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Abstract Glasses in the system xFe,O3-(100 — x)
[7GeO,-3PbO] with 0 < x < 60 mol% have been prepared
from melt quenching method. In this article, we investi-
gated changes in germanium coordination number in iron—
lead—germanate glasses through molar volume analysis,
measurements of densities, investigations of FTIR, and
UV-VIS spectroscopy. The observations present in these
mechanisms show that the lead ions have an affinity pro-
nounced toward [GeOs] and [FeOy,] structural units with
non-bridging oxygens. The excess of oxygen can be sup-
ported into the glass network by the formation of [FeOg]
structural units and the apparition of the germanate
anomaly. At higher content of iron (III) oxide, the anomaly
behavior of the germanium is due to the formations of
[FeOg] structural units. Our results show that the presence
of fivefold germanium as a possible transitional phase from
four to sixfold germanium it is necessary for the formation
of the [FeOg] structural units and the apparition of the
Fe,05 crystalline phase. Pb™2 ions with 6s> configuration
show strong absorption in the ultraviolet due to parity
allowed s-sp transition.

Introduction

Lead—germanate glasses are particularly interesting as they
can be readily made in fiberglass form for use in the field of
optical devices [1, 2]. The lead oxide is known as a non-
conventional network former [3-5] which may play a dual
role, both as a network modifier and a network former in
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the vitreous matrix [6, 7]. This role depends on the type of
ionic or covalent bond between lead and oxygen atoms.

On the other hand, the germanate anomaly was observed
in alkali—germanate glasses [8, 9]. The structural mecha-
nism responsible for the anomaly remains an area of
interest to the glass science. The currently accepted model
for this mechanism is a change of germanium from
4-coordinated to higher coordinated species. The germa-
nate anomaly consists in a growth followed by a decline of
the number of [GeOg] octahedral structural units in the
glass network [9-13]. While the formation of the higher
coordinated species clearly plays a role in the anomalous
behavior it does not correlate with the anomaly maximum.

This effect is related to an untypical change of the glass
properties such as glass transition temperature, viscosity,
thermal expansion coefficient, electrical conductivity,
density in the function of glass stoichiometry, and is quite
common and well known in alkali—germanate glasses
[13-15]. At the atomic level, the germanate anomaly is
related to a change in the germanium ions neighborhood
from a tetrahedral to an octahedral geometry. A different
model suggested that the anomaly is associated with the
longer Ge-O distances of [GeO,] tetrahedrons and the
effect these longer distances yield on the accommodation
of the alkali metal cations in the network. In this model, the
addition of small amounts of alkali-oxide causes formation
of 3-membered rings of [GeO,] tetrahedrons in the general
vicinity of the alkali metal cations. These small rings create
smaller network cavities [13—15].

The appearance of the germanate anomaly in germanate
glasses doped with heavy-metal oxides as PbO remains an
open question. Lead—germanate glasses show interesting
optical properties [16-18] and it is expected that the
introduction of an iron oxide component into the binary
lead—germanate glasses may affect the structural features
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of the host matrix. In this article, iron-lead—germanate
glasses were studied to understand the structural mecha-
nism responsible for the germanate anomaly.

Experimental

Glasses were prepared by mixing and melting appropriate
amounts of lead (IV) oxide, germanium oxide (IV), and iron
(III) oxide of high purity (99,99%, Aldrich Chemical Co.).
Reagents were melted at 1000 °C at 15 min and quenched.

The samples were analyzed by means of X-ray diffrac-
tion using a XRD-6000 Shimadzu Diffractometer, with a
monochromator of graphite for Cu K, radiation (1 =
1.54 A) at room temperature.

The FT-IR absorption spectra of the glasses in the 370-
1250 cm™" spectral range were obtained with a JASCO
FTIR 6200 spectrometer using the standard KBr pellet disc
technique. The spectra were carried out with a standard
resolution of 2 cm™".

UV-Visible absorption spectra of the powdered glass
samples were recorded at room temperature in the range
250-800 cm™ " using a Perkin-Elmer Lambda 45 UV/VIS
spectrometer. These measurements were made on glass
powder dispersed in KBr pellets.

Results and discussion

The X-ray diffraction patterns did not reveal any crystal-
linity in the samples with x < 60 mol% Fe,03. However, at
the composition x = 60 mol% Fe,O; Bragg peaks associ-
ated with the Fe,O5 crystalline phase were observed, Fig. 1.
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Fig. 1 X-ray diffraction patterns for xFe,O5:(100 — x)[7GeO,-
3PbO5,] glass system with x > 40 mol%
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FTIR spectroscopy

The examination of FTIR spectra of the xFe,O5-(100 — x)
[7GeO,-3Pb0,] glasses exposed in Fig. 2 shows that the
Fe,O5; content modifies the characteristic IR bands as
follows:

(i) The bands situated at about 670 and 870 cm™! can be
attributed to the Pb—O bonds vibrations from [PbO3] and
[PbO,] structural units [19-25]. According to the electro-
negativity theory, the covalency of the bond will become
stronger with the decrease of the difference of electro-
negativity between cation and anion ions. Since the values
of electronegativity, for Ge, Fe, Pb, and O elements are
1.96, 1.83, 2.33, and 3.5, respectively, the covalency of
Pb-O is stronger than Ge—O and Fe-O, respectively. As a
result, the higher affinity of the lead and germanium ions to
attract oxygens atoms results in the formation of higher
coordination Pb and Ge structural units. Then, the increase
of the content of Fe™ jons in the glass matrix needs the
compensation of the charge with the oxygens ions by ionic
bonds and produces the apparition of the Fe,O3 crystalline
phase, in agreement with XRD data.

On the other hand, the presence of the Pb*? ions charge
compensation with structural units containing non-bridging
oxygen occurs (such as [GeOs] or [FeOy,] structural units).
It seems likely that the band located at 700 cm™ ', arising
from the presence of [GeOg] structural units, is reduced
because the modified [GeOs] structural units containing
one or more Ge—O-Pb bonds are unable to accept a sixth
oxygen atom. The accumulation of oxygen atoms in the
glass network can be supported by the conversion of
[GeOy4] to [GeOs] structural units.
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Fig. 2 FTIR spectra of xFe,O3-(100 — x)[7GeO,-3PbO,] glasses
with 0 < x < 60 mol%
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With increasing Fe,O3 content up to 15 mol%, the for-
mation of larger numbers of non-bridging oxygen’s results
in the formation of [PbQ,] structural units (n = 3, 4) in the
vicinity of the [GeOs] structural units.

(i) By increasing Fe,O; content to 20 mol%, the
intensity of the absorption bands typical of the [GeOy]
structural units (~ 810 cm_l) decreases [11-13, 25]. Thus,
new band appears at about 560 cm™ ' corresponding to the
vibrations of the Fe—O bond in the [FeO,] structural units
[23]. The prominent band located in the region between
850 and 1100 cm ™" consists of various overlapping bands
which arise from the stretching and bending modes of the
[GeOy], [PbOs], and [PbOy] structural units. Therefore, the
decreasing intensity of the bands located in the
400-875 cm ™' region is a result of increasing polymeri-
zation of the iron-lead—germanate glass network.

A decreasing trend of the IR band located at about
700 cm ™! shows the conversion of some [GeOg] to [GeOs]
structural units. On the other hand, the relative increase in
the intensity of the IR band centered at about 560 cm™'
corresponding to the Fe—O bond in the [FeO4] " anions do
not preserve the matrix connectivity and necessitates the
rapid compensation with Pb*? yielding drastic modifica-
tions in the IR spectra.

(iii) For sample with 20 < x < 40 mol% Fe,O3, the
degree of polymerization increases. The evolution of the
structure can be explained by the conversion of some [GeO4]
to [GeOg] structural units, which is driven by the need to
accommodate additional oxygen in the glass system.
We assume that [GeO,,] structural units, where n = 5, 6 do
not form bonds with non-bridging oxygens, thus yielding the
formation of [GeQ,] structural units [11-13]. The [GeOs]
polyhedrons are suitable neighbors for the lead Pb™? ions.

(iv) The increase of Fe,O3; content up to 60 mol%
results in the conversion of some [FeO4] to [FeOg] struc-
tural units [26]. This is indicated by a new band situated at
about 470 cm_l, which is associated with vibrations of the
Fe—O bond from [FeOg] structural units. A noticeable
change appears also in the characteristic features of the
[GeOy,] structural units (band located at about 788 cmfl).
These modifications explain the conversion of some
[GeOg] to [GeOy] structural units, while the [FeOy4] struc-
tural units are transformed to the [FeOg] structural units.
Then, a decreasing trend toward lower wavenumber was
observed for the bands situated in the 650-980 cm™'
region. This may be attributed to the electrostatic field of
the strongly polarizing Pb™? ions. The increase of the Pb™>
ions content leads to the strengthening of the electron cloud
around oxygens in the [GeOs] units and, consequently,
causes a shift of stretching vibration of the Ge—O-Ge to
lower wavenumbers.

Iron in the oxidation state 43 is reported to occur pre-
dominantly in fourfold coordination, as [FeO4]_1. These

tetrahedral geometries have a negative charge and hence
need cations, in the case of the glasses studied, Pb*? for
charge compensation. Accordingly, it is possible a better
stabilization of Fe™ from [FeO,]”' tetrahedral geometry
can be achieved through compensation with Pb™ ions. The
transformation of some [FeO4] to [FeOg] structural units
results in some disposable lead ions which will increase the
electrostatic field of the Pb™*? ions.

On the other hand, a growth followed by a decline of the
number of [GeOg] octahedral structural units in the glass
network constitutes the germanate anomaly. The currently
accepted model for this mechanism is a change of the
coordination of the germanium from 4-coordinated to
higher coordinated species such as [GeO,] structural units
where n = 5 and 6.

In brief, the lead ions are a unique influence on the
structure of the iron—lead—germanate glasses. The lead
atoms which form covalent bonds participate as network
former, while the lead ions which form ionic bonds have a
strong affinity toward [GeOs] and [FeOy,] structural units
containing non-bridging oxygens. The pronounced affinity
toward germanate units yields the germanate anomaly.
Then, the excess of oxygen can be supported into the glass
network by the formation of [FeOg] structural units. The
existence of the Pb*? ions in the glasses network can be
checked by means of UV-VIS spectroscopy. Lead ions
with s> configuration absorb strongly in the ultraviolet and
yield broad emission bands in the ultraviolet and blue
spectral area.

UV-VIS spectroscopy

The UV-VIS absorption spectra of xFe,O3-(100 — x)
[7Ge0O,-3Pb0O,] glasses with x = 0—-60 mol% are shown in
Fig. 3. An examination of these spectra shows that the
characteristic UV-VIS bands are modified by the addition
of Fe,0j5 as follows:

(1) For all glasses, the UV absorption bands begin at
250 nm by an ascending lobe. These UV absorption bands
are assumed to originate from lead germanate host matrix.
The stronger transitions in the UV-VIS spectrum can be
due to the presence of the Ge=O bonds from [GeOs]
structural units and Pb=0O bonds from [PbOj] structural
units which allow n—m* transitions. Pb™ ions with s>
configuration absorb strongly in the ultraviolet and yield
broad emission bands in the ultraviolet and blue spectral
area and the intense band obtained centered at about
310 nm corresponds to the Pb*? ions [27].

(ii) The introduction of low concentrations of Fe,O;
(x < 5 mol%) into the host matrix results in the formation
of new absorption UV bands between 320 and 450 nm.
These bands arise from to the d—d transitions of the Fe™*?
ions [28-35].
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Fig. 3 UV-VIS absorption spectra of xFe;O5:(100 — x)[7GeO,-
3Pb0,] glasses in function of iron oxide content

(iii) The addition of Fe,O5 content until 10 mol% causes
a decrease in the intensity of the UV absorption bands
situated in the 320-450 nm domain. This noticeable
decrease can attributed to the iron ions acting as network
former.

(iv) A further increase in the Fe,Os; content up to
20 mol% results in an increase in the intensity of the
250 nm band. This increase is due to the formation of new
n—7nt* transitions of the [O=GeQ,] structural units.

(v) For samples containing between 20 < x < 40 mol%
Fe,05, the majority of Fe™ d—d bands are observed in the
325-450 nm region [28-35]. The evolution of the structure
can be explained by the conversion of some [FeO,] to
[FeOg] structural units to accommodate the excess of
oxygen in the network, and the disassociation of lead ions
from [FeO4]_1 structural units during this process.

(vi) For samples containing x > 50 mol % Fe,0;, the
apparition of new bands located in the 260-325 nm region
is correlated to the possible distortion of the iron species
symmetry, the presence of the larger number of Pb*? ions
and the apparition of the new iron species derived from
the Fe,O5 crystalline phase, in agreement with the XRD
data.

The lead ions have a pronounced affinity toward
[GeOs] and [FeO,] structural units containing non-
bridging oxygens. Our results show that the presence of
fivefold germanium is a necessary transitional phase
from four to sixfold germanium. At higher content of
iron (III) oxide, the anomalous behavior of the germa-
nium bonding is due to the formations of [FeOg] struc-
tural units. When [FeOg] structural units can no longer
accommodate excess of oxygen, the Fe,O; crystalline
phase forms.

@ Springer

Density measurements

Figure 4 shows the compositional evolution of the density
of iron-lead—germanate glasses. Note that the relation
between the density and the iron ions content is not linear
and shows important features.

(i) The density of a lead—germanate glass increases
abruptly with the addition of 1 mol% Fe,O;. However,
further increasing the Fe,O5 content up to 10 mol% causes
the density to decrease. This can be attributed to the for-
mation of Fe—-O-Ge or Fe-O-Pb linkages with strong Fe-O
ionic bonds [36], weakening the cross-linking within the
glass network [37]. Further increasing the Fe,O; content up
to 20 mol% produces an increase in density which is linked
to the conversion of [GeOy,] to [GeOg] structural units and
the formation of covalent Fe—O bonds which will lead to
the open structure of the glasses.

The changes in molar volume were particularly pro-
nounced for x = 10%. We conclude that with increasing of
the Fe,O3 content up to 10 mol%, the local environment of
the germanium in the glass changes from tetrahedral to
octahedral geometry.

(ii) For sample with x > 20 mol% Fe,O3, the changes in
density were particularly pronounced for sample with
x =40 and 60 mol% and appeared to be minimal at
x = 30 and 50 mol%. The oxygen packing density is the
ratio of measured density per molecular weight and number
of oxygen ions in a formula unit [38]. For x = 40 mol%
and x = 60 mol%, the oxygen packing density increases
which clearly indicates that the glassy network becomes
tightly packed when more Fe,Oj; is introduced to the vit-
reous matrix.
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Conclusions

Homogeneous glasses of the xFe,05-(100 — x)[7GeO,-
3PbO] system were obtained from melt quenching method.
We analyzed the effects of iron ions on the structure of
lead—germanate glasses by FTIR and UV-VIS spectros-
copy investigations. The lead network in iron-lead—germ-
anate glasses exists in principally as [PbOs] and [PbOy]
structural units while the germanate network consists from
[GeOy4], [GeOs], and [GeOg] structural units.

Our results show that the presence of fivefold Ge is a
necessary transitional phase as the germanium environment
changes from four to sixfold coordination. At higher con-
tent of iron (III) oxide, the anomalous behavior of the
germanium environment is due to the conversion of some
[FeO,4] to [FeOg] structural units while the Pb*? ions will
be change compensated by association with [GeOs] struc-
tural units. The presence of the fivefold germanium is
probably necessary for the formation of the [FeOg] struc-
tural units and the apparition of the Fe,O; crystalline
phase.
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