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The structures of phospha te glasses in the ultra- and polyphosphate region are well-investigated. Discon t inuous changes of the
propert ies in the composi t ion ränge a round 50 m o l % P2O5 ( transit ion from ne twork to chain-l ike s tructures) are known . T h e presen t
work is concerned with the structural t ransi t ion of chain-like phospha te glasses to p y r o p h o s p h a t e glasses. ^^P M A S N M R in
vestigations were used for the quant i ta t ive s t ructural analyses of pyrophospha te and mixed p y r o p h o s p h a t e / o r t h o p h o s p h a t e glasses.
Several chemical and physical propert ies of these glasses were de termined in dependence on compos i t ion and s t ructure . T h e in
vestigated phospha te invert glasses are very sensitive to additives. Therefore, some i m p o r t a n t proper t ies of p h o s p h a t e invert glasses
and glass-ceramics can be controlled by addi t ion of relatively small and highly charged cat ions.

Einfluß von Zusammensetzungsänderungen auf die Struktur und die Eigenschaften von Phosphatgläsern des Pyrophos-
phatbereiches

Die St rukturen von Phosphatgläsern im Ult ra- und Polyphosphatbereich sind gut un te r such t . Diskont inuier l iche Eigenschaf tsän-
derungen bei Gläsern mit P205-Stoffmengengehalten u m 5 0 % (Übergang von Netzwerk- zu ke t tenähnl ichen S t ruk turen) s ind eben-
falls bekann t . Die vorliegende Arbei t beschäftigt sich mit dem strukturel len Ü b e r g a n g von ket tenähnl ichen Phospha tg l ä se rn zu
Pyrophosphatg läsern . ' ' ^P -MAS-NMR-Unte r suchungen wurden durchgeführt , u m die S t ruk tu r sowohl von P y r o p h o s p h a t - als a u c h
von gemischten Pyrophospha t /Or thophospha tg läse rn quant i ta t iv aufzuklären. Verschiedene chemische u n d physikal ische Eigen-
schaften dieser Gläser wurden in Abhängigkei t von Zusammense tzung u n d S t ruk tu r bes t immt . Sie sind durch Zusä tze vorzugsweise
kleiner, hochgeladener Kat ionen gut steuerbar.

1. Introduction

T h o u g h the technical importance of pure phosphate
glasses was small in the past, their structures were inves
tigated intensively [1 to 3]. The poor chemical stability
of numerous phosphate glasses makes s tructural analy-
ses easy to carry out and permits e.g. the use of paper
chromatography [4 to 6]. Because of some special optical
and biological properties, phosphate glasses and glass-
ceramics have recently gained impor tance in laser tech-
nique, several optical Systems and in medicine. In the
last years, these applications have resulted in numerous
investigations of phosphate glass structures and proper-
ties using various methods of measurement [7 to 13].

Corresponding to their structures phospha te glasses
can be divided into three groups: acidic phosphate
glasses (ul t raphosphate glasses) consist of three-dimen-
sional networks of PO4 te t rahedra. However, at most
three corners of each te trahedron are connected via
bridging oxygen, otherwise the structure is analogous to
S i02 glass. Therefore, merely glasses with more than
50 mol% P2O5 form phosphate networks. Polyphosphate
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glasses conta in ing 50 m o l % P2O5 or less are formed by
PO4 t e t rahedra chains (rings) possessing different chain
lengths. Their s t ructures are similar to those of organic
polymers. By contras t , phospha te invert glasses are
formed by o r tho - and pyrophospha te s t ructural g roups
exclusively [11, 14 and 15]. In these cases the giassy State
is neither caused by a relatively stiff ne twork s t ruc ture
nor by entangled chains, but by the interact ion of differ-
ently charged cations.

With in these s t ructural groups mos t of the proper t ies
of glasses change continuously. However, in the c o m p o -
sition ränge a round 50 m o l % P2O5, investigations of bi-
nary alkaline ear th phospha te glasses by Kordes et al.
[16] showed discont inuous changes of the propert ies.

The present investigation is concerned with the struc-
tural t ransi t ion of chain-like phospha te glasses to pyro-
phospha te glasses and its effect on some of the physical
and chemical properties. The selected glasses are base
glasses for the development of resorbable phospha t e in-
vert glasses (system P 2 0 5 - C a O - N a 2 0 - M g O ) , and of
bioactive long-term stable phosphate glass-ceramics
(System P 2 0 5 - C a O - N a 2 0 - A l 2 0 3 - ( F e O / F e 2 0 3 ) ) , re-
spectively.
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T a b l e 1. C o m p o s i t i o n s ( i n m o l % ) o f g l a s s e s i n t h e s y s t e m

P 2 0 5 - C a O - N a 2 0 - M g O ( - A l 2 0 3 )

glass
designat ion

P2O5 C a O N a 2 0 M g O AI2O3

G O 39.1 29.8 28.8 2.3
G 2 . 5 34.9 27.4 29.0 6.5 2.3
G 5 32.4 27.3 27.3 12.1 1.0
G 7 . 5 29.2 26.3 25.2 16.8 2.5
G I O 28.6 26.1 24.7 18.7 1.9
G 1 2 26.8 24.0 22.7 24.9 1.7

T a b l e 2. C o m p o s i t i o n s ( i n m o l % ) o f g l a s s e s i n t h e s y s t e m

P 2 0 5 - C a O - N a 2 0 - A l 2 0 3 ( - F e O / F e 2 0 3 ) . T h e t o t a l c o n t e n t o f

i r o n w a s c o n v e r t e d i n t o m o l % F e O

glass P2O5 C a O N a 2 0 AI2O5 F e O
designat ion

G W l 40.0 25.7 21.4 8.0 4.9
G W 2 38.5 26.4 21.9 8.2 5.0
G W 3 36.9 27.0 22.5 8.4 5.1
G W 4 35.2 27.8 23.1 8.7 5.3
G W 5 34.8 28.0 23.2 8.7 5.3
G W 6 34.4 28.1 23.4 8.8 5.3
G W 7 33.9 28.3 23.6 8.8 5.4
G W 8 33.5 28.5 23.7 8.9 5.4

28 30 32 34 36 38
 O 5 c o n t e n t i n m o l %

40

F i g u r e 1. T r a n s f o r m a t i o n t e m p e r a t u r e o f g l a s s e s i n t h e s y s t e m

P 2 0 5 - C a O - N a 2 0 - M g O ( - A l 2 0 3 ) a s a f u n c t i o n o f t h e P 2 O 5

c o n t e n t . T h e d i f f e r e n c e b e t w e e n t h e g l a s s e s G 2 . 5 (34.9 m o l %

P 2 O 5 ) a n d G 7.5 (29.2 m o l % P 2 O 5 ) a m o u n t s t o 45 K .

2. Experimental
2.1 Glass preparation
The invest igated glasses were p repa red by me l t i ng m i x -
tures of carbonates a n d metaphospha tes o f ca lc ium, so-
d i u m a n d m a g n e s i u m , i r o n Oxalate a n d A1(0H)3 i n
AI2O3 c ruc ib les us ing an e lec t r ica l ly heated furnace. The
mel ts were p o u r e d i n t o water a n d reme l ted i n p l a t i n u m
cruc ib les at 1300°C f o r 1 h . After cas t ing , the surfaces
of the glasses were quenched t o p reven t surface crys-
t a l l i z a t i o n . The c o m p o s i t i o n s are g iven i n tables  1 a n d
2. Glasses o f the system P 2 0 5 - C a O - N a 2 0 - M g O pos-
sess u p t o 3 w t % AI2O3 due to c o r r o s i o n o f the crucibles.

2.2 Structure analyses by ̂ P̂ NMR
Structures of phosphate glasses can be described by con- j 
nected Q" groups  (PO4 te trahedra) . η gives the number
of bridging oxygen a toms in the PO4 te t rahedra and is
determined by the degree of condensat ion. Different de-
grees of condensat ion result in different shielding of the
phosporus nuclei and, thus, in different values of the ^^P
chemical shift anisotropy (AJ). Additionally,  a corre-
lation between the Isotropie chemical shift {δ-^^ο) and the
electric field strength of the cations surrounding the
phosphate anions exists [17 and 18]. Thus, the ^^P N M R
(Nuclear Magnetic Resonance) parameters are well-
suited to identify bo th the different phosphate units and
the cation influence on these structural groups. Infor-
mat ion about the ordering State of the investigated
materials can be obtained by analyzing the M A S (Magic
Angle Spinning) line width.

The ^^P N M R spectra were acquired on the N M R
spectrometer A M X 400 (Bruker G m b H , Rheinstet ten
(Germany)) ( M A S rotat ion rates up to 15 kHz) . Α sin-
gle-pulse sequence (π/2 pulse lengths oi  1.5 μs, de
lay times / d e  10μs and recycle times t^^  200 s) was
used. The ^^P chemical shift tensor parameters were ob-
tained from slow-spinning M A S spectra (rotational fre-
quency 4 to 5 kHz) [19]. The chemical shifts refer
to  a Solution of phosphor ic acid (85 % ) . Because of the
well-known effect of nuclear spin/electron spin interac-
tions in iron-containing glasses, the informative value of
N M R investigations on iron-containing glasses is low.
Therefore, the authors resigned N M R measurements in
the case of i ron-doped glasses.

2.3 Deternnination of physical and chennical
properties
Densities were determined on solid samples of a few
grams using the Archimedes ' method. The Immersion
fluid was benzene. Thermal expansion measurements
were made at a heating rate of 10 K/min using  a dila-
tometer 402 ES (Netzsch G m b H , Selb (Germany)) . The
transformation temperature of the glasses was deter-
mined by a differential thermal analyzer D T A 50
(Shimadzu, Kyoto (Japan)) with  a heating rate of
10 K/min. Information about the chemical stabihty of
the glasses was obtained by a thermal t reatment of glass
powders in 50 ml boihng distilled water (1 h). The pow-
ders possess  a grain size of 0.50 to 0.315 m m . The pow-
der was filtered and the dissolved ions in the residual
Solution were titrated with [c(HCl)  O.Ol mol/1] [20].

3. Results and discussion
3.1  Phosphate glasses of the System
P205-CaO-Na20-MgO(-Al203)
F igu re  1 gives the t r a n s f o r m a t i o n p o i n t s (T^) o f the
glasses i n dependence o n the i r P2O5 con ten t . I n the
ränge be low 3 5 m o l % P2O5  a d iscon t inuous change o f
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Tg can be observed. Whereas the transformation points
of the glasses G 0 and G 2.5 are nearly constant ,  a s treng
ascent in Tg between the glasses G 2 . 5 and G 7 . 5 is ob
servable. The difference a m o u n t s to 45 K. Fur ther de-
crease of the P2O5 content results only in a slightly in-
crease of Tg.

Discont inuous changes of the thermal expansion and
the chemical stability as a function of the P2O5 content
of glasses can also be noticed (figures 2 and 3). In all
the cases the graphs show  a break in the ränge below
3 5 m o l % P2O5. This points to significant structural
changes of the phosphate glasses. Therefore, ^^P M A S
N M R investigations were used to obtain information
about the real structure of the glasses. The ^^P M A S
N M R spectra of some selected glasses possessing dif-
ferent P2O5 Contents are presented in figure 4. All
spectra show an intensive line at the posit ion δ[^ο

 ( - 6 . 6 ± 0.6) ppm. In consideration of the correspond-
ing value of the ^^P chemical shift anisotropy Αδ=

 (137 ± 6) ppm this signal can be attr ibuted to
groups, influenced by calcium and sodium ions. The line
at ( - 2 0 . 4 ± 0.6) ppm, observable in the spectra of the
glasses G O (no. 1) and G 5 (no. 2), can be attr ibuted to

groups due to their chemical shift anisotropy
Αδ= ( - 1 7 6 ± 6) ppm. However, the share of the sig-
nal decreases propor t ional to the P2O5 content of the
glasses and in the spectrum of glass G 12 (no. 3)
groups are not detectable. In this case a new line can
be noticed, belonging to groups with calcium and
magnesium ions in their second coordinat ion spheres
(4o  (1.4 ± 1.2) ppm, Αδ= (35 ± 10) ppm) . In the spec-
t rum this Hne forms a Shoulder possessing  a considerable
intensity. The given shift tensor parameters were ob-
tained by Computer Simulation of the spectra.

Table  3 gives the quanti tat ive distr ibution of the dif-
ferent structural phosphate groups in the investigated
glasses. The glasses G 0 and G 2.5 are formed by and

groups. groups, possessing two bridging oxygen
atoms per P O 4 te t rahedron, are also called middle
groups and form chains of P O 4 te t rahedra. groups,
possessing only one bridging oxygen a tom, can be bo th
end groups of the chains and P O 4 groups forming pyro-
phosphate groups. Al though the share of groups is
significant higher compared with the groups, the
glasses G O and G 2 . 5 should be dominated by phos-
phate chain structures, because each phosphate chain re-
quires two groups. The share of "free" pyrophos-
phate groups should be low. By contrast , the glasses G 5 
and G 7 . 5 predominant ly consist of groups forming
pyrophosphate units. Only a few or no groups are de-
tectable.

This structural t ransi t ion of chain-like phosphate
glasses to pyrophosphate or mixed p y r o p h o s p h a t e - o r -
thophosphate glasses (glass G 12) should increase the
mobility of the ions strongly. However, the density,
and the chemical stability are increased and the thermal
expansion is decreased in this ränge. Obviously, an ad

30 32 34 36
- O 5 c o n t e n t i n m o l % -

38 40
- •

Figure 2. T h e r m a l expans ion of glasses in the system P2O5-
- C a O - N a 2 0 - M g O ( - A l 2 0 3 ) as a function of the P2O5 con-
tent .
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 O 5 c o n t e n t i n m o l % • 
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Figure 3. Chemica l stability of glasses in the system P2O5-
- C a O - N a 2 0 - M g O ( - A l 2 0 3 ) as a funct ion of the P2O5 con-
tent . Glass powders (0.50 to 0.315 m m ) were t rea ted in 50 ml
distilled water at 98 C for  1 h. T h e dissolved ions in the filtered
residual Solution were t i t rated with [c(HCl)  O.Ol mol/1] [20].

d i t ional effect superimposes the changes of the phos-
pha te s tructural Clements.

T h e decrease of the P2O5 content in the system
P 2 0 5 - C a O - N a 2 0 - M g O ( - A l 2 0 3 ) was no t achieved
directly by reduct ion of P2O5, but indirectly by increas-
ing the M g O content . On the one hand , the result ing
structural changes increase the mobil i ty of the ions and
the basicity of the phosphorous -bonded oxygens. O n the
other hand , in this way the te t rahedra l coord ina t ion of
magnes ium is favoured compared with the oc tahedra l
one, resulting in a general stabilization of the glass s truc-
ture. This explains the curves given in figures 1 t o 3.

3.2 P h o s p h a t e g l a s s e s of t h e S y s t e m

P 2 0 5 - C a O - N a 2 0 - A l 2 0 3 ( - F e O / F e 2 0 3 )

In this System the content of P2O5 was reduced directly.
If the assumpt ion ment ioned in section 3.1 of the super-
imposed structural effects in the MgO-con ta in ing system
is correct ,  a different correlat ion between proper t ies and
P2O5 content should be found in the new system. Figure
5 shows the t ransformat ion point Tg in dependence on
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Figure 4. ^^P M A S N M R spectra of some selected glasses with
different P2O5 con ten ts ; no. 1: spec t rum of glass G O , no. 2:
spec t rum of glass G 5, no. 3: spec t rum of glass G 12.

Table 3. Dis t r ibu t ion (in %) of Q  s t ructura l groups in glasses
of the System P 2 0 5 - C a O - N a 2 0 - M g O ( - A l 2 0 3 )

glass des ignat ion g roups Q  g roups groups

G O 64 36
G 2 . 5 - 79 21
G 5 3 92 - 5
G 7 . 5 ^ 1 93
G 1 2 40 60
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Figure 5. Transformat ion t empera tu re of glasses in the system
P 2 0 5 - C a O - N a 2 0 - A l 2 0 3 ( - F e O / F e 2 0 3 ) in dependence on the
P2O5 con ten t . T h e g raph shows an increasing t ransformation
tempera tu re in the ränge of 34 to 37 m o r / o P2O5 with a discon-
t inuity below 35 mol%.

the P2O5 content. The graph also shows a discontinuous
course, however, in contrast to figure 1, decreases

36 38
O5 c o n t e n t i n m o l % • 

40

Figure 6. Chemical stability of glasses in the system P2O5-
- C a O - N a 2 0 - A l 2 0 3 ( - F e O / F e 2 0 3 ) as a function of the P2O5
content . T h e solubility in water increases discontinuously at
P2O5 Contents below 35 mol%.

36 38
O5 c o n t e n t i n m o l % • 
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Figure 7. Densi ty of glasses in the system P 2 0 5 - C a O -
- N a 2 0 - A l 2 0 3 ( - F e O / F e 2 0 3 ) as a function of the P2O5 con-
tent. The density increases discontinuously at P2O5 contents
below 35 mol%.

with decreasing P2O5 content. Compared with the re
sults given in figure 3, also a reversed dependence is ob
servable in chemical stability (figure 6). These results
meet the expectations and reflect the changes of the
phosphate structures in the glasses. The smaller the de-
gree of condensation, the higher is the mobihty of the
phosphate sturctural groups. This results in the observed
increase of the solubility and decrease of the viscosity
(expressed as Tg) in the transition ränge of chain-like
phosphate glasses and pyrophosphate glasses. The
increasing content of M g O in the glasses of the
P 2 0 5 - C a O - N a 2 0 - M g O ( - A l 2 0 3 ) system results in a 
stabilization of the glass structure superimposing the
structural effects induced by decreasing P2O5 concen-
tration. The glasses in the system P 2 0 5 - C a O - N a 2 0 -
-Al203(-FeO/Fe203) possess a constant ratio of all
network-modifying oxides, and the given curves (figures
5 and 6) reflect the pure influence of the changing struc-
tural phosphate units. The deviation in the course of the
density graph (figure 7) does not contradict the other
results. The increasing density in the ränge below
35mol% P2O5 is explainable by the forming of small
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structural phosphate units. In this way a more compact
arrangement of the structural groups is sterically fea-
sible.

4. Conclusions
The reduction of the P2O5 content in pure, siHcon-free
phosphate glasses results in a significant decomposi t ion
of the chain-like structure. Below 3 5 m o l % P2O5 this
structure is transformed to a phosphate invert glass
structure, determined by or tho- and pyrophosphate
groups exclusively. These structural changes effect dis
continuities of several physical and chemical properties.
Their appearance depends on the P2O5 content , but it
is largely independent of the other ions in the glasses.
However, the absolute values of the properties can be
varied over a wide ränge by addit ion of relatively small
and highly charged ions like Mg^^ , AP^ or Ti'*^. These
effects were utilized for the development of bo th bioac-
tive and resorbable phosphate invert glasses and glass-
ceramics.
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