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Abstract
Structures of (FeO)x(P2O5)1−x glasses with 0.2 � x � 0.5 are studied by
x-ray diffraction using high energy photons from a synchrotron. Scattering
intensities are obtained up to Qmax of 250 nm−1. P–O, Fe–O and O–O first-
neighbour peaks are well resolved in the pair distribution functions. Constant
P–O coordination numbers of 4.0 ±0.1 with distances of 0.155±0.001 nm are
found as expected for PO4 tetrahedra. Mean Fe(II)–O coordination numbers
of ∼5 with distances of ∼0.210 nm are extracted from fitting the Fe–O peaks
where the oxygen coordination number of the minor fraction of 5–18% Fe(III)
was set to six with Fe–O distances of 0.200 nm. The existence of FeO5 or
strongly distorted FeO6 polyhedra instead of densely packed FeO6 octahedra
for the Fe(II) sites is attributed to the mixed oxide effect. Fe3+ cations in rigid
FeO6 octahedra hinder the Fe2+ cations in forming well defined octahedral
environments.

1. Introduction

Phosphate glasses containing fractions of iron oxide have been found to possess excellent
chemical durabilities, so making them candidates for use in vitrification of high level nuclear
wastes [1, 2]. In the corresponding applications multicomponent glasses of the polyphosphate
range are used. Most earlier structural studies of Fe phosphate glasses were made on samples
of these compositions [3–10], among them binary (FezO)x(P2O5)1−x glasses [8–10]. Possible
numbers z range from 0.66 to 1, indicating that iron atoms exist as mixtures of Fe(III) and Fe(II)
states. In the polyphosphate range, with n(O)/n(P) > 3, a significant fraction (>75 at.%)
of iron atoms exists in the Fe(III) state. Their fraction also depends on raw materials and
melting conditions [8, 10]. Various Fe–O coordination environments are found by different
methods at different glass compositions: four- to five-coordinated sites by Fe–K EXAFS
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Figure 1. Me–O coordination numbers of Zn and Mg phosphate glasses versus MeO content. MTO
is the ratio of available terminal oxygen per Me atom.

measurements [10], Fe(III)O6 octahedra and distorted Fe(II)O6 octahedra by Mößbauer
spectroscopy [7, 8] and octahedra by Fe–K EXAFS [5] and x-ray diffraction (XRD) [6].
The high durability of such glasses is attributed to rigid octahedral Fe(III) sites which link the
short phosphate chains and block migration of other cations [5, 6].

The present XRD work is aimed at studying structural effects of the binary Fe phosphate
system in the ultraphosphate compositional range (n(O)/n(P) < 3), where an excess of the
P2O5 fraction exists. Structures of such phosphate glasses are known as three-dimensional
networks of corner-linked PO4 tetrahedra where three-connected branching units (Q3) coexist
with two-connected middle units (Q2) [7, 11]. If glassy samples of high P2O5 fractions are
prepared the corresponding samples have to be molten in sealed ampoules to avoid loss of the
volatile P2O5 fraction and contamination with humidity [12]. Here, FeO is used as starting
ingredient and, thus, the majority of iron atoms is expected to be in the Fe(II) state. The four
glass samples used in this study are part of a larger series which has already been investigated
by Mößbauer and IR spectroscopy [13]. The Mößbauer experiments indicate that 5–18% of
the Fe ions are Fe(III) ions and the remainder are Fe(II) ions. Both species are present in
octahedral coordination sites [13].

Oxygen environments of Zn ions in binary Zn ultraphosphate glasses (Zn2+ ions have
dimensions similar to those of Fe2+ ions) have been found to change from octahedral to
tetrahedral geometry with ZnO fractions increasing from x = 0.33 to 0.5 [14–16]. A similar
behaviour exists for MgO but only some of the Mg sites change to tetrahedral environments at
metaphosphate composition (x = 0.5 or n(O)/n(P) = 3) [14, 17, 18]. If for x changing from
0.33 to 0.5 the metal–oxygen coordination number, NMeO, decreases from six to four, then
NMeO changes in agreement with the ratio MTO of available terminal oxygen atoms (OT) per
Me. (Bridging oxygen atoms are called OB.) The number MTO decreases upon MeO addition
with MTO = n(OT)/n(Me) = ν/x [14, 19] where ν is the valency of Me. Figure 1 shows a
comparison of the behaviour of MTO for ν = 2 with experimental numbers NZnO and NMgO.

The effect of MTO on NMeO is explained as follows [19, 21]: all OT including those
of the PO4 branching units are available to coordinate Me atoms. With small MeO fractions
(MTO > NMeO)MeOn polyhedra with greater NMeO values are preferably formed isolated from
each other, e.g., ZnO6 octahedra in the case of Zn2+. The OT link neighbouring P- and Zn-
centred oxygen polyhedra through Zn–OT–P bonds. Thus, the octahedral symmetry extends
even to the second coordination shell of the Zn sites. In the transition from MTO � NZnO
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Table 1. Compositions of the binary (FezO)x (P2O5)1−x samples studied. Value z is equal to
unity in the nominal compositions. According to the Fe(III) fractions detected by Mößbauer
spectroscopy [13] the nominal compositions are changed to new x with fixed n(Fe)/n(P) ratio by
adding appropriate amounts of oxygen.

Sample label Nominal x n(FeIII)/[n(Fe)] z value New x n(O)/n(P)

FP2 0.20 0.18 0.940 0.21 2.64
FP3 0.30 0.12 0.960 0.31 2.73
FP4 0.40 0.05 0.983 0.41 2.84
FP5 0.50 0.06 0.980 0.51 3.02

to MTO < NZnO with ZnO additions NZnO decreases and maintains Zn–OT–P linkages until
only ZnO4 tetrahedra exist. If MTO becomes less than four the Zn share OTs to fulfil their
coordination requirements. Effects of decreasing NMeO are not only found for Zn and Mg but
are also reported for three-valent modifier oxides Me2O3 with Me = La [21]; Nd, Er [22];
Al [23] and Ga [24]. In the present work, the coordination environments of Fe(II) ions are
examined using the structural model described above. The Fe(II) ions differ from the modifiers
mentioned above because they possess partially filled d-shells which can cause stabilization
effects of definite ligand geometries [25]. Fe–O first-neighbour distances of ∼0.20 nm are
similar to those of Zn–O and Mg–O pairs. The Fe–O peaks are expected to be well resolved
between the P–O and O–O peaks at ∼0.15 and ∼0.25 nm if XRD with short wavelength
synchrotron radiation is used [16–18, 20]. Reliable numbers NFeO are expected. Neutron
diffraction (ND) on spallation sources can reach similar or even greater measuring range with
higher resolving power. But such experiments are difficult for iron containing glasses. The
magnetic scattering amplitude of the Fe atoms [9, 26] is not properly known.

2. Experimental details

The samples are prepared as described in [13]. Raw materials used for melting in sealed
silica ampoules are mixtures of P2O5 (purified by vacuum sublimation) and reagent grade
FeO. Melts were held at 1100 ◦C for 1 h. The ampoules were transferred to a dry box
immediately after removing from the furnace. The resulting glasses are black and visibly
homogeneous. The batch compositions of the glasses studied are x = 0.2, 0.3, 0.4 and 0.5.
Mößbauer spectroscopy [13] reveals small fractions of Fe(III) contamination (see table 1).
For the analysis of diffraction data such glass compositions are used where the original ratio
n(Fe)/n(P) is fixed but the oxygen fraction is increased to take into account the Fe2O3 fraction.
So the actual compositions x are little greater than the nominal ones.

The XRD experiments were performed on the BW5 wiggler beamline at the DORIS III
synchrotron (Hamburg) where an energy of incident photons of 115.4 keV (λ = 0.0107 nm)

was used. Glass powders were loaded into 3.0 mm (diameter) silica capillaries with a wall
thickness of 0.01 mm. In the scans the detector moves horizontally on a straight line,
perpendicularly to the incident beam, in equidistant steps reaching a maximum scattering
angle of 25◦. Additional runs for reduction of the noise of counting statistics in the high Q
range were made for the sample FP5. Since the scattering angles are small the transmission
factors are assumed to be independent of the angle. Details of such experiments and the
corrections are described elsewhere [27]. The elastic line and the full Compton profile pass
the electronic energy window of the solid-state Ge detector. Dead-time corrections are made
with values τ of 1.08 µs. A fraction of 0.91 of incident photons is polarized horizontally.
Corrections are made for background, container scattering, varying sample–detector distance
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Figure 2. Weighted interference functions, Q[S(Q)−1] (dotted curves), of the four iron phosphate
glasses studied. The solid-curve functions are calculated using parameters from fitting the P–O,
Fe–O and O–O first-neighbour peaks.

and absorption. Scattering intensities are normalized to the structure-independent scattering
functions which are calculated by a polynomial approach [28] of tabulated atomic parameters
of the elastic scattering factors [29]. Finally, the Compton fractions taken from tabulated
data [30] are subtracted and Faber–Ziman structure factors, S(Q), are calculated [31, 32].

3. Results

The resulting scattering intensities are plotted in figure 2 by means of the weighted interference
functions, Q[S(Q)−1]. The experimental functions are compared with model functions which
are calculated with parameters of the Gaussian functions fitted to the first-neighbour peaks of
P–O, Fe–O and O–O distances (see below). The information in the high Q range is obviously
only related to the first-neighbour peaks. The correlation functions, T (r), are calculated by
Fourier transformations with

T (r) = 4πrρ0 + 2/π

∫ Qmax

0
Q[S(Q) − 1]M(Q) sin(Qr) dQ (1)

where ρ0 is the number density of atoms. The ρ0 are refined according to the condition
T (r) = 0 for distances less than the P–O bond length. The values Qmax used are 252 nm−1,
the upper limit of scattering data, and also 220 nm−1. A damping factor M(Q) with
M(Q) = sin(π Q/Qmax)/(π Q/Qmax) [33] is used in the case of Qmax = 252 nm−1 to
reduce effects of noise in the high Q range of data. The satellite ripples are clearly damped
which makes easier subsequent fitting of peaks. However, damping also causes additional
peak broadening. The resulting T (r) functions are given in figures 3(a) and (b). They show a
clear decrease of P–O peak intensity and an increase of Fe–O peak intensity with increasing
FeO content.

Details of the short range order are obtained by analysing the P–O, Fe–O and O–O first-
neighbour peaks by Gaussian fitting. Effects of truncation of Fourier transformation at Qmax

(equation (1)) and Q-dependence of weighting factors are taken into account as described
in [34, 35]. The Marquardt algorithm [36] is used in the fits. Coordination numbers, mean
distances and full widths at half maximum (fwhms) are parameters of the model Gaussian
functions. The results for the iron phosphate glasses studied are given in table 2.
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Figure 3. Correlation functions, T (r), calculated with different upper limits of measuring range:
(a) Qmax = 252 nm−1 and Lorch damping [33]; (b) Qmax = 220 nm−1. Experimental data—dotted
curve; total model function—thick solid curve; P–O peak—thin solid curve; Fe–O peak—dashed
curve; O–O peak—dash–dotted curve.

Several assumptions are made in the fits: according to knowledge of different lengths of
P–OT and P–OB bonds in the PO4 tetrahedra [15, 37, 38] two Gaussian functions are used
for fitting the P–O peak. The lengths and frequencies of both bonds change with increasing
modifier content. The ratio of their frequencies was calculated from composition x [11, 15]
and fixed in the fits. The difference of lengths of the P–OT and P–OB bonds was fixed at
∼0.01 nm [15]. The assumption of two Gaussian peaks for the P–O bonds in the fits presented
here is not evidential of their existence. But the appearance of split P–O peaks is only a question
of resolving power. ND measurements of phosphate glasses with Qmax of ∼500 nm−1 result
in two components of the P–O peak [38].

Fe(III) sites are assumed to be six coordinated in the glasses studied, consistent with the
earlier Mößbauer study [13]. The assignment of NFeO = 6 for Fe(III) sites is also consistent
with the reported octahedral coordination geometries for even smaller Al3+ and Ga3+ ions in
their respective binary metaphosphate glasses [23, 24]. This coordination number is expected
to be valid in the ultraphosphate range, as well, where for each Fe(III) introduced three Q3

tetrahedra are changed to three Q2 tetrahedra, now with six OT. The Fe–O distance for this
FeO6 octahedron is set at 0.200 nm, consistent with the Fe–O bond distance in Fe(PO3)3

crystals [39]. Although the Fe–O and O–O peaks are well resolved some parameters of the
Gaussian function used for fitting the O–O peak at ∼0.25 nm are fixed. This approach reduces
effects from peaks of greater distances such as those of P–P neighbours. Since distance rPO is
independent of the modifier content, see table 2, rOO should also be fairly independent of x .
The O–O edges of the PO4 tetrahedra have lengths of ∼0.252 nm [15, 24]. The numbers
NOO are calculated from the ratio of OT and OB sites with NOO = 24/(5 + y) [21] where y
is n(MeO)/n(P2O5) with y = x/(1 − x). An OT has three and an OB has six first-neighbour
O atoms. Other O–O distances than the tetrahedral edges are greater than 0.27 nm (see the
related crystal structures [39–43]). Finally, all other distances between 0.20 and 0.25 nm are
attributed to Fe–O correlations of the Fe(II) sites. Two or three Gaussian functions are used
in the fits due to an asymmetry of the remaining peak.

At first, fits are made with the T (r) functions shown in figure 3(a) which have been obtained
with damping. The resulting parameters are given in table 2 and are used for calculating model
functions to compare with the T (r) data shown in figure 3(b). These functions have been
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Table 2. Parameters resulting from Gaussian fitting of the P–O, Fe–O and O–O first-neighbour
peaks. Distances and fwhms are given in nm.

Atom Coordination Total coordi- Mean
Sample pair number Distance Fwhm nation number distance

FP2 P–O 1.27b 0.1484b 0.009(2) 4.0(1) 0.156(1)
2.73b 0.1594b 0.011(2)

Fe(III)–O 6.0a 0.200a 0.020a

Fe(II)–O 4.5(4) 0.208(1) 0.018(3) 5.5(6) 0.210(2)
1.0(2) 0.222(3) 0.020(4)

O–O 4.55a 0.252a 0.026(4)

FP3 P–O 1.45b 0.1484b 0.011(2) 4.0(1) 0.155(1)
2.55b 0.1594b 0.013(2)

Fe(III)–O 6.0a 0.200a 0.020a

Fe(II)–O 4.0(3) 0.209(1) 0.021(3) 5.0(5) 0.212(2)
1.0(2) 0.224(3) 0.025(4)

O–O 4.40a 0.2515a 0.022(4)

FP4 P–O 1.73b 0.1493b 0.009(2) 4.1(1) 0.155(1)
2.37b 0.1593b 0.012(2)

Fe(III)–O 6.0a 0.200a 0.020a

Fe(II)–O 4.0(2) 0.2065(1) 0.025(3) 5.0(4) 0.212(2)
0.7(1) 0.225(3) 0.025(4)
0.3(1) 0.250(5) 0.025(5)

O–O 4.22a 0.252a 0.018(4)

FP5 P–O 2.03b 0.1502b 0.009(2) 4.0(1) 0.155(1)
1.97b 0.1602b 0.012(2)

Fe(III)–O 6.0a 0.200a 0.020a

Fe(II)–O 3.6(2) 0.204(1) 0.022(3) 5.0(3) 0.210(2)
1.4(1) 0.225(3) 0.026(4)

O–O 3.98a 0.252a 0.016(4)

a These values are fixed in the fits.
b The ratio of P–OT and P–OB bonds is calculated according to the compositions and the difference
of P–OT and P–OB distances is fixed.

obtained without damping but with smaller Qmax. Agreement with the experimental data is
excellent which confirms the assumptions of the P–O, Fe–O and O–O peaks. An exception
is the O–O peak of sample FP2. Here the O–O distance has to be changed to 0.254 nm and,
as a consequence, the number NFeO of the Fe(II) sites increases to 6.5. But the small weight
of the Fe–O correlations for sample FP2 leads to greater uncertainty of this NFeO. Clear
differentiation of five- or sixfold coordination of Fe(II) sites is not possible for sample FP2.
In the case of sample FP4 a third small component of the Fe(II)–O peak at 0.250 nm is added;
for the other samples two Gaussian functions are sufficient to approximate the Fe(II)–O first-
neighbour correlations. The third peak component of FP4 is too small to discuss it as specific
of this sample.

P–O coordination numbers of four with P–O distances of ∼0.155 nm and O–O distances
of ∼0.252 nm indicate the existence of PO4 tetrahedra whose mean bond lengths do not vary
with the Q3 → Q2 change upon FeO additions. The mean Fe–O coordination numbers of
the Fe(II) sites are also constant with numbers NFeO of ∼5. (A little greater NFeO is found for
sample FP2, see above.) The corresponding Fe–O distances are ∼0.210 nm with a flat tail to
the right-hand side of the peaks. Further details of the Fe–O distances are not resolved. The
two or three broad Gaussians used to fit the Fe–O peak should not be interpreted as separate
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Figure 4. T (r) function of the metaphosphate sample FP5 with an Fe(III) fraction of 6%:
experimental data—dotted curve; total model function—thick solid curve. The Fe–O peak is
split into three components with Fe(III) in octahedral sites—dashed curve, Fe(II) in tetrahedral
sites—thin solid curve—and Fe(II) in octahedral sites—dash–dotted curve. Here it is assumed that
five-coordinated Fe sites do not exist.

distances. Changes of the conditions of the fits such as small variations of O–O distances or of
numbers NFeO of Fe(III) sites do not change the NFeO values of the Fe(II) sites much. Possible
variations are already included in the uncertainties given in table 2.

Though sufficient reasons exist to assume NFe(III)O = 6 with rFeO of ∼0.20 nm (see above)
the other case with NFe(III)O = 4 was checked for sample FP3. The fit leads to NFe(II)O = 5.3
instead of 5.0 with a decrease of the first Fe(II)–O distance by 0.001 nm. The effect is even
smaller for samples FP4 and FP5. Thus, the assumptions for the Fe3+ fraction are not critical
for determination of parameters of the Fe(II)–O peaks. Additionally, if Fe3+ ions form FeO4

tetrahedra then shorter Fe–O distances of 0.185 nm also have to be assumed. The corresponding
peak should be found in the minimum between P–O and Fe–O peaks (see figures 3 and 4) where
it is not really expected.

P–P and Fe–P peaks at ∼0.295 and ∼0.33 nm are also indicated in figure 3. Fits of these
peaks are not performed because of overlap with further pair correlations. Visible changes of
the peak heights are mainly due to changes of FeO fractions. In addition, the rupture of P–O–P
bridges between the PO4 units with increasing FeO content [11] contributes to the decrease of
the peak height of P–P first neighbours.

4. Discussion

The main part of the results of the present XRD experiments contributes to the knowledge
of oxygen environments of the Fe modifiers in ultraphosphate glasses. The existence of PO4

tetrahedra and of P–O–P bridges confirms other studies [11] of ultraphosphate networks. The
general change from the P2O5 network formed of Q3 units to the chain structure of Q2 units at
metaphosphate composition in the samples studied is demonstrated by infrared transmission
spectra already reported in [13]. The Q3 → Q2 change depends only on the quantity of oxygen
which is introduced with the iron oxide. The existence of mixed Fe(III), Fe(II) states does not
affect the fractions of Qk groups which behave according to the rules of network degradation
given by Van Wazer [44].

According to the numbers NZnO (or NMgO) found previously [15] and to the model
describing this behaviour [19] (see the introduction) the oxygen coordination numbers of the
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Fe(II) atoms have been expected to decrease from six to about four for x increasing from 0.33
to 0.5. In these considerations, the effects of the small fraction of six-coordinated Fe(III) sites
have been neglected. The values of NFeO are ∼5 and are almost independent of composition.
Fe–O coordination numbers of related crystals in the compositional range of glasses studied
are six (FeP4O11 [40], Fe2P4O12 [41]). Thus, the values of NFeO in the glasses differ from those
of related ultra- and metaphosphate crystals. Highly distorted FeO6 octahedra (Fe2P2O7 [42])
or FeO5 polyhedra (Fe3P2O8 [43]) are found in other Fe(II) phosphate crystals.

One model for a glass with NFeO ∼ 5 is that half of the Fe(II) ions are in tetrahedral
sites and half are in octahedral sites. Both coordination environments are stabilized by the
ligand fields for d6 ions like Fe2+ [25]. Figure 4 shows a deconvolution of the Fe–O peak for
sample FP5 based on this model. Contributions to this fit of Fe3+ ions are negligible and do
not cause significant uncertainties in the determination of the oxygen coordination of Fe2+.
The fractions of Fe(II) assumed to be in four- and six-coordinated environments would have
reasonable Fe–O distances of 0.201 and 0.215 nm, respectively. Both the peaks are broad
and there is little prospect of resolving differently coordinated Fe(II) sites by diffraction. The
Fe–O distances of the FeO6 octahedra of FeP4O11 [40] or Fe2P4O12 [41] crystals also form
asymmetric peaks but to a lesser extent than those of FeO6 octahedra given in figure 4.

The existence of equal fractions of FeO4 and FeO6 polyhedra for the Fe(II) sites in the
phosphate glasses studied would have consequences for the Mößbauer spectra. Indications
for the existence of two different Fe(II) sites would be expected. But the spectra are well
fitted assuming single Fe(II) sites [13] accompanied by a small signal for the Fe(III) fraction.
The Mößbauer hyperfine parameters, isomer shift (δ) and quadrupole splitting (�), of the
Fe(III) sites (∼0.4 and ∼0.6 mm s−1) agree with those of regular FeO6 octahedra (0.42 and
0.51 mm s−1 [8]) of the Fe3P4O14 crystal [45] (room temperature). The parameters δ and �

of the Fe(II) sites (∼1.3 and ∼2.0 mm s−1) agree with those of distorted FeO6 octahedra in
the Fe2P2O7 crystal [42] (1.25 and 2.5 mm s−1 [42]) and of FeO5 polyhedra in the Fe3P2O8

crystal [43] (1.19 and 2.1 mm s−1 [42]). Thus, from findings of Mößbauer spectroscopy [13]
and from the mean number NFeO of five found by XRD it is concluded that the majority of
Fe(II) atoms is in five-coordinated or strongly distorted six-coordinated oxygen polyhedra.
A strongly distorted FeO6 octahedron means that one of the Fe–O distances is greater than
0.26 nm, the upper limit of our Gaussian fits.

As already pointed out above, the FeO6 octahedra of Fe(III) atoms in the glasses studied are
all assumed to be formed of OTs from Q2 units where for glasses of x � 0.5 it is not necessary
to share these OTs with other Fe atoms. For the Fe(II) atoms regular oxygen polyhedra could
also be formed: FeO4 tetrahedra would be possible with the four OT of the two Q2 groups
transformed from Q3 for each Fe(II) introduced. If two OT from Q3 groups which are available
in ultraphosphate structures were involved, octahedra as existing in the FeP4O11 crystal [40]
could be formed. Therefore, the Q2 tetrahedra must coordinate the Fe(II) sites by OT–OT

edges only in glasses with low concentrations of Fe(II)O (x < 0.2) [19]. The change to more
efficient connections of Q2 groups with two Fe sites may explain the increase of Tg beyond its
minimum at x = ∼0.2 for this series of Fe ultraphosphate glasses [13].

So far, all Fe atoms could form sites in oxygen polyhedra which do not share corners. If
Fe(II) sites form FeO6 octahedra at the metaphosphate composition, they would have to share
four OTs with neighbouring Fe(II), as found in the Fe2P4O12 crystal [41]. From the point of
view of the quantity of oxygen available for coordination of the Fe(II) atoms, no reason exists
to form FeO5 or distorted FeO6 polyhedra.

Here we remember the effects of iron oxide for the chemical durability [1, 2, 7] if added
to phosphate glasses. The effects are valid for binary Fe phosphate glasses as well. Due to the
existence of Fe in two oxidation states a mixed oxide effect occurs where Fe2+ and Fe3+ are the
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Figure 5. Fit of the T (r) functions of Me metaphosphate glasses with Me = Mg, Zn, Fe and Co.
Experimental data—dotted curve; total model function—solid curve. The dashed-curve function
denotes the Me–O peak which is asymmetric for Me = Mg, Fe and Co. Since the convolution
of model peaks with the window function of Fourier transformation is already made some small
satellite oscillations occur.

modifier cations of different electric field strengths. From structures obtained by molecular
dynamics simulations of K, Na silicate glasses it has been revealed that the geometries of
oxygen polyhedra of Na+ cations with stronger field strength are altered at the expense of
distortions of those of K+ cations [46]. An analogous effect is assumed for the Fe phosphate
glasses: octahedral environments of Fe3+ cations surrounded by Q2 groups with short Fe–O
distances are fixed in the undercooled melt before regular environments of the Fe2+ cations are
formed. Fe(III)O6 octahedra possess higher bond energies in mixed glasses than in ‘binary’
Fe2O3–P2O5 glasses. They reduce the ability of Qk groups to form densely packed oxygen
polyhedra for the Fe2+ cations. Although the Fe(III) fractions are low (5–18%) in the glasses
studied, these quantities appear to be sufficient to cause dramatic effects. Rigid FeO6 octahedra
of the Fe(III) sites allow the Fe(II) atoms only to form FeO5 or distorted FeO6 polyhedra. This
structural effect is another facet of the high chemical durability of iron-doped multicomponent
polyphosphate glasses.

Though the uncertainty of NFeO ∼ 6 for the Fe(II) sites in the FP2 sample is great, this value
might indicate that in dilute Fe ultraphosphate samples, Fe2+ ions can form FeO6 octahedra. In
ultraphosphate glasses of x = 0.3 (sample FP3) where more than six OT are available for each
Fe2+ only FeO5 or strongly distorted FeO6 polyhedra instead of well defined FeO6 octahedra
are formed. Thus, a reasonable fraction of the OT of this glass structure does not have close
Me neighbours, a behaviour that is different from that for Mg and Zn ultraphosphate glasses
(see figure 1) and unexpected from the structure of the related FeP4O11 crystal [40], where
NFeO = ∼6.

The T (r) functions of metaphosphate glasses with Me atoms of similar dimensions (Mg,
Zn, Fe and Co) are shown in figure 5. The T (r) data of the Mg, Zn and Co glasses are
taken from [16]. The T (r) function of the Zn metaphosphate glass shows a sharp Zn–O peak
with NZnO = ∼4 whereas the Mg–O peak at the same position is very asymmetric with a
coordination number of ∼5.5. The coordination numbers NFeO and NCoO are ∼5, even though
the distances rFeO and rCoO are greater than rMgO. The rFeO and rCoO lengths agree with those of
MeO6 octahedra in Fe2P4O12 [41] and Co2P4O12 [47] crystals, respectively. The competition
with the Fe3+ cations is identified as the origin for the smaller coordination number found for
the Fe2+ cations. The origin for NCoO = ∼5 is not clear.
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5. Conclusions

The use of high energy photons from a synchrotron in XRD investigations of (FeO)x(P2O5)1−x

glasses (x = 0.2, 0.3, 0.4, 0.5) with contaminations of 5–18% Fe(III) yield correlation
functions with well resolved Fe–O peaks at 0.21 nm between the P–O and O–O peaks at
0.155 and 0.252 nm. Both latter peaks correspond to distances in the PO4 tetrahedra. Constant
P–O coordination numbers of 4.0 ± 0.1 as expected for tetrahedra demonstrate the reliability
of the scattering data.

The oxygen coordination of the small Fe(III) fraction was set to six with Fe–O distances
of 0.200 nm. Mean Fe(II)–O coordination numbers of ∼5 with distances of ∼0.210 nm are
extracted from fitting the Fe–O peaks. These values are almost independent of the FeO content.
With constant NFeO of five for the Fe(II) sites the behaviour of this metal–oxygen coordination
is different from that of related crystal structures with FeO6 octahedra and from that of Zn and
Mg ultraphosphate glasses which show effects of a dependence of NMeO on the ratio of terminal
oxygen per Me atoms. The explanation for the existence of FeO5 (or strongly distorted FeO6)
polyhedra for the Fe(II) sites is given with specifics of a system with mixed oxide effects where
the two fractions of Fe2+ and Fe3+ are assumed to be in competition. Thus, the behaviour of
the Fe(II) environments cannot be interpreted in the sense of binary Fe(II) phosphate glasses.
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