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In the present work we describe the synthesis, spectroscopy, thermal and chemical
durability properties of the vitreous system Li,O-Nb,05-CaO-P,05 (LNCP). Investigations of
the short-range order by Fourier transform infrared, Raman, UV-VIS and 3'P MAS-NMR
spectroscopies suggest that the network former glass consists of Nb octahedra linked to
pyro/orthophosphate units through Nbo—O—P bonds. The presence of modifier cations (Li*
and Ca?t) promotes depolymerization of the P-O—P chains, yielding pyro/orthophosphate
units. The presence of this kind of structure accounts for the improvement of the chemical
durability at low pH when the Nb content in the LNCP glass composition is high. The
density and linear refractive indices of LNCP glasses increased linearly as the Nb,Og/P,05
molar ratio increased, as a consequence of P,05 substitution by Nb,Os as the glassformer.
The dependence of the glass transition temperature, the softening temperature and the
crystallization temperature on the Nb,Og/P,05 ratio exhibits the same behavior. On the
other hand, the thermal expansion coefficient decreases with the increased Nb,Og/P,05

ratio. © 2004 Kluwer Academic Publishers

1. Introduction
Phosphate glasses have received considerable atten-
tion in the past few years due to the synthesis of new
glass compositions with high chemical stability. The
improvement of chemical stability [1-3] stimulated the
application of phosphate glasses in several fields of
materials science, such as fast ionic conductors [4],
semiconductors [5], photonic materials [6—9], hermetic
seals [10], rare-earth ion host solid state lasers [11]
and biomedical materials [12]. Calcium niobophos-
phate glasses can be used as precursors to porous glass-
ceramics with potential applications in the preparation
of integrated chemical systems and nanocomposites
[13]. Recently, we reported the fabrication of high per-
formance waveguides by ion exchange (Ag*/Na™)in a
Na,;0-P,05-PbO-Nb,Os glass substrate [14], which is
chemically more durable than commercially available
glasses [3].

The properties of the phosphate glasses are deter-
mined by the bond polarizability, which depends on
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their microscopic structures [7] and the network former.
For example, the Na,O-TiO,-P,0Os system presents a
high non-linear refractive index that is explained in
terms of modification of the glass-forming network de-
termined by the polarizability of the cation and anion
bonds and by the presence of Ti in tetrahedral and/or
octahedral sites [6—8]. Raman spectra of niobium sili-
cate glass indicate that even a small addition of Nb,Os
causes a strong polarized band to appear in the re-
gion of 800-900 cm™! [8]. This band has been as-
cribed to Nb>* in an octahedra site. Lines has studied
the influence of the empty d-orbital on the linear and
nonlinear refractive indices of transparent transition-
metal oxides, based on a bond-orbital theory, and that
these results reveal that the most influential ions for
the objective of increasing refractive indices are Ti*",
Nb>* and WO+ and these are viable additives in this
context [15, 16]. Niobophosphate glass compositions
such as PQOj-Nb205-V205-Ti02 and P205 -Nb205-
V;,0s-Fe, 03, investigated by vibrational spectroscopy,
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TABLE I Nominal composition of Li;O-Nb,O5-CaO-P,05 glasses

Mol %
Li,O Nb,Os CaO P,05 Nomenclature
4 8 43 45 LNCP1
6 18 43 33 LNCP2
4 12 51 33 LNCP3
4 16 51 29 LNCP4
0 16 51 33 NCP5

exhibit structural features, characterized by NbO,4 and
NbOg units [17]. Since several niobophosphate glasses
are Nb-rich and Li-rich, their application as precursors
to glass composites containing embedded LiNbO; fer-
roelectric crystals has been proposed [18].

In this work, we present a study of the properties
of Li;O-Nb;05-Ca0-P,05 glass systems as a function
of the Nb,O5/P,O5 molar ratio, with emphasis on their
thermal behavior, structural features, optical and chem-
ical durability properties.

2. Experimental

2.1. Glass preparation

The compositions of Li;O-Nb,O5-CaO-P,05 (LNCP)
glasses prepared in this study are summarized in Table L.
The raw materials used were reagent-grade Li,CO3
(Riedel), CaCO3 (Merck), P,O5 (Riedel) and Nb,Os
(supplied by the Companhia Brasileira de Metalurgia e
Mineracdo-CBMM). Batches of 25 g were melted at
1350°C for 1 hunder air, in platinum crucibles placed in
an electric furnace. The mixture was stirred during the
melting process in order to obtain homogeneous con-
centrations. The melts were poured onto carbon plates
and annealed at 550°C for 1 h.

2.2. Physical measurements

Powder X-ray diffraction (XRD) patterns were ob-
tained using a Shimadzu XD3A difractometer, with Ni
filters and Cu K, radiation, using 30 kV and 20 mA,
calibrated with Si at a 2°/min rate. The density of each
glass was measured by the Archimedes’s method using
deionized water as the buoyancy liquid at 25°C.

The thermal properties were measured by differen-
tial thermal analysis (DTA) (Shimadzu model S0WS)
under an argon atmosphere (20 mL min~!) and by
thermal mechanical analysis (TMA) (Shimadzu model
50WS), which yielded the coefficient of thermal ex-
pansion (k) and the softening temperature (7y), both
at a 10°C min~! heating rate. LNCP2 powdered sam-
ples, for testing in the Netzsch 402E dilatometer, were
prepared with 5 mm thickness. The heating rate was
10°C min~! and the atmosphere was dry synthetic air,
flowing at 30 mL min~"'.

Infrared spectra (IR) of KBr pellets were measured
with a Perkin Elmer 1600 FTIR in the 1500400 cm™!
range, with a resolution of 4 cm~'. The Raman spec-
tra were recorded on a Renishaw System 3000 Raman
Imaging Microscope (ca. 1 um spatial resolution) using
aHe-Ne laser (632.8 nm) and 8 mW of power before the
entrance optics. 3'P MAS-NMR powder spectra were
acquired using a Bruker AC-300/P spectrometer op-
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erating at 121 MHz and a magnetic field of 7.05 T.
Spectra were recorded using acquisition and relaxation
times of 0.1 and 2.0 s, respectively. Chemical shifts
are referenced to H3PO4 (85% in water). In general,
chemical shifts were independent of the experimental
parameters.

Absorption spectra (200-1500 nm) were obtained
on a Hitachi U2000. The linear refractive indexes (1)
were measured using a prism-coupling method at 632.8,
1305.4 and 1536.0 nm on polished glass samples. A
Metricon model 2010 Prism Coupler instrument, with
index accuracy of 0.001, was used.

2.3. Chemical durability evaluation

The chemical durability of the bulk niobophosphate
glasses was evaluated from the weight loss versus time
of polished glass slabs immersed in 100 mL of 1.0 mol
L~! aqueous HCI solution at 25°C in polypropylene
beakers [9, 19, 20]. Each measurement, at the differ-
ent corrosion times, was made on a single sample. Af-
ter each dissolution period, the slabs were removed
from the beaker using polypropylene tweezers, dried
on an absorbed paper and weighed. Since the weight
loss was linear with time for each glass composition,
the chemical durability is expressed as the slope of the
curve, in g cm~2 min~!. The surface area of polished
glass slabs was measured using a micrometer. A mod-
ified phosphomolybdate method proposed by Bernhart
and Wreath [21] and atomic absorption techniques
determined phosphorus and calcium concentrations,
respectively, in the leaching solutions.

3. Results and discussion
3.1. Glass formation and density
measurements

The preparation procedure described in the experimen-

tal section permitted us to obtain bubble-free trans-

parent glasses with high homogeneity and a yellowish

color. All the compositions showed XRD patterns typi-

cal for a glass phase, presenting a halo near 26 = 24.5°.
Fig. 1 shows the dependence of the density as a func-

tion of the fm,0,/fp,0, ratio, where fy,o, is the molar
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Figure 1 Variation of the density of the LNCP glass systems as a function
of the fnb,05//p,05 ratio.
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Figure 2 Thermal properties of the LNCP glass system as a function
of the fNb,05//p,05 ratio. The transition (7y; M) and softening (T4; @)
glass temperatures are shown in (A) and the thermal expansion coefficient
(x; A)in (B).

fraction of M;0Os5 (M = P, Nb) oxide in the glass com-
position.

The density values increase linearly as the fnp,0,/
fp,0, ratio increases. The linear behavior may be ex-
plained by substitution of P,Os by the heavier Nb,Os.
The value of the oxygen molar volume, Vy = 12.6 +
0.1 cm?, calculated according to [22], is independent of
the glass composition. This is an indication that Nb,Os
acts as a network former in the compositions studied.

3.2. Thermal behavior

The glass transition temperature (7), the softening
temperature (73) and the thermal expansion coefficient
(«c) are shown in Fig. 2, as a function of the fxb,0,//p,0,
ratio. The influence of the fnb,0,/fp,0, ratio of the
dilatometric properties of the LNCP glass system are
best seen if the comparison is made between the LNCP1
and LNCP2 samples and the LNCP3 and LNCP4 sam-
ples because, in both pairs, the CaO and Li,O contents
were kept constant.

The T, and T4 temperatures increase with the in-
crease in the fnp,0,/fp,0, ratio, whereas « shows a de-
crease with the fxu,0,/fp,0, ratio. An increase in 7T,
and Ty usually indicates a more closed glass network,
whereas a decrease in « indicates stronger bonds, as
stronger bonds decrease the anharmonic contributions
of the inter-ionic potentials to thermal expansion. The
entrance of Nb,Os in the glass structure as a glass-
former may explain the observed dependence on the
Jnb,05/ fp,0, Tatio. The difference between T, and Tg,
for the whole composition range, is roughly constant,
as shown by Fig. 2.

DTA curves for all LNCP compositions are shown in
Fig. 3 and it is evident that the devitrification behavior
depends on the glass composition. Typical glass param-
eters: Tx (the onset of crystallization temperature) and
T, (crystallization temperature) were extracted from
these curves (Fig. 3) and are summarized in Table II.

That LNCP1 glass exhibits a broad and weak crys-
tallization peak points out the presence of a poly-

TABLE II Values of the fnb,05//p,05 Tatio, Tx and T¢ for the glasses
of the LiO-NbyO5-Ca0O-P, 05 system, with different compositions

Glass FNb205/fP,05 T} T} T? T2

LNCP1 0.177 737 771 802 818
LNCP2 0.545 - - 791 830
LNCP3 0.363 760 775 811 825
LNCP4 0.552 - - 804 830
NCP5 0.484 835 857 895 895

NCP5
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Figure 3 DTA curves of the LNCP glass systems.

meric structure as a consequence of the high P,Os con-
tent. LNCP1 and LNCP3 glasses show two crystalliza-
tion peaks in the region of 770-830°C, however, sam-
ples containing higher niobium amounts (LNCP2 and
LNCP4) present a single crystallization peak at 830°C.
This observation suggests a shift of the first crystalliza-
tion peak to higher temperatures as a consequence of
the increasing niobium content. It is important to note
the presence of a distinct shoulder at 815°C for LNCP2
glass (Fig. 3), indicating the occurrence of an additional
thermal event. The increase of stretching bond of net-
work glass with the increase in the fnv,0,//fp,0, ratio
may explain the higher T, observed for the LNCP glass
system.

It is noteworthy that when lithium ions are absent
from the glass composition, the crystallization temper-
atures are higher by almost 80°C than in the presence
of Li;O (NCP5 compared with LNCP4 glass, because
the Nb,O5 and CaO contents were kept constant). DTA
measurements of glass samples indicate that lithium
ions play an important role in the devitrification of
the LNCP system, decreasing the initial temperature
of crystallization. Replacing a P,Os; network former
by monovalent ions increases the depolymerization of
the glass network and facilitates nucleation and crys-
tallization because the Li* ion cannot ionically bridge
two non-bridging oxygens [23].

The pronounced endothermic effect in the DTA curve
(Fig. 4a), which appeared just before the devitrification
event, can be explained as a result of softening and
sintering of the powdered LNCP glass. As a matter of
fact, the initially powdered sample was recovered from
the sample holder as dense monolith. The DTA curve
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Figure 4 DTA curves for the LNCPI1 glass, with samples in the: (a)
powder and (b) monolithic forms.

of Fig. 4b was measured for a monolithic glass sam-
ple (the powdered glass was melted at 1350°C in sam-
ple holder of DTA for 1 h and annealed at 550°C for
1 h, to obtain monolithic glass in sifu in sample holder)
and the softening phenomena are not observed. Mazali
and Alves [13] demonstrated that the devitrification of
monolithic LNCP glass occurs by surface crystalliza-
tion, through heterogeneous nucleation, and the process
proceeds from the surface to the bulk of the specimen.
In this particular case, the increase of surface area of
LNCP glass does not represent any change in nucleation
mechanism. Fresa and coworkers [24] showed that the
(2.5 — x)Ca0-(x/3)Y203-2Si0, glass system exhibit a
slope change in DTA curve just before the devitrifica-
tion process, as a result of softening and sintering.
Fig. 5 shows the linear shrinkage (AL /Lg) and the
linear shrinkage rate [d(AL/L¢)/dT] as a function of
temperature for LNCP2 glass, which exhibits the max-
imum shrinkage rate at 745°C. In glass, sintering take
place by the viscous flow of a glass phase [25] and the
densification phenomena occur by coalescence process,
which starts with the formation of necks between parti-
cles. The desired characteristic of glass is achieved by
sintering to full densification. The negative variation of
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Figure 5 (@) Linear shrinkage (AL/L,) and (o) linear shrinkage rate
as a function of temperature for LNCP2 glass.
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Figure 6 SEM micrograph of the fracture face of compacted powdered
LNCP2 glass after thermal treatment at 745°C for: (A) 2 min and (B)
15 min.

the linear shrinkage (AL /L) indicates the occurrence
of densification. Scanning electron microscopy (SEM)
(Fig. 6a) of compacted powdered LNCP2 glass after
thermal treatment at 745°C for 2 min shows the soften-
ing of the glass and the coalescence between particles;
after 15 min at 745°C, no crystallization is observed
(by XRD) but there is some residual porosity (Fig. 6b).
This result confirmed the occurrence of the sintering
process followed by densification in powdered calcium
niobophosphate glasses.

This result clearly indicates that it is possible to ob-
tain monolithic shaped into a particular form from iso-
statically pressed powder glass samples, using thermal
treatments in the range of 700-750°C. Porous mono-
lithic ceramics or glasses have been widely used in
several fields such as filters, catalysis supports and bio-
chemical applications [26-30]. The porous monolith
also performs the important role as support in integrated
chemical system [31, 32]. The fabrication of porous
monolith by powder glass sintering permits the control
of pore features by changing parameters, such as: par-
ticle size, time and temperature of sintering, and addi-
tion of foaming agents (NaHCO3, CaCO3, NH4H,;POy,
cellulose) with different concentrations [33, 34].

3.3. IR and Raman spectra
The predominant phosphate groups present in LNCP1
and LNCP2 glasses were investigated by IR and Raman
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Figure 7 IR spectra of LNCP1 and LNCP2 glasses.
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Figure 8 Raman spectra of LNCP1 and LNCP2 glasses.

spectroscopies (Figs 7 and 8). The IR and Raman spec-
tra of LNCP2 glass are representative of the other glass
samples. The IR and Raman bands and tentative as-
signments are summarized in Table III. Bands at 1274
and 1084 cm™! in the IR spectrum of LNCP1 can be

TABLE III The position and tentative assignment of IR and Raman
bands for the LNCP1 and LNCP2 glasses

Band location (cm™!)

IR Raman
LNCP1 LNCP2 LNCP1 LNCP2 Tentative assignment
1274(s) V,5(PO2) and/or v(P=0)
1116(s) 1041(sh) vs(PO3™)
1084(s) 1160(w) v5(PO2)
995(s)  990(s) v(PO;")
747(sh)  746(sh) 720(w) vs(POP)

992(sh) v,s(POP)

905(s)  904(s) 914(m)  914(vs) ynb—o (short Nb—O distances)
635(w) 768(sh) yNb—o (medium Nb—O
542(m) 643(w)  distances) + §.0—p—0)
594(w)
554(w)
517(s) 282(m)  282(5) 80—P—0) + SO—Nb—0)

Vs = very strong, s = strong, m = medium, w = weak, and sh = shoulder.

assigned, respectively, to antisymmetric and symmetric
PO, stretching [35]. Bands at 1274 and 995 cm ™! can
be assigned, respectively, to PO~ and POi_, showing
depolymerization of polyphosphate chains as a result of
the presence of the alkaline ions (Li* and Ca>*) for both
samples [35]. Bands at 905 and 747 cm ™! are assigned
to antisymmetric and symmetric stretching of P—O—P
units, indicating that chain structures are still present,
regardless of the occurrence of depolymerization.

According to Tatsumisago and coworkers [36] the
presence of terminal PO, and PO? groups is charac-
teristic of open-chain metaphosphates since, for cyclic
metaphosphates, bands assigned to terminal PO%‘ are
not observed. Bands assigned to the PO, group are
absent for ortho and pyrophosphates.

The predominant structure of LNCP1 glass contains
metaphosphate chains, as shown by the absence of
orthophosphate bands and by the presence of PO§_
and PO, bands [37]. The LNCP2 glass composition
presents a rather different IR spectrum. Apart from the
presence of P—O—P and PO%‘ bands, indicative of con-
densed phosphates, bands associated with orthophos-
phate units are present. In addition, the absence of PO,
bands indicates that this glass composition presents or-
tho and pyrophosphate units as the major components,
in agreement with the higher concentration of alkaline
ions than in LNCP1 glass.

For all compositions, an IR band observed at ca.
905 cm~! can be assigned to the short distance Nb—O
symmetrical stretching of NbOg octahedra [38, 39].

The above statements are confirmed by the Raman
spectra, shown in Fig. 8. For the LNCP1 glass, bands
at 720 and 1160 cm™! are assigned, respectively, to
P—O—P and PO, symmetric stretching from metaphos-
phate chains. According to Jazouli and coworkers [38,
39], the introduction of niobium in the glass network
results in an intense Raman band near 900 cm ™!, ob-
served at 914 cm™~! for LNCP1 and LNCP2, assigned to
short Nb—O bonds from NbOg octahedra. The intensity
of the band at 914 cm ™! increases with the increasing
Jnb,05/fp,0, ratio, in contrast to the decrease of inten-
sity observed for the bands at 720 and 1160 cm™!. For
the LNCP2 glass, which has a fnv,0,/fp,0, 1atio equal
0.545, the bands at 720 and 1160 cm™! are no longer
observed, indicating the substitution of PO, intrachain
groups by octahedra units containing Nb.

Concerning Nb—O vibrations, Raman and IR spectra
of LNCP1 and LNCP2 glasses present pronounced dif-
ferences. As already mentioned, bands at 905 cm™!
(IR) and 914 cm™' (Raman) are assigned to sym-
metrical stretching of short distance Nb—O bonds
from NbQOg octahedra. The IR band observed for
LNCPI at 517 cm~! and the Raman bands at 282 and
532 cm™! are assigned to [(O—P—0) + (O—Nb—0)]
coupled deformation modes. For LNCP2, IR bands
at 635 and 542 cm~! and Raman bands at 554, 594,
643 and 768 cm™! are assigned to the vibrational
coupling of [(Nb—O) (medium Nb—O distances) +
(O—P—0)] stretching with deformation modes [38, 39].
The Raman band at 282 cm™! is also observed for
LNCP2. These observations suggest the role of Nb>*
ions as the glassformer in LNCP glasses. In glass
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compositions containing small amounts of Nb (LNCP1;
JNb,0,/fr0, =0.177), the presence of low intensity
bands associated with short Nb—O bonds reveals a
dispersive distribution of this element in the network,
which acts as an ionic cross-link between metaphos-
phate chains. On the other hand, for niobium-rich com-
positions with the fv,0,/fp,0, ratio changing from
0.363 to 0.552, the niobium amount inside the glass
chains increases because the non-bridging oxygens of
NbOg octahedra act as ionic cross-links between or-
tho and pyrophosphate chains. According to Vogel and
coworkers [40], in silicate glasses, Nb>* in an octahe-
dra site creates five non-bridging oxygens per cation.
Therefore, the niobophosphate glasses studied here are
predominantly (except LNCP1 glass) made up of short
chain phosphate anions (pyrophosphate) linked through
Nb—O—P bonds. For such a structure, it is evident that
divalent cations can serve as ionic cross-links between
the non-bridging oxygens (proceeding from NbOg octa-
hedra and/or phosphate chains) of two different chains,
forming the three-dimensional network.

Itis worthy to mention that, in addition to the increase
in the fb,0,/fp,0, ratio from LNCP1 to LNCP2, the
concentration of the modifier cations (Lit and Ca?*t)
increased, in comparison to the P,Os content. Similar
to results reported by Pemberton and coworkers [41],
the intensities of the Raman bands at 720, 1160 and
1041 cm™! were sensitive to the increase of modifier
cations such as Ca’*, indicating that changing the con-
centration of every component may affect band shapes.

3.4. 3P MAS-NMR spectra

The Q™ model is a useful approach for analysis of 3'P
MAS-NMR spectra of phosphate. In pure P,0Os, the
PO, tetrahedra are connected at three of the four corners
to form a random network structure. As metal cations
are added to the structure, non-bridging oxygen bonds
are created to preserve charge balance, breaking up the
network of POy tetrahedra. A convenient parameter for
characterizing the overall structure of these phosphate
glasses is Q", where n is defined as the average number
of non-bridging oxygens per PO, tetrahedron. There-
fore, the number of bridging oxygens per PO, tetrahe-
dron is simply 4 —n (0 < n < 3).

Broad isotropic signals, centered at —10.0 ppm
(LNCP2), —8.3 ppm (LNCP3) and —2.7 ppm (LNCP4)
are shown in Fig. 9. The values of the chemical shifts
are consistent with the presence of high amounts of
modifiers while the width reveals the typical structural
disorder of vitreous systems. The last effect has been
explained by an angular dependence different from
(3cos? 6 — 1) for the local magnetic field, arising from
neighboring nucleus amorphous samples, in contrast
to crystalline samples for which magic angle spinning
removes the dipolar broadening of bands.

The *'P MAS-NMR spectra reveal the predominance
of Q! units belonging to pyrophosphate chains, in
agreement with IR and Raman data. According to the
3P MAS-NMR spectra, the exception is the compo-
sition LNCP1, which exhibits a spectrum typical of a
metaphosphate structure [42].
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Figure 9 3P MAS NMR spectra of LNCP glass systems. Isotropic
peaks and spinning side bands in the NMR spectra are denoted by ()
and (x), respectively.

Increasing the CaO content in xCaO-(90 —x)
P,0s5-yTiO,-(10 — y)Na,O glass, the degree of de-
polymerization of the phosphate chain increases, as ex-
pected from the role of the alkaline ions. For a glass
composition containing x = 60 mol%, with y chang-
ing from O to 10 mol%, the 3'P NMR-MAS spectra
shows the existence of only Q° (orthophosphate) and
Q' (pyrophosphate) units in the glass. The intensity of
the peak assigned to Q' units increases as the TiO,
content increases, due to the formation of the P—O—Ti
linkage [42]. Apart from evidence for the presence of
Q! units, the existence of Q units cannot be ruled out
from the high amount of modifiers. Recently, Montagne
and coworkers [43] pointed out that some phosphate
glasses containing predominantly Q! units can also ex-
hibit Q° and Q? (metaphosphate), resulting from the
equilibrium 20! < Q° 4+ Q2. In this case the amount
of Q¥ and Q7 is strictly equivalent, yielding typical
3P MAS-NMR Q! units. As a good approach, these
statements can be extended to the niobium-phosphate
glasses studied here.

The value of Q" can be computed directly from the
composition of the phosphate glasses and is given by
empirical equation [44]

2 (g fm)
e

where f) is the molar concentration of each element in
the glass and fp is the molar concentration of P. The
q value considers the number of non-bridging oxygens
that a modifier cation can produce or balance in POy
tetrahedra.

It can be considered that NbOg octahedra can neutral-
ize only one non-bridging bond in a POy tetrahedra. IR
and Raman results and the Zachariasen model support
this statement. The first showed that the Nb is localized
in a NbOg octahedra units in the glass network. The sec-
ond establishes that the polyhedra responsible for glass
network formation must be linked through the corners,
only occasionally through the faces or edges. There-
fore, from Equation 1, just one NbOg octahedra is used

=3 (1)
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respectively. The inset shows the transmission curves.

to calculate n with charge 1. Applying Equation 1, the
LNCP1 and LNCP2 glass samples show Q*!® and
0097 _Jike structure, respectively. This result shows
total agreement with experimental results, hence, con-
firming the role of Nb as glassformer in the LNCP glass
systems.

3.5. Absorption spectra

We have measured glass transmission in the wavelength
range 200—1500 nm. The transmittance data are shown
in the inset of Fig. 10 for LNCP1 and LNCP2 glass sam-
ples. The curves show that these glasses have a high
transmittance in the 800—1500 nm region. The curves
for the other samples (LNCP3, LNCP4 and NCP5) are
indistinguishable from the LNCP2 curve. We assign
the cut-off value as the wavelength where the extrapo-
lation of the decay in the transmission curve in the UV
region reaches zero transmission. The UV-Vis cut-off
wavelength is at 319 and 337 nm for the LNCP1 and
LNCP2 glass samples, respectively. The strong absorp-
tion thresholds observed correspond to an electronic
transfer, which can be schematized [38]:

0>~ (2p%) + Nb°F(4d’) — O™ (2p°) + Nb*T(4d' 1)
2)

These thresholds are all located at high energies and
depend on the fxb,0,/fp,0, ratio. From the transmission
curve we calculated the optical absorption coefficient,
o. In order to obtain the optical energy gap we plotted
(aE)? as a function of E, where E is the photon energy
in eV. Fig. 10 showns the curves for the LNCP1 and
LNCP2 glass samples. The values of the optical energy
gap were obtained from extrapolation of the linear re-
gions of the plots to (®E)?> = 0. The optical gap is
ca. 3.55 eV for LNCP1 and ca. 3.07 eV for LNCP2.

As previously pointed out (in Sections 3.3 and 3.4)
niobium is present in the glass as NbOg octahedra units.
These groups share some of their oxygen atoms with

PO, groups. El Jazouli and coworkers [38] showed that,
for glasses with low niobium content, the Nb—O bonds
have relatively strong ionic character due to competi-
tion with the high amount of POy tetrahedra, leading to
a high E threshold. As a consequence, as the niobium
content increases and the relative number of PO4 groups
decreases, E is expected to decrease [38]. This behav-
ior has been found for the niobophosphate glasses stud-
ied here, since the absorption threshold value obtained
for the LNCP1 sample ( fnb,0,/fp,0, ratio = 0.177) of
3.55 eV decreases to 3.07 eV as the fnv,0,/fp,0, ratio
increases to 0.545 (LNCP2 sample), as a result of the
higher content of Nb—O bonds in the glass structure.
For the niobophosphate glasses the absorption thresh-
old is close to that of «-NbPOs, which is consistent
with the presence of corner-sharing NbOg groups.

The measured linear refractive indices (1) of the
LNCP glass system decrease with increasing wave-
lengths, centered at 632.8, 1305.4 and 1536.0 nm, as
shown in Fig. 11. The n, which we expect to follow the
density, also increases with the fnv,0,/fp,0, ratio.

The 7 of the glasses are determined by the bond po-
larizability and a small addition of Nb;Os in the TiO5-
Na,0-P,0s5 system causes a strong polarized band to
appear in the region of 800—900 cm™". This band has
been assigned to Nb>* in an octahedral site [45]. In this
system, the increase of Nb content causes an increase
of the linear refractive index. Therefore, the analysis
of the Raman data of the LNCP1 and LNCP2 glasses
showed an increasing presence of P—O—Nb bonding in
the glass with increasing refractive index. Linear refrac-
tive index data for similar niobophosphate glasses show
that LNCP glass systems exhibit higher 1 at 632.8 nm,
considering the fxb,0,//p,0, ratio: 26Na,O-20Nb,Os-
54P205 (beZO5 /fP205 ratio = 0.37; n = 16536)
and 35N3.20-5A1203—25Nb205-35P205 (bezo5 /fpzo5
ratio = 0.71; n = 1.7060) [9].

3.6. Chemical durability
Phosphate glasses often present poor chemical durabil-
ity in aqueous solution. It has been possible to prepare
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phosphate glasses with resistance to aqueous corrosion,
comparable to silicate glasses. For example, lead iron
phosphate glasses are found to be more durable than
borosilicate glasses [46]. The dissolution rate of a phos-
phate glass is quite sensitive to the glass composition,
ranging over more than four orders of magnitude, from
over 10~ to almost 10~ g cm™2 min~" [19, 20].

Fig. 12 showns the weight losses per unit surface area
as a function of time for the LNCP1 and LNCP2 glasses.
The glass composition containing a smaller fnb,0,/
fp,0, ratio (LNCP1) exhibits a very high dissolution
rate (1 x 107® g cm™? min~'), compared to the
niobium-rich composition. The lowest dissolution rate,
found for LNCP2 glass, was 5 x 1078 g cm™2 min~'.

Phosphate glasses might dissolve by one of two
mechanisms: hydrolysis or hydration reactions. The
hydrolysis reaction of covalent P-O—P bonds would
eventually result in the destruction of the polymeric
phosphate network to produce orthophosphate. On the
other hand, a hydration reaction occurs at the modifier
cations, disrupting ionic bonds between the phosphate
chains [20]. Thus, dissolution mechanism involves hy-
dration of entire chains rather than cleavage of P—O
bonds by hydrolysis reactions; the chains dissolve in-
tact [19]. For the LNCP1 sample, an fp/fc, ratio of 4
has been found in the leaching solutions, while, for the
other samples, a fp/fc, ratio near 1.4 was found. This
observation provides additional evidence of the pres-
ence in LNCP1 glass of phosphate chains longer than
in the other glass compositions.

The IR and Raman data suggest that the glass struc-
ture consists of Nb octahedra linked to pyrophosphate
units through Nb—O—P bonds, which could increase the
chemical resistance of niobophosphate glasses by inhi-
bition of the hydrolysis reactions. Therefore, it is pos-
sible to improve the chemical durability of the glass by
increasing the fnp,0,/fp,0, ratio. In addition, the phos-
phate glasses studied here (except the LNCP1 compo-
sition) are predominantly made up of short chain poly-
meric phosphate anions, which are connected to one
another through ionic bonds to the modifier cations.
For such a structure, Ca*t ions can serve as an ionic
cross-linker between the non-bridging oxygens of two
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different chains. According to Bunker and coworkers
[19], the formation of such cross-links explains why the
chemical durability increases as the fp/fc, ratio in the
glass is reduced, as a consequence of the inhibition of
hydration reactions. Therefore, the chemical durability
of niobophosphate glasses results from the high degree
of depolymerization of chains and because Nb acts as
a glassformer in the compositions studied.

4. Conclusion

We have described herein highly homogeneous Li,O-
Nb,05-Ca0-P,05 glasses. Investigations of the short-
range order by Fourier transform infrared, Raman, UV-
VIS and *'P MAS-NMR spectroscopies suggest that
the glass structure consists of Nb>* octahedra linked
to pyro/orthophosphate units through Nb—O—P bonds,
which confer high polarizability to the glass systems.
The glass transition, softening and crystallization tem-
peratures, thermal expansion coefficient, density, UV-
VIS cut-off, optical gap and linear refractive index were
found to depend on the fb,0,/fp,0, ratio. Linear refrac-
tive indices data for similar glasses show that the LNCP
glass system exhibits higher n at 632.8 nm than re-
ported in the literature. The presence of modifier cations
such as Li™ and Ca?* promote depolymerization of the
P—O—P chains, yielding pyro (Q') and orthophosphate
(Q°) units. The presence of this kind of structure ac-
counts for the improvement of chemical stability at low
pH when the fnp,0,/fp,0, ratio in the glass composi-
tion increases. We believe that the results are important
to establish the chances of practical applications of this
glass family in optical devices and as precursors for
porous glass-ceramics. Future research will be directed
to the study of the nonlinear refractive index and its
relation to glass composition.
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