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Abstract — Oxidation—reduction equilibrium and coordination of transition metals ions (TM) in meta or more depolymerised
phosphate glasses are reviewed. For small concentrations of metal ions, the basicity of the glass host plays an important role in
determining the valency of the transition metal (TM) ion. If one considers the molten glass as a solvent, the phosphates being
more acceptor of & than silicates and borates glasses, the oxidoreduction equilibrium is shifted towards the reduced state.
More generally, the oxidoreduction (redox) reaction of TVITM™ 1+ is related to the glass basicity and the possible complex

ion formation by the following reaction: TM{™? + (n—p—%) &~ = TMO, (™~ 1, Q,. The oxygen ion activity (&)

is thus related to the basicity and to the possibility of complex ion formation in the glass melt. For glasses containing large
concentrations of transition metals, the valency of the metal ions depends mainly on the atmosphere, on the temperature of
melting, and on the transition-metal concentration. According to the metal transition nature, the evolution of the redox ratio with
the transition-metal concentration is different. TM cations present a large diversity of environments in glasses, which depend on
their concentration and valency state. The octahedral (more and less deformed) coordination appears to be frequent for the
transition metals in phosphate glasses. Exception is encountered with zinc metaphosphate. The Zn(IV) ions combifi@ with Q
sites to form a tetrahedral network, reminiscent of three-dimensional network glasses such as silica. Besides this simple cation
coordination we found other cationic organisation$: qomplex oxide formation is sometimes described —2¥Gor example
corresponds to a compressed octahedral sitéi}-;tie progressive addition of TM may even leads to condensation of TM
polyhedra — it is the case during the addition of OB in sodium borophosphate glassesj)(‘invert’ glasses may also be
observed — for example, the titanophosphates are based on linkages between small phosphate anions and distorted octahedral
titanate entities charge balanced by alkali. Spectroscopic methods used to characterise the local surrounding of transition metals
are mainly optical absorption, electron paramagnetic resonance, Mdssbauer effect, X-ray absorption spectroscopy, and wide-angle
neutron scattering with isotopic substitution. The phosphoric anions network is investigated by Raman and IR spectroscopy and
particularly with 3P and®’O solid-state NMR. New developments of NMR enable to characterise homoconnectivities between
the phosphate groups and will allow one in the near future to undertake studies of heteconnectivities between phosphates and
TM polyhedra.To cite this article: C. Mercier et al., C. R. Chimie 5 (2002) 693-703 © 2002 Académie des sciences / Editions
scientifiques et médicales Elsevier SAS
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Résumé— Les équilibres d’oxydo-réduction et la coordination des métaux de transition dans les verres de metaphosphate, ou
dans des verres plus décondensés, ont été étudiés pour de faibles concentrations en métal de transition (TM). La matrice vitreuse
fondue est alors considérée comme un solvant fondu. Le solvant métaphosphate fondu est un solvant plus accéptgquede O

les silicates. La réaction d'équilibre d'oxydo-réduction peut s'écrire: TG + (n—p—-12) O*~ = TMO, (™1 _ 1, Q,.

Cette écriture prend en compte la basicité et la possibilité de formation de complexe oxyde. Pour des verres contenant
d'importantes concentrations de métaux de transition, I'état de valence de lion métal (TM) dépend principalement de
I'atmosphére, de la température de fusion et de la concentration du métal de transition. Selon la nature du métal de transition,
I’évolution du rapport redox avec la concentration du métal de transition est différente. C'est pourquoi les cations présentent une

* Correspondence and reprints.
E-mail address: gerard.palavit@univ-lille1.fr (G. Palavit).

693



C. Mercier et a./ C. R. Chimie 5 (2002) 693-703

grande diversité d’environnements, qui dépendent de la concentration et de la valence. La coordination octaédrique, plus ou
moins déformée, apparait étre fréquente pour les environnements de métaux de transition dans les verres de phosphate. Une
exception intéressante concerne le metaphosphate de zinc, dans lequel les ions Zn(lV) sont combinés avec des phosphores en
sites Q? et forment un réseau uniquement tétraédrique. L’ environnement et |I’assemblage des polyédres peuvent donner lieu a
d autres arrangements: (i) la formation de complexe oxyde est parfois décrite — c'est I'exemple de VO?*, qui conduit a des
compressions de sites octaédriques—; (ii) I'gjout progressif du métal de transition peut mener a la condensation des polyédres
de métaux de transition— ceci est le cas de I'gjout de Nb,O; dans les verres de borophosphate; (iii) des verres «inversés»
peuvent étre également observés— c'est le cas des verres de titanophosphate constitués de connectivités entre de petits anions
phosphatés (Q°, Q1) et des unités titanates octaédriques déformées. Les méthodes spectroscopiques utilisées pour obtenir des
informations structurales sur I’environnement des métaux de transition dans les verres font essentiellement appel a I’ absorption
optique, la résonance paramagnétique nucléaire, I'effet Mossbauer et, plus récemment, a la diffusion des neutrons aux grands
angles couplée a une substitution isotopique. Le réseau phosphate est étudié généralement grace a la spectroscopie de vibration
et de plus en plus par RMN solide du 3'P et 170. Les récents développements de la RMN du solide permettent d’améliorer les
connaissances sur les homoconnectivités 3PP des anions polyphosphoriques et permettront, dans un futur proche, de
caractériser les hétéroconnectivités entre métal de transition et phosphates. Pour citer cet article: C. Mercier et al., C. R.
Chimie 5 (2002) 693-703 © 2002 Académie des sciences/ Editions scientifiques et médicales Elsevier SAS
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latter ternary glasses, we consider the occurrence of
complexation of TM ions, and of the condensation of
the cationic polyhedra. The structural relationship
between the phosphate glass network and the TM ions
will be discussed in a fourth chapter.

1. Introduction

Oxidoreduction equilibrium in glasses has been
extensively studied in various oxide glasses containing
transition-metal ions. Glasses with high concentrations
of transition metals are interesting because of their

semiconducting properties [1-5] and optical absorption 2. Transition metals valenciesin

in the visible, resulting in coloration of the glass [6].
Electronic conduction can indeed occur through the
electronic transfer from the low- to high-valence
states. Glasses doped with transition metals aso
attract much attention because of their memorising
and photoconducting properties [7-9]. They also find
potential applications in solid-state lasers [10], lumi-
nescent solar energy concentrators (LCS) and optical
fibres for communication devices [11-15]. Thus, it is
very important to know and to control the parameters
that can influence the oxidoreduction equilibrium of
transition metals. The ability to control the
oxidised/reduced species ratio is also important for
investigating its effect on the structure and properties
of glasses. The control of this ratio is very difficult,
because it is influenced by many parameters. glass
composition, melting conditions (including tempera-
ture and time), oxygen partial pressure in the furnace
atmosphere, batch composition, addition of oxidising
or reducing agents and heat treatment after melting.

In this review, we report first on TM-doped glasses
since thermodynamic considerations can be used to
describe the redox behaviour of these systems. Then,
we describe the redox of glasses containing large
amount of TM ions, in which thermodynamic con-
cepts are no more valid. The coordination of TM ions
will be then reviewed in a third chapter, first for
binary compositions, and secondly for ternary glasses
containing akaline or alkaline earth oxides. For the
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phosphate glasses

2.1. Transition metalsions as doping in phosphate glasses

Majumdar et a., in 1972 [16], have determined the
relative proportions of oxidised and reduced forms of
TM doping in sodium metaphosphate glasses. They
found that chromium, manganese, vanadium are
amost completely reduced, while copper, molybde-
num, titanium remain mostly in the higher valency
states. These results indicate that oxidoreduction equi-
librium (redox) of TM ions in glasses involves severd
concepts: redox, acid-base (0>~ exchanges) and com-
plexation with O%~. For instance, in vanadium doped
phosphate glass, V(IV) is the main redox state, and
spectroscopic data show the occurrence of VO?* com-
plex ion. Simple equations may then be considered:

V¥ + e = V* (vanadium redox)
0* = 1/2 0, + 2e” (oxygen redox)
[V* + 0" = VO™
(formation of a complex oxide ion)
The balance is:

2V¥+30" =2VO* + 120,

One has also to consider the acid-base character of
the melt in which the PO;~ anion is a strong O*
acceptor:

2PO; + 0" =P, 0,"
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The global balance is then:
2V +3P,0, = 2VO* +6PO; + 1/20,

More generaly, the oxidoreduction (redox) reaction of
TM™/TM™D* s related to the glass basicity and to
the possible complex-ion formation by the following
reaction [17]:

T™O, ™™ + (n-p - 1/2) O*
=TMO, ™™ ~1/40, (1)

The oxygen ion activity (O%) is thus related to the
basicity and to the possibility of complex-ion forma-
tion in the glass melt.

It is possible to calculate a basicity parameter [18].
This parameter, B, is caculated in terms of the cou-
lombic force between the cation and the oxygen ion
for each glass component. The reduced state of transi-
tion meta is favoured when the basicity parameter
decreases because the O?% activity decreases. So,
when the matrix is very basic, i.e. donor of O%, the
equilibrium is shifted towards the formation of oxi-
dised species. In contrast, if the matrix is weakly
O?-donor (i.e. acceptor of O%), the equilibrium is
shifted towards the formation of reduced species. If
one compares the basicity parameter of silica (SO,
B =0) [18], boron oxide (B,O3, B =0.026), and phos-
phorus oxide (P,Og, B=-0.103), it can be deduced
that the phosphate matrix has a higher reducing effect
on the TM.

The following examples illustrate this redox behav-
iour.

A study of the vanadium redox in three glasses
with different basicity confirms this effect [19].
(33 Na,0-66 SIO,, NS), 33NaPO;—67 Sr(PO;); (P)
and 90 (AIFZ-MgF,—CaF,—SrF,)-10 Sr(PO3), (FP)
were doped with 0.5% mol V,Os. In the more basic
silicate glass (NS), V' is the main redox state (V>*:
94%; V4 6%). By contrast, in the less basic phos-
phate glass, V#* and V3* are the predominant species.
In FP, V4 and V3 indeed represent 90% and 10%,
respectively, and in P, V4" and V3* represent 96% and
4%, respectively.

The oxidoreduction of Cr ions has been investigated
in silicate, borate and phosphate glasses by Murato et
a. [20]. In silicate and borate glasses, Cr5 and Cr3*
ions are present, with a magjority of Cr5* ions; the
relative content of Cr®* increases when the basicity
increases. By contragt, only Cr3* ions exist in the
more phosphated glasses [20].

For a defined matrix, the oxidised/reduced state
ratio increases with the O% activity in silicate glasses
and borate glasses, but in phosphate glasses, the
TM™/TM™?  ratio is independent of basicity.
For instance, in (25-45) MO—40-60) P,O-—10 Al,O4
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Fig. 1. Absorption coefficient of Ti®* versus the basicity parameter
(B) of (30-50) MO,—~(40-65) P,O-—10 Al,O; glasses with M =Li,
Na, K, Mg, Ca, Sr, and Ba [3].

glasses with M =Ca, 2Na or 2Li doped with 0.5%
mole Ti,O,, the relative content of Ti®* is independent
of the composition (Fig. 1) [18]. The same results are
observed for Cr3* [20]. For a given composition, the
authors [18, 20] assume that these transition metas
are incorporated into sites that involve P=O double
bonds, therefore without modification of the glass
basicity.

In the case of iron [21], for the same temperature
and oxygen partial pressure, the Fe**/Fe?* ratio is also
independent of the phosphate glass composition. It is
indeed the same in 50 (CaO or SrO or BaO)-50 P,O4
glasses, excepted for 50 MgO-50 P,Og glass in which
it is higher. The later phosphate glasses containing
magnesium oxide are known to present anomalous
structure and properties [22].

Interestingly, in sodium phosphate glasses
50 Na,0-50 P,O; doped with x=0.1, 0.2 and
0.3 mol% CuO [23], the copper ions exist in the glass
matrix as oxidised Cu?* ions, athough the matrix has
a reducing character. Matthai et a. [24] reported the
same tendency: only Cu?* exists in NaPOz—2 Sr(POs),
glass melted at 900 °C and doped with 1.48 mol%
CuO. In sdilicate glasses [25] doped with CuO but
melted at high temperature (1400 °C), the Cu?* and
Cu* concentrations are approximately equal, which
illustrates the temperature dependence of the oxygen
redox equilibrium or means that some oxide decompo-
sition may occur a high temperature. It is very
important to take into account the experimenta condi-
tions of glass elaboration, mainly the melting tempera-
ture, because it can strongly modify the oxidoreduc-
tion equilibrium.

It is then concluded that when the reaction takes
place in a glass solvent, i.e. when the glasses are
doped with a small amount of transition metal, the

695



C. Mercier et a./ C. R. Chimie 5 (2002) 693-703

redox reaction of TM™/TM™? can be described by
the equilibrium constant.

aTM On(mﬂ—2n)

K(T) = -
aTMop("‘rZD) X ao(g p_1/2) X ng

This equilibrium constant K(T) depends on the TM
activity in glass, temperature, and atmosphere.

2.2. Phosphate glasses containing large concentrations
of transition metals

When the concentration of the transition metal
increases, the system is generaly out of thermody-
namic equilibrium. Even if the equilibrium is reached,
it is very difficult to calculate the redox equilibrium
constant of TMO in glass versus its content, because
the variation of activity of an oxide with its concen-
tration is known in only a few cases, and mainly in
silicate glasses. This is why most papers report only
an evaluation of the oxidised/reduced ratio of transi-
tion meta. In the following section, we describe how
the temperature, the atmosphere, the concentration of
TMO, and the (glass basicity affect the
TM™/TM™D* ratio in phosphate glasses.

2.2.1. TM™HTM™M*D* ratio versus temperature

When the temperature increases, the
TM™/TM™D* ratio is shifted towards the reduced
state. For example, iron oxidoreduction [26] has been
investigated for 0.4 Fe,0;-0.6 P,O5; glasses melted
at different temperatures. The Fe?*/(Fe?*+Fe) ratio
increases from 0.17 to 0.5 as the melting temperatures
varies from 1150 to 1400 °C. The same observation
holds for Cu: the evolution of the [Cu']/
([Cu?1 +[Cu']) ratio versus temperature (1000 to
1200 °C) in (1 —x) P,Os—x CuO glasses [27] is similar
to that of iron, but for glasses with x=0.5 or less
CuO, the [Cu*]/([Cu?*] +[Cu™]) ratio is independent
of the melting temperature.

2.2.2. TM™HTM™*D* ratio versus atmosphere

The copper redox state in 0.5P,0
0.2 Na,0-0.3 CuO glasses (mol%) melted under oxy-
gen and air has been investigated by Shih et al. [28].
The [Cu?*)/([Cu?'] + [Cu™]) ratio in the glass melted
in flowing oxygen is higher than that melted in air.
Turkdugan [29] has also observed the same behaviour
for iron in iron phosphate glasses.

Addition of a reducing agent may control the oxida-
tion and reduction of transition metal, although this
synthesis is out of equilibrium. We have synthesised
0.5Cu0,~0.5P,05 and 0.4CuO,-0.6 P,0O5 glasses
with different copper valence states by adding glucose
during glass melting. For the two series of glasses,
the concentration of Cu* increases with glucose addi-
tion (Fig. 2).
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Fig. 2. [Cu*]/[CUrya] ratio versus the amount of glucose added in
batches: 0 0.5 CuO,~0.5 P,Og and m 0.4 CuO,~0.6 P,Og glasses.

2.2.3. TM™HTM™M*+D+ ratio versus concentration
of transition metal (TMO) in phosphate glasses

Fig.3 shows the copper redox behaviour in
(1-X) CuO—x P,0Og glasses. We can observe that there
are contradictions concerning the evolution of the
Cu?*/(Cu*+Cu?*) ratio versus copper content. Bag and
Weinberg [27] report that this ratio is 1, and indepen-
dent of glass composition for glasses containing less
than 0.5 CuO (Fig. 3). They explain this behaviour on
the basis of structural constraints rather than of a
redox equilibrium reaction. In contrast, Morsi et al.
[31] claimed that the total copper concentration in
phosphate glasses affects the ratio. The increase of the
Cu?*/(Cu*+Cu?*) ratio with increasing CuO content
from x=0.4 to x=0.5 is attributed to the increase of
the glass basicity (Fig. 3). For compositional range of
CuO above x=0.5 (Fig. 3), the Cu?*/(Cu*+Cu?*) ratio
tends to decrease. Both Bae et a. [27] and Mors et
al. [31] explain this evolution by the assumption that
Cu?* and Cu* ions have a different coordination: cop-
per is oxidised until al Cu?* coordination sites are
saturated (tetragonally distorted). When the copper
concentration exceeds the available number of Cu®*
coordination sites, the remaining copper ions are
reduced to Cu* in trigonal distorted sites.

Magalhaes de Abreu et al. [32] and Congas et al.
[33] have investigated the iron redox behaviour in
phosphate glasses. The reduced state Fe?* is favoured
when the Fe,0O;  content increases. In
(1 —x) NaPOs—x Fe,O5 glasses [33] with x=0.05, 0.1
and 0.15, the Fe**/Fe?* ratio decreases from 0.91 to
0.87 when the Fe,O5 content increases from 0.05 to
0.15.

In iron niobophosphate glasses [32]
(0.1 Nb,O5-0.4 P,O—0.5 Li,0)—x Fe,05 with x=0 to
0.5, the Fe?* population increases with the increase of
Fe,O; concentration, but for high concentrations
(x>0.3), crysalisation of Fe,0O; and LiFePO, was
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observed. No structural or thermodynamic argument
was proposed by the authors to explain this evolution.

The molybdenum redox behaviour in 0.25 Na,O—
0.75 [x (M0Og3),—~(1x) P,Os] glasses (called series 1)
with x=0.13 to 0.6, and 0.45Na,0-0.55
[x (M0Og),—~(1—x) P,Os] glasses (called series 2) with
x=0.09 to 0.55 has been investigated by Bih et al.
[34]. For the series 1, a maximum Mo>*/Moy,, has
been evidenced for a Mo/P ratio close to 0.5 and
atributed to a maximum of MoOPO, units in the
glass. For x=0.13, 0.33 and 0.6, the M0®>*/MOq4
ratios represent 0.31, 0.33 and 0.01, respectively. For
the series 2 glasses, the M0®* /Moy, ratios do not
change with MoO; content and remain low, i.e. for
x=0.09 and 0.55, these ratios are 0.08 and 0.01
respectively. According to Bih et al. [34], this differ-
ent behaviour is due to the different Na,O concentra-
tion, because Na" ions have aptitude to stabilise the
vaence +6 of molybdenum. This maximum of
M0°*/M0Oy,, ratio has been observed also in binary
molybdenum phosphate glasses x (M0oOz)—(1—x) (P,Os)
[35] with x=0.55 to 0.8.

In xV,0:—~1-x) [0.6 PbO-0.4 P,O;] glasses with
x=0.08 to 0.8 (Fig. 4) [36], the fraction of reduced V
ions V#/(V4+V5*) (Fig. 4) decreases with increasing
V,05 concentration, in opposition to copper and iron.
The formation of complex oxide ions shifts the redox
equilibrium.

In conclusion, according to the transition metal, the
evolution of the reduced state/oxidised state ratio ver-
sus its concentration is different. For copper and iron,
the formation of reduced state is favoured when their
concentration increases, but for vanadium the oxidised
state is favoured. For the molybdenum, there exists a
maximum for this ratio, the reduced state is favoured
when the MoOPO, units are present in glasses. So it
is very difficult to predict the evolution of
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Fig. 4. [V*¥*[Viqa] ratio versus V,O5 content in

X V,0s~1—x) [0.6 PbO-0.4 P,0;)] glasses. m Hirashima et al.
[36], A our results.

TM™/TM™D* ratio versus the TMO content because
structural constraints, coordination, and complex ion
formation influence the redox behaviour.

2.2.4. Influence of basicity at constant TMO/P,O4

Attempts to relate redox ratios with the basicity
have been made in the two following studies. The
first  one concerns the ternary 0.5P,0—
0.3 CuO-0.2 MO glasses (Cu/P and O/P constant) [31]
with M =2K, 2Na and 2Li or Ca and Mg. The
Cu?*/(Cu?*+Cu*) ratio increases in order K >Na> Li,
and for akaine earth Ca>Mg. For M =2K, 2Na
and 2Li, the ratios represent 0.96, 0.94 and 0.87,
respectively, and for M = Ca and Mg, the ratios repre-
sent 0.85 and 0.75, respectively. The Cu?*/Cuqyy ratio
is then clearly related to the basicity. The incorpora-
tion of network modifiers such as akali and akaline
earth oxide in the glass structure increases the num-
bers of non-bridging oxygens, increases the basicity,
and hence the oxidised state is favoured. The basicity
is dso related to the bond strength; when the ionic
radius of the modifier increases, the bond strength
between modifier and oxygen decreases, so the polar-
isability of oxygen ions increases.

The second study concerns the xNa,O-
(1-x) [0.4 (M0O;),—0.6 (P,O5)] [34] dlasses with
Mo/P constant, but with compositional changes (O/P).
The Mo>*/Mo®* ratio decreases when the Na,O con-
tent increases. for x=0.1, 025 and 0.6, the
M0®* /MOy, ratios are 0.3, 0.14 and 0.01, respec-
tively. This redox evolution is thus in accordance with
basicity considerations. Moreover, if one compares the
M0®* /MO,y ratios of x Na,O—(1-x) [0.4 (M0Os),~
0.6 (P,0g)] and xLi,0—-(1—x) [0.4 (M0O3),—0.6(P,Og),
for a given composition, it is lower than in the
lithium glass, which is aso in agreement with what
would have been expected from basicity consider-
ations. The authors also assume that this is because
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Na" ions have a higher aptitude to stabilise the +6
valency of molybdenum [34].

3. Cationic sites of transition metals
(TM) in phosphate glasses

A review of the coordination of transition elements
in silicate glasses [38] draws the conclusion that tetra-
hedral coordination is frequent for cations, and the
octahedral one is restricted to the larger cations. A
five-coordination, unusual in crystalline solids, appears
however to be a normal coordination state in glasses
for severd transition elements such as nickel or tita-
nium. In low-akai borate glasses (<10 mol% alkali
oxides), an unusual octahedral coordination for nickel
and cobalt has been reported [40]. Even at high dilu-
tion, Ni, Co and Zn ions are inhomogeneously distrib-
uted within ordered domains extending to 0.6 nm [39].
These domains consist of corner and edge sharing
NiOg octahedra. What happens in phosphate glasses
containing transition elements?

3.1. TMO,-P,O5 phosphate glasses (TM = transition
metal) without alkali or alkali-earth in
the composition

3.1.1. Local environment of transition metals (TM) with a
unique valence state

The most significant study found in the literature on
TM-containing phosphate glasses without akaline or
alkaline earth oxides concerns zinc phosphate glasses
[40]. Coordination number of 4.05 is claimed for the
zinc. Since Ny is 4, ZnO, units do not have to
share terminal oxygens (O;) and clusters of Zn sites
are not formed. In addition, prior EXAFS [41, 42]
studies showed an increase in the zinc coordination in
the binary (1-x) ZnO—xP,05 glass for compositions
after the metaphosphate composition (x > 0.5).

3.1.2. Local environment of transition metals (TM)
with various valence state

The loca  environment around iron in
0.4 Fe,0;0.6 P,O; (molar composition) melted at
various temperatures or under different melting atmo-
spheres has been investigated using 5’Fe Mdsshaver
and X-ray-absorption fine structure spectroscopies
[43]. The authors indicate that Fe(l11) ions occupy two
distinct sites, whereas the Fe(Il) ions occupy a single
site. The average Fe-O coordination number extracted
from EXAFS fits is close to 4.5 and corresponds, for
the authors, to a mixed tetrahedral-octahedral coordi-
nation for both Fe (I1) and Fe (l11) ions.

In an investigation of copper in phosphate glasses,
Musinu et al. [44] proposed that their results are con-
sistent with the hypothesis that Cu(ll) and Cu(l)
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occupy sites with different coordination geometries.
Both coordination polyhedra are described from a dis-
torted octahedron: the twofold coordinated Cu(l) origi-
nates from axia neighbours in a 2 + 4 distorted octa-
hedron, and the fourfold coordinated Cu(ll)
correspond to only four equatorial neighbours in a
4+ 2 octahedron. Explanations of the evolution of
physical properties with composition [45] are pro-
posed by considering the difference in coordination
and bonding states of copper: Cu(l1)-O bonds are
mainly ionic, meaning that CuO acts as a network
modifier, thus leading to formation of non-bridging
oxygens. Cu(l)-O bonds have a more covaent charac-
ter; they act as links between phosphate chains, thus
conferring to Cu,O a network-forming character.

Another example concerns the studies of Rao et al.
[46, 47], devoted to MoO; and WO; in phosphate
glasses. The authors proposed that in these glasses,
molybdenum (mainly stabilised as Mo®*) and tungsten
(W5*) are octahedrally coordinated.

3.2. TMO,—P,0-M,0 phosphate glasses
(TM =transition metal and M = alkaline)
or TMO,—P,0-—M’O phosphate glasses
(TM =transition metal and M’ = alkaline earth)

3.2.1. Theisolated octahedral site of transition metal (TM)
and its distortion

Octahedral coordination appears to be the basic
coordination of TM in akaline or akaline-earth phos-
phate glass chemistry [40]. However, as the TM con-
centration increases, the proportion of distorted sites
increases. Optical absorption spectra recorded for
doped Ni, Mn, Cr in 20Na,0-20K,0-60P,0Oq
glasses indicate an octahedral coordination [48]. Cor-
rias et a. [49], in a neutron diffraction study of the
30 NiO-35Na,0-35 P,0O5 dlass, found a Ni-O dis-
tance centred at 0.205 nm, which is attributed to dis-
torted octahedral coordination rather than to the five-
fold coordination found in a calcium nickel silicate
glass [38]. However, the second difference data seem
to be quite similar to those obtained for the calcium
nickel silicate glasses, indicating some cation ordering
in glasses [38].

For Co?*, there is evidence for an octahedral—tetra-
hedral equilibrium [49]. The same equilibrium is
found in Zn-containing phosphate glasses [50, 51].
Molecular dynamics simulations were undertaken on
2 ZnO-Na,0-3P,0; glass and leads to a zinc coordi-
nation number of 3.96.

Three sodium phosphate glasses
(1 -x) NaPOgx Fe,0O; with x=0.05, 0.1 and 0.15
prepared in air in the same experimental conditions
have been studied using 5"Fe Mossbauer spectroscopy
[33]. High-spin ferric and ferrous iron with mean iso-
mer shift values a 043-044mm s?' and
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1.20-1.26 mm s, respectively, are characteristic of
an octahedral coordination. An article [52] discusses
the relationships between the composition and struc-
ture of three glass series: Na,O-Al,0;—P,05 (NAP),
Na,0-Al,0;-Fe,0:P,04 (NAFP) and
Na,0—+e,0;+P,05 (NFP). The substitution of Al,O,
for Fe,O; in (NAFP) phosphate glasses enhances the
formation of pyrophosphate units, because iron has a
stronger effect on the depolymerisation of metaphos-
phate chains than aluminium.

Copper-doped sodium metaphosphate glasses have
been studied by EPR and optical absorption [53]. The
EPR results show that g, <g,, indicating tetragonally
elongated octahedral sites for the Cu?* ion in the
glass. Cozar et a. [54] have called this local symme-
try of Cu?" an unusua tetrahedral (T,) configuration.
It is admitted that the Cu coordination is higher in
phosphate than in silicate and borate glasses [13].

3.2.2. Simpleion or complex ion of transition metal (TM)
in phosphate glasses

As shown at the beginning of this review, complex
oxide ion can be formed by the complexation of
TM™ by O?". The complexation degree may be low
like in VO?* or high in CrO,%~. The transition from
simple ions to complex oxide ions occurs as a func-
tion of the oxidation state or under the influence of
the glass composition.

3.2.2.1. Influence of the glass composition on the complex
oxide formation

In vanadium-doped sodium metaphosphate glasses
[53], V4 is the main redox state. EPR studies show
that g5>g,, indicating a tetragonally compressed
octahedral site. Thus, it is to be inferred that vana
dium enters the glasses as VO?* ion. This transition
from octahedral V4 to VO?" complex oxide ions
seems to be due to the decrease of the effective
charge of the surrounding oxygen ligands, which
decreases their electron donating ability (o bonds),
while the charge of the centra vanadium remains
high. This induces the promotion of strong m bond
with the two axial oxygens of the compressed octahe-
dron.

The titanium environment has been well investi-
gated by [55-60]. The combined XANES and EXAFS
data are consistent with the presence of two different
kinds of titanium sites. octahedral and square based
pyramids. More precisely, EXAFS analysis gives evi-
dence for short Ti-O distances (0.161 nm-0.169 nm)
that are typical of the distances usually observed in
several titanates exhibiting TiOg groups. The propor-
tion of sguare-bonded pyramids increases with the
titanium concentration.

3.2.2.2. Dependence of complex oxide formation upon
the oxidation state

This corresponds to the well-known tetrahedral
complexes such as CrO,%, VO,> and MoO,*.
Murata et al. [20] report studies on chromium dopants
in large series of glasses, silicate, borate, aluminate
and phosphate. The Cr3* and Cr® ions coexist,
excepted in the phosphate glasses. Even at high aka
line concentration, the CrO,2~ complexes do not exist
in phosphate glasses. The conclusions are identical for
Cr in  more complex glasses such as
NasGa,_,Cr,(POs)g with 0<x<1 [61], where Cr3*
ions have an octahedral environment and move gal-
lium ions towards tetrahedral sites. In a calcium chro-
mium phosphate glass [62] of composition:
0.24 Ca0-0.01 Cr,045-0.75 P,Og, the chromium (l11)
environment is also found to be octahedral. Contrary
to the chromium, discrete MoO,%entities are present
in molybdenum phosphate glasses rich in akaline
oxides [63].

3.2.3. Condensation of distorted TM octahedra

As the TM concentration increases, ‘invert’ glass
network is created, meaning that the glass network is
formed with both PO, tetrahedra and MO, polyhedra
In some cases, connections between TMOg octahedra
occur through oxygens not bonded to the phosphate
skeleton. To obtain these invert networks, two ways
are generaly proposed: either by adding M,O to
TMO,P,05 or TMO, to M,0-P,0s.

In xTiO,~1-x)(Na,0O—-P,0z5) systems containing
large amounts of titanium [64], EXAFS indicates the
presence of titanium in the second coordination shell
of a given Ti at a distance of 0.34 nm, suggesting the
formation of Ti—O-Ti-O-Ti-O chains like in
KTiOPO,.

In a similar way, large introductions of Nb,Ogy or
Ta,0s in a borophosphate matrix (0.95 NaPO4—
0.05 Na,B,0-) give rise finaly to a three-dimensional
association of corner-shared octahedra [65]. Fargin et
al. [56] suggest, for the same glass system, that the
Nb-Nb distances estimated from the EXAFS anaysis
are typical of those found in a bronze framework
(Nb-Nb=0.32nm and 0.4nm). A recent **Nb solid
state NMR analysis confirmed the presence of two
niobium environments in (1-x) NaPO;—xNb,Og
glasses [66] (Fig.5), attributed to isolated and con-
densed NbOg polyhedra bonded to a different number
of PO, tetrahedra.

Cozar e a. [67] have found for the
X V5,051 -X) (P,Os—N&a,0O) glass system two EPR
signals, one with hyperfine structure typical for iso-
lated ions and another one consisting of a broad line
without hyperfine structure characteristic of clustered

699



C. Mercier et a./ C. R. Chimie 5 (2002) 693-703

X=0.06

AR R R RN RN R R R R RN RN R R RRREERRERNRRREERRE R nn ]

1000 -1000 -3000

Chem. shift (ppm)
Fig. 5. ©*Nb NMR spectra of (1 —x) NaPO;—x Nb,Og glasses.

ions. These clustered ions are not evidenced at low
V05 contents (x = 0.05).

The electron paramagnetic resonance (EPR) spectra
of W°%ions in Li,O-WO;P,0O5 with different
amounts of oxide components have been investigated
by Rhakimov et a. [68]. They have shown that Li*
addition favours the formation of tungsten pairs. The
mean distance between W% ions indeed decreases
from 0.453nm for the glass without lithium to
0.37 nm for the glass containing lithium. In the same
Li,O-WO4—P,0O5 glass system, Boulich et al. [63]
made structural analysis using various spectroscopic
techniques such as infrared, Raman and EPR. The
composition of their glasses are XP,0Os—
yA,MO,~(1-x-y)A,0, with x = 05 to 0.8 and
y=10, M =W and A = Li. These glasses contain octa-
hedral MOg and tetrahedral MO, units. M,O, dimers
appear when the Li,MO, content is increased. In
0.4 Ca0—0.6 —X) P,O—X WO, glasses with
0<x<0.15, the authors [69] reported clear evidence
for WOg and WO, groups, identified by infrared spec-
troscopy. In the compositional range 0.03 <x < 0.15,
when x increases, the infrared band attributed to WOgq
is gradually shifted towards higher frequencies and its
intensity decreases. The authors propose a different
interpretation of the structura role of WO5;. The WOq
octahedral concentration decreases because they are
generaly more strongly interconnected into 3D units
than WO, This structural organisation leads then to a
decrease of the long-range disorder.

3.3. Charge balancing of distorted octahedra by alkali
or alkali earth cations

Detailed studies on the charge compensation of the
TM have been carried out on the K,O-TiO,—2 SiO,
glass [70]. The Ti site corresponds to a square-based
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pyramid with four oxygens at 0.196 nm and one non-
bonded oxygen at 0.168 nm. In this case, the authors
propose that K atoms are charge compensators of the
non-bonding titanyl bond.

In the 0.5 Ca0-0.2 TiO,—0.3 P,Og glass, Brow et al.
[40] conclude that the glass network consists primarily
of corner-shared orthophosphates and distorted octahe-
dra of titanate units. In addition, the network is also
constituted by five-coordinated titanate species (TiOg).
Cacium ions are most likely associated with the
anionic octahedral titanate species in sites similar to
those occupied by sodium in crystaline NasTi(PO,);
[71]. According to Brow [79], the problem of titanate
is analogous for iron in phosphate glasses. Anionic
(Fes0,,)*° clusters are formed with one Fe(ll) and
two Fe(lll) ions, both in six-fold coordination. The
(Fe;0,,)'% clusters are interconnected via P,0,*
groups.

Addition of TiO,, Ta,O5 or Nb,Og removes some
non-bridging oxygens from the phosphate network.
Consequently, the alkali modifiers are forced near the
transition metal polyhedron for balancing the charge.

4. Relationships between phosphate
framework and cationic organisation

A complete description of the anionic phosphate
network in xZnO—1-x) P,Og glass system [72-73]
is proposed by means of two-dimensiona (2D) solid
and liquid states 3P NMR. Average chain length in
these glasses are determined and compared to the val-
ues predicted by the Van Wazer’s theory. A large dis-
crepancy in the phosphate groups quantification is
noticed  for the  0552Zn0-045P,05 and
0.5 Zn0-0.5 P,O5 glasses. According to the authors, a
first reason is that some authors did not consider the
dispropornation reactions in the model. A second rea
son is based on the increase of the zinc coordination.
The Zn®* ions are bonded more ionically with more
of their oxygen neighbours and depolymerise more the
phosphate chains. Hussin et al. [74] reported structural
studies on x CdO—1—x) P,O5 (0.25<x<0.6) glasses.
The local structure has been studied using 3P, 113Cd
nuclear magnetic resonance. The observations are the
same as those for zinc phosphate glasses.

In ternary phosphate glasses, the addition of transi-
tion metal oxide to alkali or akali-earth condensed
phosphate glasses leads to a depolymerisation of phos-
phate chains. X-ray diffraction has been used to study
the cation coordination in three glasses with composi-
tion 0.30 TMO-0.35 Na,0-0.35P,05 (TM =Ni, Zn,
and Cu). [75]. Average coordination numbers turned
out to be 6 for Ni?*, 5 for Cu?* and 4.5 for Zn?*.
Anionic speciation has been investigated by IR,
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Fig. 6. 3P doublequantum filtered MAS spectrum of
0.5 Na,0-0.45 P,0.-0.03 Ti0,~0.02 Bi,0; glass.

Raman spectroscopy for the Cu- and Ni- containing
glass, and 3P MAS-NMR for the Zn- containing
glass. The three glasses were found to be amost
exclusively composed of diphosphate units. These
observations are in agreement with the Van Wazer's
fully ionic modifying oxide model for phosphate
glasses and are a priori independent of the coordina-
tion of TM.

A recent NMR study [76] details the relationships
between the phosphate framework and cationic sub
lattice. This study was carried out on the glass system
0.485 Na,0-0.485 P,05-0.03 [3 x TiO,—2 (1 — X) Bi,Os]
with 0<x<l1. It is assumed that Bi replaces Ti and
that Bi,O5 does not act as a network former [77]. The
originality of this study [76] is to maintain the O/P
ratio constant in the various glasses. 3P MAS NMR
and 3P double quantum MAS NMR enabled the char-
acterisation of the phosphate network. Diagona peaks
(Fig. 6) on the 3P double quantum MAS NMR indi-
cate self correlated Q" sites [78]. The occurrence of
diphosphate species Q' .1y a—7 ppm in the MAS
dimension is early observable in the depolymerisation
process [76]. The second important point concerns the
chemical shift of Q%% sites at —19 ppm, which indi-
cates that they are only linked to Na'ions. The Q¥Q*
ratio increases with the TiO, content and leads to a
condensation of the phosphate network athough the
O/P ratio is maintained constant (Figs. 7 and 8).

The same conclusions are proposed for tantalum
and niobium oxides, which act also as intermediate
network former in akali phosphate glasses and there-
fore eliminate some non-bridging oxygen [65]. The
same conclusions are aso vaid for Nasicon-type
glasses, with the genera formula A,B,P;0O,,, where

D1

D3

Chem. Shift (ppm)

Fig. 7. 3P MAS-NMR of 48.5 Na,048.5 P,0—
3 [3xTiO,~2(1-x) Bi,Og] glasses with 0<x<1. D1: x=0, D3:
x=0.042, D4: x=0.059, D5: x = 0.085.
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Fig. 8. Relative amount of Q" species obtained by deconvolution of
the 3P NMR spectra of Fig. 7.

A=Li, Naor K and B=Fe, Ti, V or Nb [46]. They
contain diphosphate units, athough the chemical for-
mula indicates that they are orthophosphate. These
non-expected condensed phosphates do not exist in
the crystalline ‘Nasicon-type structure’, which is built
up of corner sharing [BOg,]™ octahedra (n=6—the
coordination of B) and [PO,,]*.

5. Perspectives

This survey is limited to transition metal in binary
glasses and in alkali or alkali-earth ternary phosphate
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glasses and does not take in account TM in more
complex systems, like halogen—phosphate glasses, like
fluorophosphate glasses or phosphate glasses doped
with Agl, PbO-containing phosphate glasses and
finally phosphate glasses, in which redox reactions
occur between two (or more) different transition metal
ions. The knowledge of the cationic sites is far from
being complete. It seems that interesting phosphate
materials like NASICON glasses are found when the
phosphate network turns into an inverted network.
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