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The high real-space resolution of neutron diffraction experiments which is provided by use of the 
epithermal neutrons from spallation sources was exploited in order to differentiate the unlike P - O 
bonds existing in the P 0 4 units of phosphate glass networks. The 2 P - O distance peaks, separated 
by about 12 pm, which were found in the zinc and the calcium ultraphosphate glasses studied are 
assigned to oxygen sites on bridging (Ob) and terminal (OX) positions. The mean P - O distances are 
nearly invariable versus the growing metal oxide content which results from an elongation of the 
P - O b and P - O t bonds. The bond lengths which are known from the related crystal structures and 
from ab initio calculations show almost the same behaviour. The discussion of further details of the 
crystal structures leads to the conclusion that P - O b rather than P - O t distances should show more 
details in case of diffraction measurements of even higher real-space resolution. 

The change of the Z n - O coordination number from 6 to 4 versus increasing ZnO content, which 
was obtained in previous X-ray diffraction experiments, is confirmed by the recent combination of 
neutron and X-ray diffraction data. On the other hand, the C a - O coordination number of about 
6 is almost invariable. 
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1. Introduction 

The P 0 4 te t rahedron, known as the basic building 
unit in phosphate glasses, has 2 considerably different 
oxygen sites, the terminal (OX) and the bridging (OB) 
oxygen atoms. By O (1 s) X-ray photoelec t ron spec-
troscopy (XPS) the fractions of bo th species were de-
termined in a large range of composi t ion beginning 
from vitreous ( t ; - )P 2 0 5 [1-3] . The results confirm the 
depolymerization effect of metal oxide addit ions. Van 
Wazer [4] has predicted that binary dis tr ibut ions of Q" 
species should be formed in phospha te glasses. Even 
that was repeatedly proved by 3 1 P magic angle spin-
ning (MAS) N M R [2, 5]. Q" means a P 0 4 unit with a 
number n of links. Thus, in the range between u - P 2 0 5 

(only Q 3 groups) and the me taphospha te systems 
(only Q 2 groups) the networks of u l t raphospha te 
glasses are consti tuted f rom Q 3 and Q 2 units. 

The Q t a tom on the unlinked vertex of the Q 3 unit 
is doubly bonded, so it is called an O d b a tom. F r o m 
the lack of any experimental evidence which would 
suggest to distinguish between a P - 0 < _ ) bond and a 
P = 0 bond in the Q 2 middle g roup it was concluded 
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to assign the double-bond character partially to both 
O t a toms of this te t rahedron [2]. Hence, bo th terminal 
oxygens of the middle g roup are termed non-bridging 
ones (ONB). 

Since all of the P - O t bonds carry a p - d re-charac-
ter in addi t ion to their o-character, the respective 
bond lengths appear much shorter than P - O b dis-
tances. Studies of such distance differences and their 
subtle changes are a domain of neut ron diffraction 
experiments performed on spallation sources. This 
method provides an extensive measuring range of mo-
men tum transfer Q = 4 n/X sin 6 up to 400 nm ~1 and 
more, where / is the radiat ion wavelength and 26 is 
the scattering angle. Previously, measurements of that 
high real-space resolution were performed on sodium 
[6] and potass ium [7] metaphospha te glasses. The ex-
periments revealed a clear splitting effect of the P - O 
first ne ighbour peak into 2 equal contr ibut ions which 
were related with the numbers of 2 0 N B and 2 0 B 

a toms existing in the P 0 4 middle group. The distance 
differences were found to diminish under the influence 
of modifier cations of high electric field strength like 
P b 2 + , Z n 2 + , M g 2 + or A l 3 + [8] but the splitting is still 
obvious. U p to now, this effect was not examined in 
u l t raphospha te glasses, even not in r - P 2 0 5 . Taking 
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into account the O (1 s) XPS results mentioned above 
[1 - 3 ] a double peak of the P - O distances should exist 
in the u l t raphospha te range, as well. 

The question abou t a further differentiation of bond 
lengths in u l t raphospha te glasses can be discussed on 
the basis of related crystalline structures. F r o m P - O X 

distances known for u l t raphosphate crystals it was 
concluded [9] that the difference between P - O d b bond 
lengths in Q 3 g roups and P - O n b distances in Q 2 

groups should not be detectable. A considerat ion of 
P - O bond lengths in the interplay between both Q" 
species and the cat ions is planned. 

Surprisingly, the mean P - O bond lengths in phos-
pha te glasses show only very slight al terations with 
the metal oxide content . By use of X-ray diffraction 
(XRD) measurements , mean P - O distances of about 
155 pm were obtained for t - P 2 O S [10] and for a series 
of M g phospha te glasses [11]. The same observations 
were made for series of Zn, Ca, and Ba phosphate 
glasses [12]. Thus the rat io of bonds H(P-O B ) / 
n ( P - 0 T ) diminishes f rom 3 to 1 for molar ratios 
y = n ( M e 0 ) / n ( P 2 0 5 ) f rom 0 to 1.0, i.e., the various 
species of P - O bond lengths themself must increase 
with growing metal oxide content. Such a change 
might compensate for the enhanced fraction of the 
short P - O t bonds. 

The results abou t M e - O coordinat ion numbers in 
u l t raphosphate glasses from previous X R D experi-
ments [11, 12] contain uncertainties. Fo r example, the 
C a - O distance peaks are superimposed with O - O 
contr ibut ions. In the evaluation of /VMeG values f rom 
the X R D da ta [11,12] the area of the O - O peak was 
chosen according to the expected value N 0 0 = 24/ 
(5 + y), and the O - O distances were fixed. The use of 
complementary results, i.e. combinat ion of neutron 
diffraction and X R D data , will improve the reliability 
of the M e - O coordina t ion numbers . The gain by this 
me thod was demonst ra ted studying NMe0 values in 
various metaphospha te glasses [13]. Such a combina-
tion will be applied in the present study. 

In order to explain the changes of M e - O coordina-
tion numbers and packing densities found in ultra-
phospha te glasses a mechanism was suggested where 
M e - O - P bridges play an eminent role [12]. In a defi-
nite composi t ional range the values of NMe0 diminish, 
which was interpreted as to maintain the format ion 
of M e - O - P bridges. However, a stabilization of such 
bridges is abnorma l for network-modifier cations. The 
covalent component of Me-O bonds was suggested to 
be responsible for this effect [9]. Thus, a compar ison of 

the behaviour of NZn0 and N C a 0 is of special interest. 
These network-modif ier a toms show different cova-
lent contr ibut ions to the M e - O interactions. Glasses 
with 25 m o l % , 33 m o l % , and 40 m o l % M e O content 
were chosen for the experiments. The available num-
bers iVMeQ of me taphospha te glasses (50 m o l % MeO) 
[13] are of sufficient quali ty for the discussion. 

2. Experimental 

2.1 Sample Preparation 

The samples of calcium and zinc u l t raphosphate 
glasses studied were chosen for their modera te stabil-
ity against moisture at tack. Due to the high incoher-
ent scattering of hydrogen in neut ron diffraction ex-
periments any con tamina t ion of the samples with 
H 2 0 would be more prejudical to a correct calibra-
tion of the curves than to the subsequent consider-
at ions on structural data . Thus, the sample prepara-
tion which is described elsewhere [14] needs extensive 
care to minimize the water incorporat ion. The raw 
materials of the glasses, P 4 O 1 0 (p.a., Merck) and the 
powdered and dried metaphospha tes (Piesteritz), were 
loaded into silica ampoules which subsequently were 
sealed. After a preheat ing process, the melts in the 
ampoules were held at 1050 °C for 2 hours. The am-
poules were broken after cooling, and pieces of the 
sample material were kept in ca rbon tetrachloride to 
avoid moisture at tack. The composi t ions were deter-
mined by means of an electron microprobe X-ray 
analyzer. The molar rat ios y = n ( M e O ) / « ( P 2 O s ) of 
the 5 glasses studied were 0.330, 0.497, and 0.658 
with M e = Ca, and 0.502 and 0.678 with Me = Zn. 
The mass densities of the samples, given in the same 
order as above, were 2.450, 2.453, 2.488, 2.80, and 
2.81 g e m - 3 , respectively. 

2.2 Diffraction Experiments 

The neut ron diffraction experiments were per-
formed using the time-of-flight technique on the L A D 
diffractometer at the ISIS pulsed neut ron source at 
Rutherford Appleton Labora tory . The dried and 
crushed pieces of glass were loaded into vanadium 
containers of 11 m m in diameter. Dur ing the data 
collection, which takes about 15 hours in every sam-
ple run, the vanad ium can was located in a vacuum 
chamber . The incident neut ron spectrum was deter-
mined by help of a vanad ium rod. The da ta were 
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corrected by s tandard procedures for a t tenuat ion, 
mult iple scattering, inelasticity effects, and for con-
tainer and background scattering [15]. Difficulties of 
the normalizat ion in the range of low energy neut rons 
( < 50 meV) might be ascribed to a slight contamina-
tion of the samples by atmospheric humidity. 

The complementary X R D measurements were per-
formed using a step scan mode on a horizontal go-
niometer which was setted at an X-ray generator with 
a ro ta t ing silver anode. The sample containers used 
were thin-walled capillaries made of silica with abou t 
0.9 m m in diameter. The scans were performed up to 
an angle 2 9 of 130°, which in all leads to a measuring 
range in Q from 4 n m - 1 up to 202 n m - 1 . A crystal 
m o n o c h r o m a t o r was positioned in the incident beam. 
In case of the zinc phosphate glasses, a filter was ap-
plied to suppress the fluorescence radiat ion in the dif-
fracted beam. The correction procedures used are de-
scribed in [10, 11], 

3. Results 

0.6 j 
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0 100 200 300 400 500 

Q/nm-1 

Fig. 1. Experimental neutron structure factors of the sam-
ples studied. Compositions are indicated in the plot. Beyond 
Q = 200 nm" 1 the oscillations are 8 times enhanced to make 
obvious the interferences in the high-ß range. 

The normalized differential scattering cross-sec-
tions, dcr/dß, obtained by the neutron diffraction ex-
per iments were converted into the Faber -Ziman 
s t ructure factors, S N ( 0 , by 

where bt is the neut ron scattering length of a toms of 
sort i and < . . . ) means the average with respect of the 
sample composit ion. In the case of XRD, the normal-
ized intensities were expressed in the same notat ion, 
where the X-ray form factor, fi(Q), s tands instead of 
the value bt. The S x ( 0 curves of the calcium phos-
pha te glasses show some incorrect features in the 
range Q > 180 n m " 1 . 

The neutron s tructure factors of all of the 5 samples 
studied are shown in Figure 1. The oscillations, which 
are plotted as points in the high-<2 range of the S ( ö ) 
curves, were amplified for better visibility. They 
demons t ra te the profitableness of measurements up to 
Q of 500 n m " 1 . The interferences caused by the P - O 
bond distances domina te the scattering result in the 
range of Q > 300 nm " 1 . This was illustrated by a com-
parison of the experimental interferences with the 
backt ransform of those 2 Gaussian curves which 
model the P - O distance peak [7]. Such curves 

Ö [ S N ( Ö ) ~ 1] w e r e presented in Fig. 3 of [7] for a 
K P 0 3 glass which was studied under the same condi-
tions as described here. 

O n a first view, the oscillations in the high-Q range 
of Fig. 1 seem to be very similar for all of the samples 
studied. Slight variat ions in the S(Q) functions must 
contain that informat ion which reflects the progress of 
the network depolymerizat ion, e.g. the increase of the 
fraction of the short P - O t bonds at the expense of the 
P - O B contr ibut ion. This effect will become more ob-
vious in the total real-space correlat ion functions, 
T (r), which were obta ined by ( 2 ) 

T (r) = 4nr g0 + 2/n J* M (Q)[S(Q)-l]sin(Qr)QdQ. 
o 

Here g0 is the number density of a toms. M{Q) s tands 
for the Lorch modif icat ion which was applied in the 
calculations of the total correlat ion funct ions Tx{r). 
Thereby the values of ()max were 175 n m - 1 and 
202 nm ~1 for the calcium and zinc glasses, respec-
tively. Despite the noticeable statistical error present 
in the experimental SN((2) curves at high Q, the respec-
tive Four ier t ransformat ions were performed up to 
500 nm - 1 wi thout any modif icat ions of the data . The 
distance ranges in the T(r) funct ions showing the 
P - O , Me-O, and O - O peaks are plotted in Fig. 2 
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Fig. 2. Real-space correlation functions, T (r), of three cal-
cium ultraphosphate glasses, studied by neutron diffraction 
- on the left; by XRD - on the right (experimental curves -
dotted lines; fitted model peaks - thin solid lines; their sum 
-thick solid lines). The molar ratios are indicated in the plot. 
In the calculations according to (2) the upper integration 
limits used were Qmax = 500 n m - 1 (neutron diffraction) and 
175 nm" 1 (XRD). In case of XRD the Lorch modification 
was applied. 

Fig. 3. As Fig. 2, but in the calculation according to (2) the 
upper integration limit used for XRD was 202 nm - 1 (XRD). 
The single curve belongs to results of a Z n 0 - M g 0 - P 2 0 5 
glass in [8]. 

( C a O - P 2 O s glasses) and in Fig. 3 ( Z n 0 - P 2 0 5 sys-
tems). In Fig. 3 the curves of a previous measurement 
on a ternary glass [8] are included. This sample has 
approximately metaphospha te composi t ion. A split-
ting of the P - O peak into 2 cont r ibut ions is obtained 
in all the glasses studied. Moreover , the raising peak 
of the P - O t distances the number of which grows 
with increasing M e O content at the expense of the 
P - O B bonds, is obvious. 

In the evaluation of parameters of the P - O bond 
distances the corresponding peak was modelled by 
two Gaussian profiles, where the coord ina t ion num-
ber, the mean distance and the full width at half max-
imum (fwhm) were the adjus table parameters used. 
According to the knowledge f rom previous X R D mea-
surements [12], C a - O distances can be approx imated 
by a single peak while for the Z n - O distances a sec-
ond peak at 235 pm has to be taken into account . An 
evident contr ibut ion in this distance range is the O - O 
peak which belongs to the edges of the P 0 4 te trahe-
dra. The least-squares fits of the distance peaks were 

simultaneously performed, including both the neutron 
and the X-ray T(r) functions. This combinat ion al-
lows a reliable differentiation of the superimposing 
M e - O and O - O distances. 

Only in considerat ion of the terminat ion effect of 
the Four ier integral in (2) the least-squares fit proce-
dure can lead to reliable results. A procedure accord-
ing to suggestions of Waser & Schomaker [16], also 
described by Wright & Leadbetter [17], was applied, 
where the model peaks, i.e. the Gaussian profiles, were 
folded with so-called peak functions Pu (t). Here the 
appropr ia te function belonging to the X-ray data is 
given by 

Qmax f(Q\ f (Q\ 
Pij(t) = l/n f yf\2 M (Q) cos (Q t) &Q . (3) 

o \J / 

The total model correlation function, Fmod(r), is ob-
tained by 

Tmod (r) = Z, IjCi J r y ( t ) [PtJ(r - t) - Pu(r + t)] d f , (4) 
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where curves (t) are composed of Gauss ian profiles, 
c, is the mole fraction of a toms i. 

The neut ron and X-ray T (r) functions were ob-
tained using very different upper integration limits 
ömax • According to the small width of PPO (r) of 7.6 pm 
(Ar ^ 3.79/Qmax) in case of the neutron da ta only a 
slight broadening is introduced. Hence, details of the 
P - O bond were predominant ly determined by the 
TN(r) curve f rom the neutron data. But the same 
model peaks fit approximately the distance peak at 
r = 155 pm in the Tx{r) curves. Here the width of the 
PPO(t) function is 26.9 pm if Qmax is assumed to be 
202 n m - 1 and the Lorch modification is taken into 
account (Ar s 5.44/Qmax). 

The resulting parameters of the fit procedures 
which correspond to the model Gauss ian curves are 
given in Table 1. No te that the various model peaks 
shown in Figs. 2 and 3 are already broadened by fold-

Table 1. Peak fit parameter for the ultraphosphate glasses 
studied (On the right hand - total coordination numbers and 
mean distances). 

Atom Coordi- Distance fwhm Coordi- Distance 
pair nation nation 

number (in pm) (in pm) number (in pm) 

y = 0.330 
P O 1.30(5) 145.3 (10) 9.5 (10) 3.97 (10) 154.4 (5) 

2.67 (5) 158.8 (10) 13.0(15) 
C a - O 5.5 (8) 232 (2) 30 (5) 
O - O 4.45 (20) 252.0 (19) 20 (2) 
y = 0.497 
P - O 1.45 (5) 145.7 (10) 9.4 (10) 3.90 (10) 154.2 (5) 

2.45 (5) 159.2 (10) 13.0(15) 
C a - O 6.1 (5) 232 (2) 28 (5) 
O - O 4.34 (20) 252.0 (10) 20 (2) 
y = 0.658 
P - O 1.63(5) 147.5 (10) 10.0 (10) 4.03 (10) 154.9 (5) 

2.40 (5) 160.0 (10) 13.5 (15) 
C a - O 6.2(4) 234 (2) 40(5) 
O - O 4.20 (20) 252.3 (10) 20 (2) 
y = 0.502 
P - O 1.45(5) 146.0 (10) 9.0 (10) 3.93 (10) 154.2 (5) 

2.48 (5) 159.0 (10) 12.1 (15) 
Z n - O 5.7(3) 203 (2) 27 (2) 

1.4 (5) 235* 50(5) 
O - O 4.25 (20) 251.8 (10) 21 (2) 
y = 0.678 
P - O 1.55 (5) 146.5 (10) 9.0 (10) 3.93 (10) 154.4 (5) 

2.38 (5) 159.5 (10) 12.5 (15) 
Z n - O 5.2(3) 199 (2) 25 (2) 

1.3 (5) 235* 44(5) 
O - O 4.20 (20) 251.9 (10) 20 (2) 

* Parameter was fixed during the fit. 

ing them with the peak funct ions Pi} (t). Ripples caused 
by the terminat ion effect are only visible near the P - O 
peaks of the TN (r) funct ions because the width of these 
model peaks (about 10 pm) is of similar magni tude as 
that addit ionally in t roduced by the terminat ion effect. 
Thus, if one exceeds Qmax of 300 n m - 1 , the gain in 
informat ion mainly concerns the P - O peaks. Note, 
the Lorch modificat ion, applied on the X-ray data , 
suppresses these ripples in the corresponding curves. 

Reliable parameters of the M e - O peak could be 
determined. The single distance peak at 250 pm in the 
T(r) funct ions of the C a 0 - P 2 0 5 glasses (Fig. 2) was 
separated into the cont r ibut ions f rom the C a - O and 
O - O peak. In the zinc phospha te glasses studied 
(Fig. 3) the tail of the Z n - O peak formed by a weak 
second distance is an obvious feature of the Z n - O 
environments . The reasonable number of Gauss ian 
profiles here applied restricts the interpretat ion to 
those parameters which are given in Table 1. Fur ther 
refinements of the distance distr ibutions might be of 
interest, e.g. the use of o ther than Gauss ian profiles, 
but this task is out of the limit of the quality of the 
data . The obvious ripples in the neutron T (r) curves, 
which in the low-r range exceed in ampli tude the ter-
minat ion ripples, are a s ignature for certain small sys-
tematic errors in the experimental data. 

4. Discussion 

4.1 The 2 Separate P-O Distance Peaks Observed 

The excellent resolution of the real-space correla-
t ion funct ions makes it possible to discuss the P - O T 

and P - O b bond lengths in their dependence on the 
modifier content . In order to enlarge the considered 
composi t ional range, the da t a of 4 other glasses will be 
used, too. A m o n g these glasses, the 2 P - O bonds were 
separated only for the Z n 0 - M g 0 - P 2 0 5 system [8], 
The total P - O coord ina t ion numbers and the mean 
P - O distances, together with the parameters belong-
ing to the P - O t and the P - O b contr ibut ions for all of 
the 5 samples studied and for the 4 addit ional glasses, 
are plotted in Figure 4. In the upper par t of the plot 
straight lines indicate the expected behaviour of coor-
dinat ion numbers . D u e to the conversion of Q 3 into 
Q 2 , g roups the NPO should alter according to 1 + y 
and 3 — y for the O t and the O b a toms, respectively, 
where y is the molar rat io « ( M e 0 ) / n ( P 2 0 5 ) . The 
fract ion of Q 2 is equal to this rat io up to y = 1 [2, 5]. 
The experimental values of bo th P - O contr ibut ions 
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Fig. 4. Coordination numbers and distances belonging to 
the O b and O t contributions to the P - O bond. Triangles 
correspond to the ZnO P 2 O s systems; circles denote values 
of the C a O - P 2 O s systems; the square means T;-P205. Lines 
in the upper plot mark the expected behaviour. Full markers 
indicate the O - O coordination numbers. The lines in the 
lower plot are guides to the eye. Values at compositions 
marked by arrows and letters a, b, and c denote values taken 
from [10], [8], and [13], respectively. The asterisks mark val-
ues taken from ab initio calculations [26]. 

agree well with the expected curves. Additionally, the 
O - O coordinat ion numbers are plotted. Their be-
haviour expresses the progress of the ne twork depoly-
merization by a weak decrease according to 
N00 = 24/(5 + y) [11]. This formula reflects tha t an O B 

a tom has 6, an O t a tom only 3 nearest oxygen neigh-
bours. 

The mean P - O distances which are shown in the 
lower part of Fig. 4, confirm the observat ions f rom 
our previous X R D studies on u l t r aphospha te glasses 
[11,12]. Their values do not depend on the metal oxide 
content. This finding might explain why the periods of 
oscillations in the high-Q range of all of the neu t ron 
structure factors shown in Fig. 1 appea r a lmost inde-

pendent of composit ion. Since the fract ions of both 
contr ibut ing bonds vary continuously, a fur ther effect 
must compensate for the increasing componen t of the 
short P - O t distances. The explanation is found in the 
increase of both distances, P - O t and P - O b , with 
growing M e O content. The elongation is s t ronger for 
the P - O t bonds. 

The respective details will be checked in related 
crystal s tructures [18-25]. Moreover , it is possible to 
make use of the results f rom ab initio molecular or-
bital (MO) calculations (Uchino and Oga t a [26]). 
These M O calculations were performed on 3 pairs of 
Q" groups. The au thors suggested their results to be 
valid for i>-P 20 5 and for 33 m o l % and 50 m o l % 
sodium phospha te glasses. The mean P - O distances 
and the 2 separate contributions, which were obtained 
in the P 0 4 units of the crystals and the clusters, are 
given in Table 2. Actually, the mean P - O distances of 
the crystals and clusters are quite independent of the 
composi t ion, such as found in previous X R D mea-
surements [10-12]. The 2 distances, P - O x and P - O B , 
f rom the M O calculations [26] are plotted in Fig. 4 as 
asterisks. Both values well reproduce the behaviour 
here observed. The elongation of the P - O t bonds is 
also found in the related crystal structures. However, 
their P - O B distances do not show a clear trend. The 
difference of the P - O t and P - O b distances is largest 
in the P 4 O 1 0 crystal [18], due to the kind of packing 
of the P 4 0 1 0 molecules showing the most open envi-
ronments of the O d b positions. 

Fo r obvious reasons, the P - O bond lengths in a Q 2 

group might be assumed to be larger than those in Q 3 . 

Table 2. Mean P O distances and the P - O t and P - O B 
distances in selected phosphate crystals and in clusters ob-
tained by MO calculations [26]. Distance values are given in 
pm. 

Chemical Fraction P - O P - O X P O B Ref. 
formula of Q 2 

units 

P O B 

P 4 O 1 0 0.0 155.0 143.2 159.0 [18] 
p 2 o 5 II 0.0 154.3 144.5 157.6 [19] 
p 2 o 5 III 0.0 153.9 144.4 157.0 [20] 
Z n P 4 O n 0.5 153.6 145.7 158.3 [21] 
C a P 4 O n 0.5 153.9 145.0 159.2 [22] 
N d P 5 0 1 4 0.6 153.8 146.7 158.5 [23] 
C a 2 P 6 0 1 7 0.66 153.7 147.2 158.4 [24] 
C a P 2 0 6 1.0 153.2 148.3 158.2 [25] 
H 4 P 2 O 7 0.0 154.2 143.9 157.7 [26] 
H 3 P 2 0 7 N a 0.5 154.2 146.9 158.6 [26] 
H 2 P 2 0 7 N a 2 1.0 154.2 148.9 159.5 [26] 



265 U. Hoppe et al. • Neutron and X-ray Diffraction Study on the Structure of Ult raphosphate Glasses 

Predominant ly this might be connected with the fact 
that in the Q 2 g roup the p-d re-bond character is 
shared between 2 P - O t bonds. In accordance with 
the growing fraction of Q 2 , this would give a simple 
explanat ion for the e longat ion of the P - O t bonds. 

4.2 Consideration on Further Details of P-O Distances 

In order to clarify the cont r ibut ions of Q 3 and Q 2 

groups to the P - O bond lengths, even more details 
abou t the crystalline s t ructures and the cluster config-
urat ions than have been shown in Table 2, can be 
evaluated. Some of the corresponding details could 
become visible if even higher real-space resolution in 
the diffraction experiments could be achieved. There-
fore, the P - O bonds were considered in respect of 
their location either in Q 3 or in Q 2 groups. Fur ther -
more, bo th species of P - O b bonds are par t of a link 
either with a Q 3 or with a Q 2 group. The correspond-
ing lengths, given in Table 3, are mean values of vari-
ous equivalent bonds. 

The P-Oj distances in the clusters reveal two values 
of unlike O x positions, those in Q 3 or Q 2 groups, 
while the corresponding values are hardly to differen-
tiate in the crystals. This may be caused by a definite 
defect of the H 3 P 2 0 7 N a cluster, where the O d b a tom 
is not coordinated by a modifier cation. This fact is in 
contradict ion to the related M e P 4 O u crystals and to 
a s tructural concept ion of u l t raphospha te glasses [9] 
which was concluded f rom M e - O coordinat ion num-
bers (XRD results) and packing densities [12] (see also 
Section 4.4). In phospha te glasses of 33 m o l % metal 
oxide content , a lmost all of the O d b a toms should 
have a cation neighbour. The interact ion with a cation 
has consequences for the P - O t bond lengths. Hence, 
the P - O d b and the P - O n b bonds are of equal length. 
Only in glasses with very low modifier content a sec-
ond species of P - O t bond, belonging to those O D B 

a toms which, typically for u - P 2 0 5 , have no adjacent 
cation, can appear . U p to now such a bond length was 
not determined. Thus, a detection of separate species 
of P - O t bonds, in Q 3 and Q 2 groups, is generally 
impossible in the glasses studied. 

The P~Ob distances are little different within all 
those P - O - P bridges of clusters and crystals where 
equal Q" species are linked (cf. Table 3). Those values 
of the H 3 P 2 0 7 N a cluster which are setted in paren-
thesis may be considered as such distances, too. Pairs 
of like Q" are c o m m o n in i>-P2Os and in the 
metaphospha te systems, both glasses formed f rom 

Table 3. Classification of P - O bond lengths in those phos-
phate crystals and small clusters already presented in 
Table 2. The various bonds are classified according to their 
positions in Q" groups, the P O b bonds additionally accord-
ing to their directions of links. Distance values are given in 
pm. Values in parentheses denote lengths of bonds to oxygen 
atoms whose second valencies are saturated by a hydrogen 
atom. 

Chemical 
formula 

Frac-
tion 
of Q 2 

P o T P o B in Q 3 P O B in Q 2 Chemical 
formula 

Frac-
tion 
of Q 2 Q3 Q2 - Q 3 =>Q2 =>Q 3 = > Q 2 

P 4 O 1 0 0 143.3 159.0 _ _ _ 
P 2 O s II 0 144.5 - 157.6 - -

p , o 5 III 0 144.4 - 157.0 - -

Z n P 4 0 , , 0.5 145 146 157 155.5 162 -
C a P 4 0 , , 0.5 144.5 145 159 155.5 163 -
N d P 5 0 ! 4 0.6 146 147 - 156 161 
C a 2 P h 0 1 7 0.66 146 147.5 - 156 161 158 
C a P , 0 6 1.0 - 148.3 - - 158.2 

H4P,O7 0 143.9 _ 157.7 - -

H 3 P , 0 7 N a 0.5 144.2 148.3 (158.3) 156.2 161.2 (158.6) 
H 2 P 2 0 7 N a 2 1.0 - 148.9 - - 159.5 

only one species of Q". The networks of the ul t raphos-
phate crystals contain a reasonable a m o u n t of links 
between unlike Q" species. In such a P - O - P bridge, 
the P - O b bond in the Q 2 g roup is lengthened while 
that in the Q 3 g roup is shortened. A Q 3 - Q 2 pair of a 
Z n P 4 0 11 crystal [21] is illustrated in Fig. 5, where all 
the distance values are indicated. Here the quali tat ive 
considerations, which were made concerning the bond 
lengths in Q 2 groups should be remembered. The ef-
fect of adjacent cations modifies the P - O bonds [7, 8]. 
Changes of P - O bond lengths were explained by 
slight shifts of electron density. A bond is shor tened if 
the electron density is shifted along the bond f rom the 
more positive to the more negative par tner , and vice 
versa (Gu tmann [27]). Accordingly, the following is 
suggested for explanat ion of the various P - O b bond 
lengths given in Table 3: Since in a P - O bond oxygen 
a toms are negatively, the P a toms are positively 
charged, the changes of lengths in P - O - P bridges in 
Q 3 - Q 2 pairs indicate a shift of electron density f rom 
the Q 2 to the Q 3 group. The O n b a toms of the Q 2 

group carry the counter charge of the metal cation, i.e. 
an excess of electron density. Obviously, this charge 
tends to distribute on the remaining network. The 
arrows in Fig. 5 mark the shifts of negative charges. 
Such a tendency would indicate a preference of links 
between the Q 3 and the Q 2 group. 

The charge transfer indicated in Fig. 5 weakens the 
re-bond to the O d b a tom in the Q 3 group, while such 
a bond character is s t rengthened to the O n b sites in 
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Q2 Zn1 

2n\ 

Zn 0 145 ? 155 0 162 ^ 162 0 155 P 

0 

ZN 

Fig. 5. A Q 3 - Q 2 pair in a Z n P 4 O U crystal [21]. The nomi-
nal charges introduced by the breakage of the P - O - P 
bridges due to MeO additions are indicated on the O n b sites 
of the Q2 group. The arrows mark the directions of shifts of 
negative charge toward the O d b sites on adjacent Q 3 groups. 
Bond lengths are given in pm. 

the Q 2 groups. Hence, all P - O t bonds are equalized. 
However, according to the progress in the conversion 
of Q 3 to Q 2 , the total a m o u n t of 7r-character per 
P - O t distance is diminished. The mean value of 
P - O t distances increases in this process. 

4.3 Prefered Links Between Unlike Q" Species 

The conception abou t the overall spread of negativ 
charges f rom the O n b a toms toward the rest of the 
anionic ne twork-former skeleton (Sect. 4.2) is in agree-
ment with conclusions d rawn f rom M O calculations 
by Uchino et al. [28] and with suggestions of Duffy 
et al. [29] which concern the charge distr ibution in 
their optical basicity model. As quoted above, the O D B 

of the Q 3 g roup tends to coordina te a modifier cation 
[9, 12]. Hence, Q 3 groups approach the posit ions of 
modifier cations. Fur thermore , for reasons of charge 
compensat ion the Q 2 g roups are first neighbours of 
the cations. The following is suggested: The electron 
shift, which was indicated by the al terat ions of the 
P - O bond lengths, reflects the local improvement of 
the charge compensat ion . The distr ibution of the ex-
cess of electron density smeared at the P 0 4 units 
a round the point charge of the cat ion sites screens the 
modifier posit ions most effectively. Tha t improves the 
ionic bonding. Thus , prefered links are formed be-
tween unlike Q" units such that the negativ charge of 
the Q 2 can be widely spread. A direct experimental 
evidence of such links was given by the 3 1 P two-di-
mensional (2D) M A S N M R [30]. An almost al ternat-

ing arrangement of Q 3 and Q 2 g roup was proposed to 
exist in the 36 m o l % sodium phospha te glass studied. 

If every of the Q" would prefer links with the groups 
of the other sort, definite composi t ions of u l t raphos-
phate glasses could be determined whereby "regular" 
ar rangements of the Q" species with uni form environ-
ments of all of the Q 3 and the Q 2 would be formed. 
This concept is similar to the model a b o u t the degra-
dat ion of the Q 3 ne twork of Reiss and Stachel [31]. 
They predicted that every Q 3 g roup tends to link with 
at first one Q 2 , then two Q 2 , and so forth. Here 4 
composi t ions of uniform Q" envi ronments were found 
to be possible. The respective numbers of adjacent 
groups are specified in Table 4. Typical sections of the 
respective networks are shown in Figure 6. Regular 
ar rangements may indicate the fo rmat ion of crystal 
structures. Actually, u l t r aphospha te crystals whose 
structures show links as predicted in Fig. 6 are known 
for M e 2 + cations at y = 0.5 [21, 22], and for M e 3 + at 
y = 0.6 [23], 

The composi t ion of the glass sample studied by 3 1 P 
2 D N M R [30] is equivalent tha t with y = 0.6 
(37.5 m o l % N a 2 0 ) . Thus , the dominance of Q 3 - Q 2 

neighbours observed in the sodium u l t raphospha te 
glass [30] matches with the suggested regular pa t tern 
of links. In the P - O - P bridges between the unlike Q" 
groups two different P - O b distances are formed (cf. in 
Table 3 the data abou t the N d P 5 0 1 4 crystal with a 
distance difference of 5 pm). By the diffraction experi-
ment presented here it is not possible to resolve 
lengths of this magni tude. Just as high field strengths 
of cations broaden the widths of the P - O x and the 

Table 4. Number of Q" species linked with the Q 3 and the 
Q2 groups of those 4 ratios N(Q2)/N(Q3) of ultraphosphate 
compositions y = n(MeO)/n(P2O s) whose Q" can be ar-
ranged in uniform environments. Compare for illustration 
the drawings in Figure 6. 

Ratio 
" ( Q X Q 3 ) 

Compo-
sition y 

Number of Q" neighbours 
around the 

Q 3 group Q 2 group 

Q 3 Q 2 Q 3 Q2 

r - p 2 o 5 0.0 3 0 -

0.5 0.33 2 l 2 0 
1.0 0.50 1 2 2 0 
1.5 0.60 0 3 2 0 
3.0 0.75 0 3 1 1 

Me(P03)2 1.0 - - 0 2 
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y = 0 . 3 3 

Q3 _ Q3 — Q3 _ 

Q2 

Q3 _ Q3 _ Q3 — 

y = 0 . 5 0 
I 

Q3 _ Q3 — Q2 — 

Q2 

Q2 — Q3 — Q3 — 

y = 0 . 6 0 

— Q2 — Q3 — Q2 — 
I 
Q2 

— Q2 — Q3 — Q2 — 

y = 0 . 7 5 

— Q2 — Q3 — Q2 — 

Q2 

Q2 _ Q3 — 

responding value M T O [12] is given by 

M T O = 2 ( y + l ) / y . (5) 

Fig. 6. Schematic drawings of small moieties which show the 
neighbours of Q 3 and Q* groups for those ultraphosphate 
compositions y = n(Me0)/n(P 20 5 ) whose Q" groups can 
appear in uniform environments. The preference of pairs of 
unlike Q" is taken into account. 

P - O b distance peaks [7, 8], the fwhm of the various 
P - O B peaks observed by the present experiments can-
not be exploited to est imate different P - O b distances. 

The valence electrons of cat ions f rom modifier 
a toms of low electronegativity pass completely to the 
anionic network. Thus, the effect of pair ing of unlike 
Q" groups should be p ronounced in such glasses. 
Moreover , in case of cat ions of low electric field 
strength their effect on the lengths of the P - O bonds 
is small. Tha t leads to the smallest widths of the dis-
tance peaks of the various P - O bond species. Thus, in 
order to see more details of the P - O bonds than in the 
present study, diffraction experiments on alkali ultra-
phosphate glasses should be performed. 

4.4 The Me-0 Environments 

In u l t raphosphate glasses of low metal oxide con-
tent the modifier cat ions act on the network as an 
ingredient of re-polymerization [9]. This process s tar ts 
in f - P 2 0 5 with 4 0 % of the oxygen a toms, the doubly 
bonded ones, being singly coordinated . The incorpo-
ration of one M e O produces two addi t ional O t sites. 
But one Me 2 + cation satisfies the coordination of com-
monly 4 or more O t a toms. Thus , the surfeit of the 
terminal oxygens compared with the coordina t ion ca-
pability of modifier cations will be lost. At a definite 
composit ion, where the rat io MJO = n ( O r ) / n ( M e ) is 
diminished to the coordina t ion number , NMe0, the 
re-polymerization is finished. F o r bivalent Me the cor-

Beginning at this point the MeO„ polyhedra, which at 
first are preferably in isolated posit ions and sur-
rounded by M e - O - P bridges, link together by ver-
tices, edges, and faces. Between both composi t ional 
ranges a fur ther one appears if the NMe0 values are 
varied. This effect should arise in glasses with such 
M e - O bonds which exhibit a slightly covalent charac-
ter and which, therefore, can stabilize M e - O - P 
bridges. Minima positions of packing densities indi-
cate the upper limit of this range which was called a 
range II in [9]. The inefficient packing is a t t r ibutable 
to low NMe0 values as well as to the dominance of 
oxygen bridges. Such minima were observed in cal-
cium and zinc phosphate glasses at the composi t ions 
y = 0.5 and 1.0 [12], which correspond to M e - O coor-
dination numbers of 6 and 4, respectively, according 
to (5). 

Actually, the predicted values of M e - O coordina-
tion numbers were found at the concerning glass com-
positions [12]. However, NMe0 values of 6 and 4 for Ca 
and Zn, respectively, are quite c o m m o n in oxide 
glasses. More arguments for the hypothesis abou t the 
formation of M e - O - P bridges should be given. If in 
a certain composit ional range the NMe0 values behave 
equivalent to the amoun t of available O t a toms 
( M t o ) , then the respective conclusions can be drawn. 
The previous X R D results [12] indicated such a be-
haviour for C a 2 + between y = 0.3 and 0.5, and for 
Z n 2 + between y = 0.5 and 1.0. This is illustrated in 
Fig. 7 by a comparison of NMe0 values (small filled 
circles) with the values of M T O (dashed curves). 

The NZn0 values of the phospha te glasses studied 
corrobora te the existence of a behaviour according to 
range II [9], The new Z n - O coordina t ion numbers 
which are plotted as hollow circles at y = 0.5 and 0.66, 
well follow the numbers of available terminal oxygen 
a toms per metal cation. Thereby we will not stress the 
reliability of the tails in the Z n - O peaks (cf. Fig. 3) 
which lead to total NZn0 values marked by the x signs 
in Figure 7. The tails indicate an asymmetr ic compo-
nent in the Z n - O distance peaks. D u e to the correct 
separation of the O - O contr ibut ions f rom the Z n - O 
peaks, the present results are of even better quali ty 
than the previous X R D da ta [12]. Thus, up to the 
metaphospha te composit ion, Z n 2 + cat ions are prefer-
ably surrounded by Z n - O - P bridges with the O D B 

atoms of the Q 3 groups incorpora ted in their environ-
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1.0 0.5 1.0 1.5 0.0 
n(CaO)/n(P205) 

0.5 1.0 1.5 
n(ZnO)/n(P205) 

Fig. 7. Comparison of M e - O coordination numbers and 
M e - O distances from a combination of neutron diffraction 
and XRD results of the ultraphosphate glasses studied and 
metaphosphate glasses [13] (hollow circles) with values from 
previous XRD studies [12] (small full circles). The dashed 
lines denote the ratio MTO = n(0T)/n(Me). The x signs on the 
right plot give total NZnQ values, taking into account the 
weak contributions of a small second peak. 

ments. The Z n - O distances which are plotted in Fig. 7 
(but tom) confirm the al terat ions of the NZn0 values. 
Just below y = 0.5, the values r Z n Q start to decrease 
f rom 207 pm to abou t 195 pm at the metaphospha te 
composi t ion. 

In [9, 12] it was assumed for glasses of low M e O 
content that due to the coordinat ion tendency of the 
O DB a toms large M e - O coordina t ion numbers should 
exist. Thus, according to (5) in the glass of 25 m o l % 
C a O (y = 0.33), NCa0 should be equal to about 8. 
This value was in accordance with results of previous 
X R D measurements [12] (cf. Figure 7). However, the 
present experiment reveals an NCa0 number of about 
6, the same value as found at the minimal packing 
density (y = 0.5) and just above it (y = 0.66). Such as 
the C a - O distances do not much vary in this compo-
sitional range, this finding must assumed to be correct. 
Hence, in the glass of 25 m o l % C a O the largest possi-
ble O d b coordina t ion is not satisfied and some of the 
O DB a toms remain without a cation neighbour. Obvi-
ously, not all O t a toms can approach the C a 2 + 

cations in such inflexible networks which are domi-
nated by Q 3 groups. 

The curves of N C a 0 and M T O values cross at y = 0.5 
(cf. Figure 7). Thus, the calcium ul t raphosphate glass 

of y = 0.5 is dominant ly consti tuted f rom C a 0 6 and 
P 0 4 polyhedra which are linked by vertices, i.e. the O 
a toms are posit ioned on bridging positions, the O b at 
P - O - P and the O t at C a - O - P bridges. Step by step, 
if y = 0.5 is exceeded, the C a - O - P bridges are lost. 
This process is a t tended by an increase of NCa0 and 
r c a o values (cf. Figure 7). Here NCa0 increases though 
M t o , the number of available terminal oxygen a toms 
per cation, is diminished. The enhanced flexibility of 
the network which is formed f rom a large fract ion of 
Q 2 g roups and without any s t rong topological order 
required by C a - O - P bridges enables the increase of 

^CaO' 

The successful combina t ion of neu t ron diffraction 
and X R D data to determine M e - O coordina t ion 
numbers is limited to glasses with a reasonable 
amoun t of metal oxide. It would have no meaning to 
study N C a 0 values in glasses with less than 25 m o l % 
CaO. 

5. Conclusions 

The existence of the P 0 4 te t rahedra and the forma-
tion of definite numbers of links between them are 
known facts of the s t ructure of phospha te glasses. The 
results of the diffraction methods here presented and 
the subsequent discussion, where distances of related 
crystals and data f rom M O calculations were in-
cluded, extends the knowledge on fur ther s tructural 
details. 

Fo r the first time the splitting of the P - O distance 
peak into contr ibut ions f rom the bonds of the phos-
phorus to the terminal ( O t ) and the bridging (OB) 
oxygen a toms was obta ined in u l t raphospha te glasses. 
The varying fractions of these bonds cor robora te the 
depolymerizat ion scheme of the network. The mean 
P - O bond lengths are almost invariable versus the 
metal oxide content , while the increase of the P - O T 

and P - O b distances compensates for the growing 
fraction of the shorter bonds, i.e. those to the O T 

atoms. In general, this agrees with the behaviour of 
bonds in the related crystals and in clusters obtained 
by ab initio calculations. 

F rom considerat ions on s t ructural details in the 
crystals and clusters the following conclusions were 
drawn: Con t r a ry to a nominal distinction of P - O T 

distances in Q 3 and Q 2 groups, any differences of 
lengths are smeared out under the at tack of the mod-
ifier cations. The transfer of electron density f rom the 
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Q 2 to the Q 3 g roup reflects the corresponding mecha-
nism. Thus, the improvement of the local charge com-
pensat ion favours links between pairs of unlike Q". 
Thereby the P - O b bond in a Q 2 is lengthened while 
the corresponding bond in the Q 3 is shortened. How-
ever, these distances could not be distinguished in the 
glasses studied. 

Of special interest in phospha te glasses is the com-
posit ional point where the number of available termi-
nal oxygen a toms per modifier cation is equal to the 
M e - O coord ina t ion number . Definite changes of 
NMe0 values in the vicinity of this point would indicate 
a stabilization of M e - O - P bridges. With a value 

N C a 0 of about 6 obtained at this composi t ion with 
n ( C a 0 ) / n ( P 2 0 5 ) = 0.5 and just below and above it a 
stabilization of C a - O - P bridges by the calcium 
cations is not confirmed. O n the other hand, the zinc 
a toms change their oxygen coordina t ion number f rom 
6 to 4 according to the decreasing number of available 
terminal oxygens. 
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