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Two different lengths of P-O bonds in the PO, units of phosphate glasses are found by neutron
diffraction experiments of high resolution in real space. The two lengths are related to bonds of
the phosphorus atom with the terminal and the bridging oxygen atoms. The mean lengths and
widths of both P-O distance peaks change as a function of the glass composition. In a large range,
starting from vitreous P,Os up to the pyrophosphate composition, the behavior of the bond lengths
is compared with that in the related crystals and with that resulting from ab initio calculations. The
bond lengths depend not only on the species of the participating oxygen atoms and on the number
of links of the concerning PO, unit but also on the number of links of the neighboring PO, unit

and on the species of the modifier cation.
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1. Introduction

PO, tetrahedra are the basic structural units of the
networks of phosphate glasses. Scattering measure-
ments of high resolution power in real space such as
diffraction experiments performed at neutron spalla-
tion sources with Q... = 500 nm~! allow to study
the detailed lengths of the different P-O bonds within
the PO, groups [1]. Q is the magnitude of the scat-
tering vector with Q = 47/\ sin 6, where A is the
radiation wavelength and 26 is the scattering angle.
The distance peak of the P-O bond is split into two
contributions. This behavior is observed in all diffrac-
tion studies which make use of that high resolution
power mentioned above [1 - 6]. Previously, we re-
ported some comparisons of the parameters of the
distance peaks, i. e. their areas, positions and widths,
of a small series of metaphosphate glasses with differ-
ent modifier cations [3] and of a compositional series
of ultraphosphate glasses [4]. The recent measure-
ments of some more samples [5, 6, this work] extend
the compositional range available for discussion of
the character of the P-O bonds. A thorough analysis
of the bonds in phosphate glasses becomes possible

starting from vitreous P,O [5] up to the pyrophos-
phate composition. Before the concerning discussion
starts, the knowledge about the way of linking be-
tween the PO, units is resumed briefly.

The structural behavior listed below is reviewed in
[7] and has been examined numerously by O1s X-ray
photoelectron spectroscopy (XPS) [8 - 11],3'P magic
angle spinning (MAS) NMR [11 - 14] and vibrational
spectroscopy (Raman scattering, Infrared absorption)
[11, 14 - 20]. Four of the five valence electrons of the
phosphorus atom form an sp* hybrid orbital which
implies tetrahedral geometry of the oxygen atoms
surrounding the phosphorus atom. The fifth electron,
populating a d-orbital, joins in a 7-bond with one of
the oxygen atoms, making this a doubly bonded and
a terminal site (Op). Thus, the network structure of
pure P,Oq glass is formed of corner-linked tetrahedral
units but equipped with already 40% of the oxygen
atoms on unlinked corners. The addition of modifier
oxide leads to the rupture of P-O-P bridges altering
bridging oxygens (Og) into further Oy atoms. In a
common terminology of nuclear magnetic resonance
(NMR) spectroscopy, Q" denotes a PO, tetrahedron
with n being the number of its links with other PO,
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Fig. 1. The four possible Q" units in phosphate glasses
(n: number of links). According to the delocalization of 7-
bonding, the double bond and the electron charge are split
on all the terminal oxygen sites of a given PO, group.

units. The four possible Q" units are illustrated in
Figure 1. In the Q" unit of a given n, the P-O; bonds
cannot be differentiated according to their origin ei-
ther being formed in the branching unit or caused by
the network rupture. The 7-bond character and the
negative charge depleted from the modifier atom are
delocalized on all the Oy sites of a given Q" group.
As predicted by Van Wazer [21] and as confirmed
by *'P MAS NMR [11 - 14], in a phosphate glass
of a given modifier content the fractions of the var-
ious Q" units do not obey a random rule but appear
in binary distributions. Starting from vitreous P,0Os
formed of Q? units, only two types, Q* and Q? groups,
co-exist in glasses of the ultraphosphate range (0 <
y < 1). As ameasure of the modifier content, the ratio
v = n(Me, ,, 0)/n(P,0y) is introduced, where v is the
valency of the modifier atom Me. In the ultraphos-
phate range the fraction of the Q? units, £, is equal
to y. Note, f, would be equal to x/(1 — x) when the
mole fraction, x, of the modifier oxide is used [11].
At metaphosphate composition (y = 1) the glasses
are formed of infinite chains and/or rings of twofold
linked PO, units (Q?). Further addition of modifier
oxide leads to a rupture of the chains which are termi-
nated by Q' units. Assuming that in the polyphosphate
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range (1 <y < 2) Q° units do not occur, the fraction
of Q', f,, is equal to y — 1 [14]. According to this
scheme, at the pyrophosphate composition (y = 2)
only Q' units are expected. Actually, in the vicinity
of this glass composition a weak disproportionation
reaction of Q' groups into Q° and Q? units is detected
[14, 22]. The mean numbers of the P-O; and P-Og
bonds per P atom are independent of this reaction.
They change continuously with Npgr =y and Npgg =
3 —y, respectively [7, 8]. These numbers can be cor-
related with the areas of the P-O; and P-Og distance
peaks which are obtained by the diffraction experi-
ments [1 - 6]. But in this work it is rather planned to
study the detailed behavior of the lengths of the P-O;
and P-Og bonds in the various Q" groups as functions
of the composition y and of the species of modifier
cation.

Previously, we discussed the changes of the P-O
and P-Oy distances in the range of ultraphosphate
glasses [4]. It is known that the two bond lengths of
the Q? unit of vitreous P,0q [5] are different from the
corresponding lengths of the Q? unit of a metaphos-
phate glass [3]. But in the ultraphosphate range where
a mixture of Q? and Q? units exists, only two instead
of four different P-O distances are detectable [4]. In
order to resolve more details than only the two P-O
distances already obtained in the ultraphosphate struc-
tures, two sodium phosphate glasses, a metaphosphate
glass with y = 1 and an ultraphosphate glass with
y = 0.6, have been chosen for the present study. In
case of alkali modified glasses only a small effect of
disorder on the geometry of the PO, units is caused
by the modifier cations [3]. Moreover, at y = 0.6 a
maximum number of links between unlike units, Q*
and Q?, can be formed [4] while in vitreous P,0
such as in NaPO; only one species of Q" units exists,
either Q* or Q? [11], and thus, only links between
equal groups are formed.

As a second point of investigation, a small number
of samples beyond the metaphosphate composition
is studied. Diffraction experiments of high resolution
power in real space of such glasses have not been
made before. Some further metaphosphate samples
have been measured to study the structural effects
of ternary glasses. In this work only the information
about their P-O distances is extracted. The other re-
sults, such as the changes of the oxygen environments
of the modifier cations in the sodium, the lead and the
ternary phosphate glasses, will be presented in subse-
quent papers together with the corresponding X-ray
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Table 1. Mass densities and parameters of the preparation of the samples studied. The sodium ultraphosphate glass was

prepared in a sealed silica ampule.

Sample composition Density [g/cm?] Crucible Melting time [h] Temperature [°C]
(Nay0)q 379-(P,05) ¢ 2.440 ampoule 05 900
(Na,0), 59-(P,05); 50 2.50 Si0, 0.5 900
(PbO), ¢, -(P,04); 3 5.702 Si0, 05 1000
(Zn0)y ;17-(PbO) <05-(Pr05) 344 5.245 Si0, 05 1000
(Zn0)y.10-(PbO), s55-(P20% )y 24 5.825 Si0, 0.5 1000
(Zn0)y ;-(PbOY, 49-(P,05), 5o 428 Sio, 1.0 200
(ZnO),, (,-(Ca0) 353-(P,05) 545 2.68 Sio, 1.0 1160
(ZO), 037-(ST0)y 330-(P204 )y 381 3.18 Sio, 1.0 1280

* For the sodium and the Zn/Pb metaphosphate glasses the nominal composition of the batch are used.

diffraction data. The analysis of the P-O peaks of
the glasses is accompanied by comparisons with the
parameters of related crystal structures [23 - 36].

2. Experimental

2.1. Sample Preparation

The mass densities, compositions and parameters
of the sample preparation are given in Table 1. The
mass densities were obtained by the Archimedes
method. The compositions of the upper samples were
determined by wet chemical methods. The composi-
tions of the lower two samples result from electron
scanning micro analysis (ESMA). The glass samples
containing 10 mol% ZnO are adopted to this paper
only according to their use in the discussion of the P-
O distances. Specifics of the Zn-O and Pb-O environ-
ments as well as information about the medium-range
order will be presented in subsequent papers.

2.2. Diffraction Experiments

The neutron diffraction experiments were per-
formed on the liquids and amorphous’s diffractome-
ter (LAD) at the ISIS facility of the Rutherford Ap-
pleton Laboratory, England. For the measurements,
crushed pieces of the glasses were filled into vana-
dium containers of 11 mm diameter. During the data
collection, using time-of-flight technique, the con-
tainer was located in a vacuum chamber. In case of
the two sodium phosphate glasses the sample runs
took 20 hours. About 12 hours were used for every
of the other sample runs. The incident neutron spec-
trum was obtained by use of a vanadium rod of 8 mm
in diameter. The raw data were corrected by stan-
dard procedures for attenuation, multiple scattering,
inelasticity effects, and for container and background

scattering using the program suite ATLAS [37] which
is available at ISIS. Finally, all that results in the nor-
malized differential scattering cross-sections, do/df2.
The data have been converted into the static structure
factors, S(Q), by

S@ ={do/d2 — [(B*) — (B)*]}/(B)%, (1)

where b; is the neutron scattering length of atoms
of sort 7 and (...) means the average in respect of the
sample composition. (b?) includes also the incoherent
scattering in respect of the various spin and isotopic
contributions.
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Fig. 2. Weighted interference functions of four of the phos-
phate glasses studied (experimental data: dots). The content
of modifier oxide is indicated in the plot. For comparison,
the model functions calculated by the parameters of two
Gaussian functions (cf. Table 2) used to approximate the
distances peaks of the P-O bonds are drawn as solid lines.
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Table 2. Parameters of the fit of the distance peaks of the
P-Or and the P-Oy neighbors, total P-O coordination num-
bers and mean distances. The distances and the fwhm are
given in pm.

Atom Coordin. Distance fwhm Total coordi-  Mean
pair number fwhm nation no.  distance
(Na,0);) 379=(P105) 42

P-OT 1.59(8) 146.8(8) 9.5(8) 3.96(20) 154.8(8)
P—OB 2.37(12) 160.2(8) 12.5(10)

(Na,0),, 5-(P,05); 5,

F’—OT 2.00(10) 147.8(8) 9.6(8) 4.00(20) 154.6(8)
P-Op  2.00(10) 161.4(8) 10.5(10)

(PbO), 5)-(P,05), 5 [2)

P-OT 1.92(10) 148.5(10) 10.0(10) 3.85(20) 154.4(8)
P~OB 1.93(10) 160.3(10) 11.7(10)

(PbO),, 6 -(Py05)y 39

P-O;  2.69(12) I51.1(10) 10.7(8) 4.19(20) 155.6(8)
P«OB 1.50(8) 163.6(10) 13.4(10)

(ZnO) 1 47-(PbO);, 55-(P,05) 44

P—OT 2.58(12) 150.9(10) 10.7(8) 4.13(20) 155.3(8)
P-Op  1.55(8) 162.6(10) 13.3(10)

(Zn0);; 195-(PbO); 554-(Py05) 34

P-OT 2.98(12) 152.1(8) 10.4(8) 4.05(20) 155.3(8)
P—OB 1.07(8) 164.3(10) 12.1(10)

(ZnO) 14-(PbO); 4-(P,05), 5

P—OT 1.88(10) 148.7(8) 10.4(10) 3.76(20) 154.6(8)
P—OB 1.88(10) 160.6(10) 11.4(10)

(Zn0O) 5(Ca0) 153-(P105); 545

P—OT 1.83(10) 148.1(8) 9.7(8) 3.81(20) 154.4(8)
F‘—OB 1.98(10) 160.3(10) 11.0(10)

(ZnO), 577(S10) 430=(P05); 45

P-O; 202 148.5 9.6(8) 3.95(20) 154.7(8)
P-OB 1.93 161.1 10.8(10)

3. Results

For illustration of the accuracy of the scattering
data the weighted interference functions, Q-i(Q), with
i(Q) = S(Q) — 1, of the sodium and lead phosphate
glasses are shown in Figure 2. Model functions were
calculated for comparison according to (1) of [5],
using the parameters of the two Gaussian functions
which fit the two P-O distance peaks (see below). For
0 >300nm~', only information about these distances
is relevant. In general, the noise of the experimental
data limits their use for Q > 500 nm~'. This limit is
chosen as the Q,,,, in the Fourier integral (2). Infor-
mation about the lengths of the P-O bonds has been
extracted by modelling the first distance peak posi-
tioned at about 155 pm in the real-space correlation
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Fig. 3. P-O peaks in the real-space correlation function,
T(r), of vitreous P,Os5 [5] and of two sodium phosphate
glasses. Experimental data: dotted lines, total fit: solid lines,
P-O; and P-Og bonds: dashed lines. The solid-lined func-
tion which does not fit the data of the glass with 38 mol%
Na,O is explained in the text.

function, T'(r). This function results from the S(Q)
data by

2 Qmux
T = 47rrp0+; /0 [S(Q)—1]sin(Qr)Q dQ.(2)

po is the number density of atoms. The termina-
tion effect of the Fourier transformation is taken into
account by folding the model peaks with appropri-
ate peak functions [38]. The full width at half max-
imum (fwhm) of this peak is equal to 7.6 pm for
Omax =500 nm~' [39]. The termination effect causes
a broadening of the distance peaks and the occurrence
of some satellite ripples. No modification function for
their damping was applied.

Two Gaussian functions, each of both determined
by coordination number, mean position and fwhm,
have been used in the least-squares fits [40] of the
P-O bond distances in the T'(r) data. The fwhm pa-
rameters obtained in this way are independent of the
@ max- Since in some cases a fit using the correspond-
ing six parameters did not result in the expected ratio
of Npgr and N pop. at last, this ratio was fixed. This
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Fig. 4. P-O peaks in the real-space correlation function, 7(r),
of lead phosphate glasses. Experimental data: dotted lines,
total fit: solid lines, P-O and P-Og bonds: dashed lines.
MeO stands for a glass with 56 mol% PbO and 10 mol%
ZnO. The data of the PbO-P,05 glass are taken from [2].

constraint causes no significant changes of the dis-
tances and fwhm of the other samples. The resulting
parameters of the P-O distances of the glasses of the
present study are given in Table 2. The determination
of all the parameters of the previous measurements
[2 - 6], which also will be used in the subsequent
comparisons, have been repeated under the same con-
ditions as described above. Figure 3 shows the peaks
of the P-O distances of the two sodium phosphate
glasses studied in comparison with those of vitre-
ous P,O5. The P-O peaks of three lead phosphate
glasses, starting with the metaphosphate glass and up
to the pyrophosphate composition are compared in
Figure 4.

4. Discussion

4.1. The Compositional Dependencies of the
Lengths of the Two P-O Bonds

In the search for more details than only the ex-
istence of two P-O bonds, a sodium ultraphosphate
glass of 37.9 mol% Na,O was chosen for the mea-
surements. However, no new details of the P-O; and

373

170.0

T

165.0
160.0 |
155.0 b

150.0 |

P—0 distance (pm)

145.0

| N SO RO O | R A [N )

140:0 —t—t—=—

0.0 0.5 1.0 1.5 2.0

n(Me;,0)/n(P20s)

Fig. 5. Compositional behavior of the lengths of the two
P-O bonds. Vitreous P,O5 [5]: rhombes, modified phos-
phate glasses with Me = Zn, Ca, Pb [2,4, this work]: filled
circles, Na phosphate glasses: triangles. The asterisks de-
note results from ab initio MO calculations [41]. The solid
lines are guides to the eye. The dashed lines give the behav-
ior according to a model of bond order (cf. text), where the
P-Oy and P-Oj distances of vitreous P,Os [5] are used as
the lengths of the real terminal P=O double bond and the
P-Oy single bond.

P-Oy distance peaks became obvious. The behavior
of the widths of the P-O distance peaks observed is
discussed in the subsequent chapter.

An analysis of the behavior of the lengths of the
different P-O bonds in the PO, units was already
presented for a series of ultraphosphate glasses [4, 5].
The behavior of the bond lengths in the more ex-
tended compositional range now available is shown
in Figure 5. New data are presented for two sodium
phosphate glasses (triangles) and for several meta-
and polyphosphate glasses (y > 1). The P-O dis-
tances of ab initio molecular orbital (MO) calculations
[41] are shown as asterisks. For vitreous P,O5 these
lengths agree with the experimental data [5]. The
other MO data follow the trends of the experimental
results.

The strongest obvious effect is an increase of the
lengths of the P-O; bonds. Roughly, this behavior
can be approximated by taking into account a de-
crease of their bond order. In a simple model one can
assume the bond order of the P=0 double bond being
two and the bond order of the P-Og bond being one.
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Table 3. Mean lengths of the P-O bond, the P-O; and P-
Og distances and the molar ratio, y, with y = n(Me,,,0)
/ n(P,0s), of selected phosphate crystals, where v is the
valency of Me. The distances are given in pm.

Crystalline y P-O P-O; P-O4 Ref.
compound

0-P,O4 (form ) 0.0 154.3 144.5 157.6 [23]
ZnP,0,, 0.5 153.6 145.7 158.3 [24]
NdP,O, 0.6 153.8 146.7 158.5 [25]
Ca,P,0, 0.66 153.7 147.2 158.4 [26]
AlP,O, 1.0 153.0 148.3 157.7 [27]
LaP;0, 1.0 153.5 148.3 158.7 [28]
NaPO, Kurrol A 1.0 154.4 147.8 161.0 [29]
KPO, 1.0 1548 1468 1628  [30]
Mg:Na3P5016 1.4 153.9 149.8 160.1 [31]
Pb.P,O,, 1.5 154.1 150.7 159.7 [32]
Na,P,0,, 1.66 154.6 150.0 163.8 [33]
Na,P,0, 2.0 154.4 151.3 163.6 [34]
Pb,P,0, 2.0 153.8 151.1 162.0 [35]
Na,PO, 3.0 154.7 154.7 - [36]

The corresponding lengths are taken from the P-O
bonds of the Q units of vitreous P,0s (143.2 pm and
158.1 pm) [5]. The bond orders of the P-O; bonds
in the Q%, Q', and QO units are 1.5, 1.33, and 1.25,
respectively [11]. The lengths of the bonds are as-
sumed to increase according to their decrease of bond
order. They are calculated taking into account the frac-
tions of the Q" (cf. Introduction). The P-O and P-Oy
lengths should behave as predicted by the dashed-
lined functions shown in Figure 5. Actually, such as
predicted by the bond order model, the mean P-O
distances do not change as a function of the glass
composition. But the real P-O; bonds are slightly
shorter than predicted, and the P-Og bonds measured
increase, though they should be constant. In the limit
of Q° groups with a bond order of 1.25 (y = 3.0) the
P-O; lengths seem to approach the predicted length
of 154.4 pm. Actually, a length of 153.6 pm was re-
ported fora P, sV, O; glass [42] where only Q units
exist.

Also the MO results [41] deviate from the behav-
ior predicted by the bond order model except of the
P-O; length of the cluster with y = 0.5. In [4] we at-
tributed these slight deviations from our experimental
data to deficits in the environment of the O atom
of the Q* unit of the H;NaP,0; cluster used in the
MO calculations [41]. The behavior of the P-O dis-
tances found in selected crystalline phosphates (cf.
Table 3) complies with the tendencies indicated by
the experimental data of all the phosphate glasses
studied.
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Fig. 6. Compositional behavior of the widths of the two
P-O distance peaks. Vitreous P,05 [5]: rhombes, modified
phosphate glasses with Me = Zn, Ca, Pb [2, 4, this work]:
circles, sodium phosphate glasses: triangles. The filled sym-
bols denote the fwhm of the P-Ot bond, hollow symbols
are the data of the P-Og bond. The lines are guides to the
eye.

4.2. The Compositional Dependencies of the Widths
of the Two P-O Distance Peaks

Other parameters of the two P-O distance peaks,
such as their widths, may also be examined in
analysing the behavior of the bond lengths in phos-
phate glasses. These parameters cannot be related
with equivalent data of crystal structures. The be-
havior of the widths of the P-Oy and P-Og peaks (cf.
Fig. 6) may give more insight into details of the bonds
between the various P and O sites of different Q" units.
At first, the widths of the P-O peaks (filled symbols)
increase weakly but monotonously. On the other hand,
the widths of the P-Oy peaks (hollow symbols) show
maxima for those glass compositions where an in-
tense mixing of differently linked PO, units exists
(Q*and Q% at y = 0.5; Q% and Q' at y ¥ 1.5). The
total changes of the P-O; lengths are larger than the
changes of the P-Oy lengths, but the widths of the
P-Oq peaks are smaller than those of the P-Og peaks.
Thus, the P-Oy and P-Og lengths found for the ultra-
phosphate glasses are not the means of a distribution
of lengths of unlike Q" groups with different but rigid
bonds. Obviously, the lengths of the P-O bonds of a
given Q" unit are affected by the environment, e. g.,
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Table 4. Comparison of the mean lengths of the P-O bond in different structural positions of those phosphate crystals which
are already used in Table 3. The bonds are classified according to their participation in the different Q" units. Additionally,
the P-Op bonds are differentiated according to their positions in links with different Q" units. The distances are given

in pm.

Crystalline —P-0; — —P-0,inQ* — —P-Op in Q2 — —P-0,inQ' —
compound Q! Q? Q' =>Q} =Q? ¢ =@ =34 3¢ =>Q
0-P,04 (form 1) 144.5 - - 157.6 - - - - = =
ZnP,0,, 145 146 - 157 155.5 162 - - = -
NdPSOM 146 147 - - 156 161 - - - =
Ca,P,0,, 146 1475 - - 156 161 158 - - —
LaP,0, B 1483 - " - ~ 158.7 = - =
NaPO, Kurrol A - 147.8 - - - - 161.0 - = =
Mg,Na,P.O, — 1490 1506 - - s 1586 1577 1656 =
Pb,P,0,, » 1486 152.1 - - - 1597 1572 162.1 -
NaP,0,, = 1489 1504 s ~ . - 1607 1668 -
a,P,0, - = B3 = - - - - 163.6
Pb,P,0, - - 15l - i - - ~ - 162.0

they may depend on the species of the adjacent Q"
units.

The widths of the first peak belonging to the P-O
bonds change only smoothly as a function of compo-
sition (cf. Figure 6). They start with a small value of
8 pm for the P-O bond of the PO, branching units
of vitreous P,Os. In the other limit, the fwhm of the
P-Or peak of the P, sV, sO5 glass formed of isolated
PO, groups is reported to be 10.8 pm [42], where the
affects of the termination of the Fourier integral (2)
were also taken into account. Thus, all the widths here
given are free of experimental affects. The width of
10.8 pm [42] is of the same magnitude as that of the
data we found for the polyphosphate glasses. From
the small variation of the widths in the ultraphosphate
range it was deduced [4] that all the lengths of P-O
bonds which originally are different in Q* and the QE
units, must change as a function of their fractions.

The data of the two sodium phosphate glasses stud-
ied are used to examine the behavior of the peak
widths. Though the P-O peaks of these sodium glasses
do not show any new details in the behavior of the P-O
bonds, both peak components are better resolved than
those of most other glasses studied before [3, 4]. The
modelling of the P-O peaks of the glass of 37.9 mol%
Na,O is repeated using modified constraints. At first,
the P-O distance peaks are calculated using the ex-
pected fractions of the four different P-O bonds of this
glass with two lengths of the Q* and two lengths of
the Q? groups. The corresponding parameters of bond
lengths and peak widths are taken from the glasses
which are formed of only one species of the partici-
pating PO, groups, i.e. from vitreous P,O and from

the NaPO, glass (cf. Table 2). The resulting model
function is shown (Fig. 3) as that solid curve which
does not fit the experimental 7(r) data (points) of the
glass with 37.9 mol% Na,O. The peak of the P-O;
component is too broad while that of the P-Og com-
ponent is too narrow.

The parameters used in this model function are the
starting parameters for the subsequent fit. The peak
areas and widths are fixed but the differences between
both P-O and between both P-Og lengths are varied.
This fit was successful, and the resulting bond lengths
are 145.3 pm (143.3) and 147.3 pm (147.8) for the P-
O; bonds just as 157.0 pm (158.1) and 163.0 pm
(161.4) for the P-Og bonds in the Q* and Q? units,
respectively. The parameters in parentheses are the
data taken from vitreous P,O; [5] and from the NaPO,
glass. Thus, the different P-Oy distances of the Q
and Q? groups tend to equalize. On the other hand,
the difference between the P-Oy distances of the Q°
and Q? groups increases.

For simplicity, it was assumed that a single P-Og
distance is typical for a given Q" unit. As pointed out
in [4] this is exact in the case if all the P-O-P bridges
are in equal Q*-Q? links such as found, e.g., in the
NdP,0,, crystal [25]. Here the P-Og distances of Q*
and Q? units differ by 5 pm, while the difference be-
tween both P-O; distances is only 1 pm (cf. Table 4).
The Na ultraphosphate glass studied has the same
molar ratio y as this crystal (37.9 mol% Na,O). The
probability for Q*-Q? linkages is large due to equal
total numbers of the P-Og bonds of both Q" species. A
preference of Q3-Q? links was found by 2D *'P MAS
NMR for a glass of similar composition (35 mol%
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Na,O) [43]. By the same method other authors [44]
obtained a random formation of the links in Li ultra-
phosphate glasses. The differences of the two P-O
and P-Oyg, distances for the glass of 37.9 mol% Na,O
are 2 pm and 6 pm, respectively. They are very similar
with those found in the NdP;O, crystal [25], though
we do not have any knowledge about a preference of
Q*-Q? links in the glass.

A similar effect of variations in the peak widths as
manifested in the ultraphosphate range is found for
the polyphosphate glasses (cf. Fig. 6), though only
three of our glass samples exceed the metaphosphate
composition. A large width of the P-Oy peak occurs
for that glass where the Q* and Q' units have about
equal fractions (y =~ 1.5) while the widths of the P-O
peaks do not vary much.

The effects of the peak widths of the P-O distances
shown in Fig. 6 can be resumed as follows: The P-O
distances tend to equalize not only in a given PO,
group but also between groups of different numbers
of links in case of their co-existence in a common net-
work. A full equalization cannot be concluded from
the experimental data. In contrast, the P-Oy distances
of unlike PO, units, if linked with each other, become
more different.

The behavior indicated by the peak widths is com-
pared with that in related phosphate crystals (cf. Ta-
ble 4). The P-O; and P-Op distances which were
already given in Table 3 are differentiated accord-
ing to their location in differently linked PO, units.
Additionally, the P-Og bonds are differentiated ac-
cording to their position in definite Q"-Q™ linkages.
Since some of the glasses studied contain the PbO as
the modifier oxide, a few of the selected crystals are
Pb phosphates. But due to the huge X-ray scattering
power of the Pb atoms the determination of oxygen
positions in these crystals is not certain. Therefore,
more attention should be paid to the data of the other
crystals. On the first glance it becomes obvious that
rigid bond lengths do not exist. The P-O distances,
especially those in the Q* and Q? units, increase with
growing modifier content. The differences between
the P-O; bonds of differently linked PO, groups co-
existing in the same crystal are less than 2 pm. On
the other hand, the main effect of the P-Og bonds is
a strong dependence on their participation in links ei-
ther with equal Q" sites or with PO, units of a higher
or lower number of links. The P-Og bond of a given
Q" is elongated in case of its use in a link with a Q"*'
unit and it is shortened in case of a link with a Q"'
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unit. This effect explains the maxima of the widths
of the P-Og peak shown in Figure 6. In [4] the origin
of this effect was attributed to an optimization of the
charge compensation between the PO, units. Before
the role of the charge transfer in the bond deforma-
tion will be discussed more thoroughly, the smaller
but obvious affect of different modifier cations on the
P-O bonds is analysed.

4.3. The Dependencies of the P-O Bond Lengths on
the Species of the Modifier Cation

As discussed in the previous chapter the main vari-
ations of the P-O bonds are due to their function in
the phosphate network. Additionally, the bonds are
affected by the modifier cations. The data of the
metaphosphate glasses are suitable for the analysis
of such effects. The P-O peaks in the 7(r) functions
of five metaphosphate samples which were obtained
under like conditions in the experiments and in the
data treatment are shown in Figure 7. The 7(r) data
of three of the glasses have been compared in [3]. A
significant change of the lengths and widths is ob-
tained if one compares the effects of cations which
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Fig. 7. P-O peaks in the real-space correlation function,
T(r), of several metaphosphate glasses (AIP;Oy, PbP,O¢
[2]; LaP;Oq [6], NaPO; [this work]; KPO; [3]). Experi-
mental data: dotted line, total fit: solid line, P-Ot and P-Og
bonds: dashed line.
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Fig. 8. P-O distances and peak widths (fwhm) correspond-
ing to the P-O peaks shown in Fig. 7 for five metaphosphate
glasses. The triangles belong to the P-Op bond, the points
denote data of the P-O; bond. The points belonging to X
on the abscissa correspond to the model of bond order (cf.
text) where the P-O distances of vitreous P,Os [5] are used
as the unmodified bond lengths.

have different electric field strength. The changes of
the lengths and widths of the P-O peaks are shown in
Fig. 8 with the data given in the order of the electric
field strength of the cations. The P-O bond lengths
of a Q* unit which are calculated according to the
bond order model discussed in Chapt. 4.1 are shown
as well, indicated by an X.

The position of the Pb?* cation between AI** and
La* is chosen according to the extent of the ob-
served changes. Though the La-O distances [6] are
slightly shorter than the Pb-O distances [2], and the
La** cation has a higher formal charge one should
remember that the oxygen environments of the Pb**'s
in a metaphosphate glass are highly asymmetric due
to their two s-electrons [45]. The four or five O;'s at
Pb-O distances of = 247 pm are affected by a strong
charge (Pb**), while the more distant O, atoms sur-
rounding the Pb site are allmost not affected [46]. But
these Oy atoms are nearest neighbors of other Pb**
sites.

With decreasing electric field strength the P-Of
distances little decrease while the P-Op distances in-
crease (cf. Figures 7, 8). Thus, the largest mean P-O
distance is obtained for the KPO, glass. The bond
lengths of the related crystals behave similarly (cf.
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the data given in Table 3). The same findings are
known from ab initio MO calculations [47]. Note, the
deviations from the bond order model (X in Fig. 8)
introduced in Chapt. 4.1 increase with the decreasing
electric field strength of the modifier cations. Addi-
tionally, the widths of the P-O peaks decrease with
decreasing electric field strength of the cations. In
glasses whose modifier cations possess only weak
ionic forces the geometry of the PO, units is more
relaxed at the expense of additional disorder in the
oxygen polyhedra of the cations.

4.4. Qualitative Description of the Relation Between
Bond Lengths and Charges

The changes of the lengths of P-O bonds caused by
the affects of the modifier cation were explained [3]
using the mechanism of structural variability given
by Gutmann [48]. A bond is elongated when elec-
tron charge is shifted along the bond from the more
electropositive, e.g. P, to the more electronegative
atom, e.g. O, and vice versa. This shift is rather a
deformation of the electron distribution and not a real
electron transfer. The countercharge of a less elec-
tronegative modifier atom is completely deposited on
the neighboring O’s which are produced by the rup-
ture of P-O-P links. The cations of strong electric field
strength fix this charge on the adjacent O’s. Other-
wise, this negative charge is somewhat shifted to other
atomic sites, which has the consequences for the P-O;
and P-Og bond lengths observed. The P-Or bond is
shortened and the P-Oy bond is elongated. A similar
explanation was given by Uchino and Ogata on the
basis of ab initio MO calculations of modified silicate
glasses [49]. If even Og’s are used in the coordination
of the cations, such as in KPOj; glass, the affects are
strengthened.

More electronegative modifier atoms such as Zn or
Pb transfer their valence electrons only partially to
adjacent O sites. With regard to the effects on the
P-O bond lengths, this is comparable with the case of
cations of strong electric field strength. This behavior
may explain the little effects of changes of the P-O
bond lengths observed for the glass with the Pb**
cations which is found between those with the AI**
and La** cations (Chapter 4.3).

The effects of charge transfer are likewise clear in
metaphosphate glasses where all the PO, tetrahedra
have similar environments. In ultra- and polyphos-
phate glasses two or more differently linked PO, units
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Fig. 9. Model of a PsO 4 chain taken from
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co-exist. As indicated in Fig. 1, the various Q" units
carry different formal charges. As to optimizing the
charge compensation of the Me'* sites, the electron
charge is equalized on all the Oy sites which surround
the modifier cations. In this process the O atoms of
Q7 units are involved, as well [50]. Thus, electron
charge is transfered from Q" to Q™' units, which is
equivalent with a transfer of m-bonding in opposite
direction. In Fig. 5 of [4] this mechanism was illus-
trated for a Q*-Q? link with the bond lengths taken
from the related ZnP,O,, crystal [24]. All the P-O;
bonds tend to equalize while in the P-O-P bridge the
difference between both P-Og distances is increased.
These findings agree with the observations made con-
cerning the peak widths of the P-O distances (Chap-
ter 4.2). An example of a polyphosphate is presented
in Figure 9. The P-O bond distances in the chains
of the crystal Mg,Na;P;O,, [31] formed of five PO,
units obey Gutmann’s rule [48] with an electron shift
from the O atoms of the outer Q' to the Oy sites of
the Q* groups. Consequently, the P-Opg distance of the
end group is larger than that in a P,O, diphosphate
group (cf. Table 3) because charge is not shifted in
the balanced Q'-Q' linkage of the P,0, group. In the
chain (Fig. 9) the shortest P-Og bonds of Q* groups
are formed in the links with the Q' groups. Finally,
it is remembered that the conception of the rupture
of a P-O-P link and of the subsequent shifts of elec-
tron charges accompanied by changes of the lengths
of P-O bonds gives a rather formal description of the
process of the addition of the modifier cations and the
formation of their environmental order.

Only the general trend of the elongation of the P-
O+ bond was explained by the bond order conception
given in Chapt. 4.1, but not the exact increase. The
remaining differences and all the other details of the
P-O; and P-Og distances result from shifts of elec-
tron charges. Surprisingly, in the mean all the changes
of the lengths of P-O bonds compensate each other,
which leads to a constant mean P-O distance. Devia-
tions from the bond order model were also detected by

150.3 the Mg,Na;PsO,¢ crystal [31]. The bond
165.6 l1 50.0 lengths are given in pm. The small arrows
i P 5 indicate the shift of electron charge along
the bonds if compared with the situation
| in balanced Q*-Q? or Q'-Q' links.
151.6

3P NMR and Raman spectroscopy of Na and Li ultra-
phosphate glasses [11, 19]. According to the shift ob-
served for the v(P=0) band complex, the P-O; bond
of the Q* unit is weakened and thus its 7-bonding is
delocalized [19].

The affects of the fifth valence electron of the
phosphorus atom which shortens all the terminal P-O
bonds makes phosphate glasses interesting for diffrac-
tion studies of high resolution power. Since all the
changes of bond lengths compensate each other, a
knowledge about the mean P-O distances would not
allow to study the related effects. Neutron diffrac-
tion studies of similar resolution power in real space
performed on other glassy systems, e.g. on silicate
glasses, are not successful for use in analogous con-
siderations. A split Si-O peak formed of Si-O; and
Si-Og distances is not observed [51].

The tendency for the compensation of charges
which formally differ for the Q* and Q? groups of
the ultraphosphate glasses may lead to the preference
of Q*-Q? linkages [4]. Formally, the countercharge of
the modifier cations is deposited on the Q* groups.
Since the Q? units are substantially involved in the
environments of the Me"* cations [4, 50], linkages
between unlike groups should be prefered such as it
is found in the related crystal structures [24 - 26]. But
in quantitative examinations of the pattern of a 2D 3'P
MAS NMR experiment of Li ultraphosphate glasses
the groups were found to be linked randomly [44].

Analogous considerations of prefered Q*-Q' links
are also possible for polyphosphate glasses where
the peak widths of the P-O distances (Fig. 6) indi-
cate the shifts of electron charges, as well. A good
compensation of charges would be realized in case
of the formation of chains of approximately equal
lengths. The chain length distributions have been stud-
ied for glasses of different modifier cations using
high-performance liquid chromatography [52]. The
observations indicate an affect of the field strength of
the cations. Narrow distributions of the chain lengths
result if much of the charge of the valence electrons
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of the modifier cations is transfered to the anionic
phosphate chains, thus, for alkali cations.

4.5. The Deformation of PO, Tetrahedra Differently
Linked

The peak of the O-O distances at 252 pm in the
T(r) function of vitreous P,O5 which is shown in
[5] indicates the existence of two different lengths
of tetrahedral edges. The longer of both distances is
attributable to the O;-Og edges, whereas the shorter
lengths are Og-Op edges. This was concluded from
a comparison with the PO, tetrahedra known from
related crystal structures. In case of all the other mod-
ified phosphate glasses only a single peak of O-O
distances is observed [2 - 4, 6, this work]. The origin
of this behavior becomes clear when the O-P-O an-
gles of the four possible PO, groups (cf. Fig. 1) are
analysed. The O-O distances are strongly affected by
the O-P-O angles, more than by the different lengths
of the P-O and P-Og bonds. An analysis of the an-
gles is given for four crystals whose structures are
formed of only one of the Q" species. The result is
shown in Table 5, where all the angles are related with
the concerning edges. The largest angles are formed
for edges where O atoms are involved, the smallest
angles for edges with only Og atoms. Obviously, the
additional negative charge of the 7(d-p) fraction of the
P-O; bond does not only shorten the P-O distance
but it also increases the adjacent O;-P-O angles.

With the increasing delocalization of 7-bonding
from the Q? up to the Q° unit the variation of the six
O-P-O angles and the large asymmetry of the PO, unit
diminishes. Finally, the Q° unit is formed as a regular
tetrahedron. Presumably, the strong deviations of the
Q? units from regularity force their change into Q2
units if modifier oxide is added. A first stabilization
is reached if the O; site of the Q* unit can coordinate
a modifier cation.

5. Conclusions

In a compositional range, beginning from vitreous
P,O; up to pyrophosphate glasses, the behavior of
the two P-O distances and of the corresponding peak
widths found in phosphate glasses could be studied
successfully by neutron diffraction of high resolution
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Table 5. The six internal angles O;-P-O; of the different PO,
tetrahedra in four selected crystals which represent the four
different Q" units possible in phosphate structures. i and j
stand for T and B which denote the terminal and bridging
oxygen atoms, respectively. The angles are given in degree.

Crystalline Six O-P-O angles in the Q™ units of different n
compound 1 2 3 4 5 6
0-P,O; (formll) 7B TB TB B-B B-B B-B
Q- 119.8 1158 1154 1023 1022 994
NaPO, KurrolA T TB TB TB TB B-B
Q 117.1 1109 1105 1104 1074 99.0
1182 110.8 109.8 109.6 1082 992
Na,P,0, TT TT TT TB TB TB
Q' 1139 1126 111.6 108.7 106.6 1025
1135 1132 1131 1073 1063 102.4
Na,PO, TT TT TT TT TT TT
0" 110.7 110.1 1099 1099 1095 106.7

power in real space (Qy,, = 500 nm~"). The behavior
observed agrees well with that found in the structures
of the related crystals and mostly with that result-
ing from ab initio MO calculations. The elongation
of the terminal P-O bonds is mainly attributable to
the decrease of their bond order according the delo-
calization of the fraction of 7-bonding on more and
more terminal P-O bonds in the progress of the net-
work rupture due to modifier additions. This model
implies a constant mean of all the P-O bonds, which is
actually observed. Small differences from the simple
conception of bond order are explained in terms of
shifts of electron charge along the P-O bonds due to
the depletion of the valence electrons from the mod-
ifier cations to the phosphate network. These effects
change the ionicity and, thus, the lengths of the P-O
bonds. P-O bonds are shortened and P-Og bonds are
elongated. Clear indications for the shifts of electron
density are the small widths of the distance peaks
of the terminal P-O bonds and the increased widths
of the distance peaks of the bridging P-O bonds in
glasses where differently linked PO, units co-exist.
The lengths of the P-O bonds show also variations
due to different species of the modifier cation.
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