fig. 7. Example of the decomposition of 11B MAS NMR spectra of

the 50ZnO–10B2O3–40P2O5+48TiO2 glass. Dotted line: experimental

spectrum, continuous lines: individual components and fitted spec-

trum.
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small quadrupolar effect. The existence of the 4th site—
assigned to B(OP)1O(Zn, Ti)3 at 2.3 ppm is, however,
not sure since its presence is only indicated by an
optimization of the fit, not by a singularity on the
spectra. The attributions are justified by considering that
the incorporation of TiO2 into the borophosphate
network creates new non-bridging oxygen atoms, which
are at the origin of the different BO4 sites. From the
compositional dependence of the number of individual
borate units (see Fig. 8) we can see that with increasing
TiO2 content the number of BO3 units steadily increases,
whereas the number of BO4 units decreases. This effect
can be described by the equation

BO4=2 þ TiO4=2 ¼ BO3=2 þ TiO6=2. (1)

This equation corresponds to the results of Raman
spectra, which showed on the presence of TiO6

octahedra in the structural network. Titanium dioxide
brings stoichometrically two oxygen atoms in TiO4/2

and needs an additional oxygen atom for the formation
of TiO6/2 octahedra. This additional oxygen atom is
evidently taken off from the boron coordination and
thus boron atoms transfer one oxygen atom to titanium
and convert their BO4/2 coordination into BO3/2

coordination.
5. Conclusion

The doping of zinc borophosphate glasses with TiO2

showed that the titanium dioxide plays here the role of
an intermediate oxide, which incorporates into the
structural network. This incorporation increases bond-
ing forces inside the network, which is reflected in
increasing values of glass transformation temperature. A
relatively high content of TiO2 in these glasses resulted
in the appearance of distinct vibrational bands of
titanate structural units in the Raman spectra. The
formation of TiO6 octahedra inside the network resulted
in the depolymerization of phosphate and borate chains.
Such a high coordination number of Ti demanded a
high number of bonding oxygen atoms which could
explain the observed changes in the coordination of
boron in these glasses, where according to the 11B MAS
NMR spectra with increasing incorporation of TiO2

into the glass structure the tetrahedral BO4 units are
gradually replaced by trigonal BO3 units.
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