
Missouri University of Science and Technology Missouri University of Science and Technology 

Scholars' Mine Scholars' Mine 

Materials Science and Engineering Faculty 
Research & Creative Works Materials Science and Engineering 

15 Feb 2014 

The Structure And Properties Of Zinc Aluminophosphate Glasses The Structure And Properties Of Zinc Aluminophosphate Glasses 

Charmayne E. Smith (Lonergan) 
Missouri University of Science and Technology, clonergan@mst.edu 

Richard K. Brow 
Missouri University of Science and Technology, brow@mst.edu 

Lionel Montagne 

Bertrand Revel 

Follow this and additional works at: https://scholarsmine.mst.edu/matsci_eng_facwork 

 Part of the Materials Science and Engineering Commons 

Recommended Citation Recommended Citation 
C. E. Smith (Lonergan) et al., "The Structure And Properties Of Zinc Aluminophosphate Glasses," Journal 
of Non-Crystalline Solids, vol. 386, pp. 105 - 114, Elsevier, Feb 2014. 
The definitive version is available at https://doi.org/10.1016/j.jnoncrysol.2013.11.042 

This Article - Journal is brought to you for free and open access by Scholars' Mine. It has been accepted for 
inclusion in Materials Science and Engineering Faculty Research & Creative Works by an authorized administrator 
of Scholars' Mine. This work is protected by U. S. Copyright Law. Unauthorized use including reproduction for 
redistribution requires the permission of the copyright holder. For more information, please contact 
scholarsmine@mst.edu. 

http://www.mst.edu/
http://www.mst.edu/
https://scholarsmine.mst.edu/
https://scholarsmine.mst.edu/matsci_eng_facwork
https://scholarsmine.mst.edu/matsci_eng_facwork
https://scholarsmine.mst.edu/matsci_eng
https://scholarsmine.mst.edu/matsci_eng_facwork?utm_source=scholarsmine.mst.edu%2Fmatsci_eng_facwork%2F3246&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/285?utm_source=scholarsmine.mst.edu%2Fmatsci_eng_facwork%2F3246&utm_medium=PDF&utm_campaign=PDFCoverPages
https://doi.org/10.1016/j.jnoncrysol.2013.11.042
mailto:scholarsmine@mst.edu


The structure and properties of zinc aluminophosphate glasses

Charmayne E. Smith a, Richard K. Brow a,⁎, Lionel Montagne b, Bertrand Revel b

a Missouri University of Science and Technology, Rolla, MO 65409, USA
b Université de Lille 1, Sciences et Technologies, Unité de Catalyse et de Chimie du Solide —UMR CNRS 8181, 59655 Villeneuve d'Ascq, France

a b s t r a c ta r t i c l e i n f o

Article history:
Received 26 October 2013
Received in revised form 25 November 2013
Available online 21 December 2013

Keywords:
Aluminophosphate glasses;
Nuclear magnetic resonance;
Zinc phosphate glasses;
Structure;
Properties

The glass forming region of the ZnO–Al2O3–P2O5 (ZAP) systemwas determined and the structures and properties
of the glasseswere characterized. For glasses with a constant O/P ratio, i.e., with similar average phosphate anion
distributions, and with increasing alumina content, there is an increase in molar volume and glass transition
temperature and a decrease in density and refractive index. The structures of the ZAP glasses were characterized
by Raman spectroscopy, 31P and 27Al magic angle spinning (MAS) nuclear magnetic resonance (NMR) spectros-
copy, and high pressure liquid chromatography (HPLC). Systematically shorter phosphate anions constitute the
structures of glasseswith greater O/P ratios. The average aluminumcoordination number (CNAl) changes system-
atically with composition, from ~4.0 to ~5.6, depending on the number of terminal oxygens available to coordi-
nate each Al-cation. Glass properties are sensitive to both the types and concentrations of the P-anions as well as
the CNAl.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Zinc phosphate glasses have been developed for a variety of applica-
tions, including low temperature seals [1–3] and as hosts for luminescent
ions [4–6].More recently, it has been shown that the optical properties of
zinc phosphate glasses can be modified with a femto-second laser
[7–12], making these glasses candidates for a variety of optical devices.

There have been many studies of the structures and properties of
binary Zn-phosphate glasses [13–27]; glasses with the nominal molar
composition xZnO · (1 − x)P2O5 have been made with up to 80 mol%
ZnO [26]. Kordes classified the xZnO · (1 − x)P2O5 system as anomalous
because of discontinuities in the composition–property relationships near
x = 0.5, the metaphosphate composition [13]. It has been argued that
such breaks indicate changes in the Zn coordination environment; e.g.,
the Zn coordination number decreases from 6 to 4 with an increase of
the ZnO content to 50 mol% [14,15]. However, diffraction studies com-
pletedmore recently indicate a preference for tetrahedral Zn coordination
for glasses with ZnO contents from 45 to 65 mol% [21] and for glasses
with ZnO concentrations greater than 50 mol% [23,28].

Phosphate anionic structures canbedescribedusing theQn-terminology,
where ‘n’ represents the number of bridging oxygens on a phosphate
tetrahedron [19]. For example, changes in the types of phosphate tetra-
hedra with the addition of ZnO can be represented by the reaction:

2Q
n þ ZnO→2Q

n−1
: ð1Þ

Here, the oxygen ions accompanying the ZnO added to phosphate
glasses replace bridging oxygens (P\O\P) with nonbridging oxygens
(P\O\Zn) on the phosphate tetrahedra.

The structures of binary Zn-phosphate (ZP) glasses have been stud-
ied by infrared [17,18] and Raman [17,18,20,26] spectroscopies, 31P
NMR [20,25,26], X-ray photoelectron spectroscopy (XPS) [16,27], and
high pressure liquid chromatography (HPLC) [24,26]. For glasses with
increasing ZnO-content (increasing O/P ratio), the average phosphate
anion becomes shorter as described by Eq. (1). For compositions with
higher O/P ratios, especially near the pyrophosphate stoichiometry
(x = 0.67, O/P = 3.5), the glasses possess a broader range of P-
tetrahedra than are expected from Eq. (1). Disproportionation reactions
like the one shown here occur in these melts to produce glasses with
more complex structures:

2Q
1→Q

0 þ Q
2
: ð2Þ

The broader distribution of phosphate anions that results from such
disproportionation reactions may contribute to the larger glass forming
range typical of the binary zinc phosphate system.

A disadvantage of the binary zinc phosphate glasses is their relatively
poor chemical durability. The bonds between Zn polyhedra and P-anions
are readily hydrolyzed, leading to the rapid degradation of the glass
surface [29]. Koudelka and others have shown that with the addition of
certain oxides, for example B2O3 and Nb2O5 [30–32], more hydrolytically
stable linkages form between the phosphate anions, improving chemical
durability.

It has long been known that the addition of alumina to a phosphate
glass improves its chemical durability [33]. Brow et al. showed that
the coordination environments of Al-cations, and so the properties,
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of sodium aluminophosphate glasses depend on the O/P ratio
[34,35]. More recent structural studies of Ca- [36] and other ternary
aluminophosphate glasses [37] show similar compositional depen-
dences of the Al coordination environments.

Fu et al. recently reported the density, molar volume, refractive
index andRaman spectra for three glasses in the zinc aluminophosphate
(ZAP) system, doped with small amounts of terbium oxide [38], while
others have studied the luminescence properties of ZAP glasses co-
doped with Tm2O3 and Dy2O3 [5]. Interestingly, there does not appear
to be any systematic study of the properties and structures of glasses
from the ternary ZnO–Al2O3–P2O5 system. The purpose of this
paper then is to report the glass-forming range for ZAP compositions
with O/P N 3, to describe useful properties, and to provide information
about their compositionally-dependent structures.

2. Experimental procedures

Zinc aluminophosphate (ZAP) glasses were prepared by batching ap-
propriate mixtures of NH4H2PO4 (ACS, 98.0%—Alfa Aesar), ZnO (reagent
grade, ≥99.0%—Sigma-Aldrich), Al2O3 (99.5% metals basis—Alfa Aesar)
and/or aluminum metaphosphate (Alfa Aesar) to produce 15–25 g of
glass. The batches were thoroughly mixed, calcined in high purity alumi-
na crucibles (AdValue Technology, 99.9%) for 15–18 h at 500 °C to evolve
water and NH3, then melted at temperatures between 1000 and 1500 °C
for 1–3 h, depending on the composition. For glasses melted above
1275 °C, the crucibles were covered with alumina discs to minimize
P2O5 loss. Melts were quenched by pouring into cylindrical steel molds
(10 mm in diameter and 25 mm tall) when possible, or by quenching
between two copper plates. Samples were annealed near their glass tran-
sition temperatures (Tg) for 2 h. The glass-forming region described in
this work is defined as those compositions which form X-ray amorphous
glasses from melts with a maximummelting temperature of 1500 °C.

Annealed samples, 10 mm in diameter and ~1 mm thick, were
polished to a 1200 grit (~5 μm)finish for opticalmeasurements. Refrac-
tive index at 632.8 nm was measured using a prism coupler (Metricon
model 2010/M); the uncertainty of these measurements is ±0.0004.

The density of annealed glass sampleswasmeasured byArchimedes'
method using distilled water as the immersion liquid. Three samples of
each glass were measured and the standard deviation was recorded
(typically±0.008 g/cm3). Themolar volumewas calculated by dividing
the density of each glass by the molecular mass, calculated from the
analyzed glass compositions, of polished samples, as determined by a
Helios NanoLab 600 FIB/FESEM equipped with an energy dispersive
spectrometer. The intensities of the Zn–Kα, Al–Kα, P–Kα lines were
determined from at least three different areas on each sample, convert-
ed to the relative concentration of each respective oxide using the
system sensitivity factors, and the average compositions are reported.
Three different pieces of several samples were analyzed in a similar
manner, and from these analyses, the overall estimated relative
uncertainty of the reported compositions is ±2.5%.

Glass transition temperatures (Tg) were determined by differential
thermal analysis (DTA, Perkin-Elmer DTA-7) by heating 35–40 mg of
glass powders (b75 μm) at 10 °C/min in high purity, open alumina
crucibles under a nitrogen flow. The onset method was used to
determine Tg and the estimated uncertainty is ±5 °C.

The coefficient of thermal expansion (CTE) was measured on glass
cylinders using an Orton dilatometer, model 1600D, with a heating
rate of 10 °C/min. The CTE values were determined as the slope of the
linear fit of the dilatometry data between 200 and 400 °C and were
reproducible to ±0.2 ppm/°C.

Weight lossmeasurements weremade on bulk glasses to determine
relative chemical durability in deionized (DI) water at room tempera-
ture (~20 °C) for up to 170 h. Polished samples (~5 μm) were rinsed
with acetone and dried before testing. A constant sample surface area
(SA) to solution volume ratio of 0.035 cm−1 was used for each experi-
ment. Samples were removed from the water periodically, dried and

weighed, and then returned to the solution. Three samples were tested
for each condition and the average weight loss is reported.

Raman spectra were collected with a Horiba-Jobin Yvon LabRam
spectrometer between 100 and 1500 cm−1 using a HeNe laser
(632.8 nm) as the excitation source.

Magic Angle Spinning (MAS) Nuclear Magnetic Resonance (NMR)
spectroscopywas performedwith a Bruker spectrometerwithmagnetic
field strengths of 9.4 T and 18.8 T for 31P and 27Al spectra, respectively.
The 31P spectra were collected in 8 scans with a spinning rate of
12,500 Hz, a relaxation delay equal to 120 s and a pulse length of
2.38 μs. The 27Al spectra were collected in 512 scans, 2 s relaxation
delay, pulse length of 1 μs and a spinning rate of 20,000 Hz. 31P and
27Al chemical shifts were referenced to 85% H3PO4 and 0.1 M AlCl3
solutions, respectively. The decomposition of the NMR spectra was
carried out using the DM-FIT software [39]. The distribution of quadru-
polar parameters of the 27Al nucleus induces an asymmetric line shape
of the resonances, which has been fitted with the Czjzek distribution
model of the DMFit software [40].

High pressure liquid chromatography was done to characterize
phosphate anion distributions using a Dionex GP50-2 pump, an AD25
absorbance detector and an Ionpack AS7 4 × 250 mm Analytical Ion
exchange column. Samples were ground to b53 μm particle size and
dissolved in a solution of 5 mM EDTA and 0.22 M NaCl (pH = 10) for
1–3 h and analyzed within 24 h. Chromatographs were collected with
a linear solution gradient from 0.053 M NaCl to 0.5 M NaCl, both with
5 mM EDTA. Further information about these types of HPLC measure-
ments can be obtained elsewhere [24,41].

3. Results

Table 1 lists theprocessing temperatures and times, aswell as the as-
batched and analyzed (EDS) compositions of the ZAP glasses prepared
for this study. Due to the loss of P2O5 and the transfer of Al2O3 from
the alumina crucibles, especially at the higher processing temperatures,
the analyzed compositions deviate from the batched compositions.

Table 1
Compositions, melting time and melting temperature of the ZnO–Al2O3–P2O5 glasses.

Sample ID Batched values
[mol%]

Analyzed values
[mol%]

Melting
conditions

Glass
designationa

ZnO Al2O3 P2O5 ZnO Al2O3 P2O5 O/P ratio Temp [°C]/
time [h]

46-2-52_2.99 30.0 0.0 70.0 46.4 1.5 52.1 2.99 1000/1
49-2-49_3.05 50.0 0.0 50.0 48.5 2.1 49.4 3.05 1200/3
47-3-50_3.08 20.0 0.0 80.0 46.9 3.4 49.7 3.07 1200/2
38-7-55_3.04 40.0 5.0 55.0 38.2 7.1 54.7 3.04 1280/3
33-11-56_3.10 30.0 10.0 60.0 33.2 11.1 55.7 3.10 1250/3
27-16-57_3.15 20.0 13.0 67.0 26.9 15.7 57.4 3.15 1350/3
22-18-60_3.14 10.0 10.0 80.0 21.7 18.4 59.9 3.14 1400/3
0-29-71_3.12 0.0 25.0 75.0 0.0 29.4 70.6 3.12 1500/1
55-3-43_3.23 55.0 0.0 45.0 54.6 2.6 42.8 3.23 1100/3
52-4-43_3.26 50.0 3.0 47.0 52.4 4.4 43.2 3.26 1100/3
40-11-49_3.24 39.0 10.0 51.0 40.5 10.6 48.8 3.24 1250/3
25-19-57_3.26 25.0 15.0 60.0 24.8 18.7 56.5 3.22 1350/3
26-19-55_3.26 20.0 15.0 65.0 26.1 19.1 54.8 3.26 1400/3
13-25-62_3.22 10.0 20.0 70.0 13.4 25.0 61.6 3.22 1450/3
0-34-66_3.27 0.0 27.0 73.0 0.0 34.0 66.0 3.27 1500/1
51-6-43_3.30 51.0 5.0 44.0 50.9 6.1 43.0 3.30 1250/3
44-11-45_3.34 42.0 10.0 48.0 44.1 10.7 45.2 3.34 1250/3
36-15-49_3.32 33.0 15.0 52.0 36.1 14.9 49.0 3.32 1350/3
28-20-52_3.35 24.0 20.0 56.0 28.3 19.9 51.8 3.35 1450/3
61-3-37_3.44 60.0 0.0 40.0 60.5 2.8 36.7 3.44 1150/3
58-5-37_3.50 58.3 5.0 36.7 58.2 5.1 36.7 3.50 1175/3
55-6-39_3.45 55.0 5.0 40.0 55.0 6.3 38.7 3.45 1300/3
64-3-34_3.56 66.7 0.0 33.3 63.5 2.7 33.8 3.56 1100/1
64-3-33_3.63 65.0 0.0 35.0 64.1 3.3 32.6 3.63 1250/2
70-2-29_3.81 70.0 0.0 30.0 70.0 1.6 28.5 3.81 1075/2

a In mol%, ZnO–Al2O3–P2O5_O/P ratio.
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Fig. 1 shows the glass forming range based on the analyzed compo-
sitions. Batches that were un-melted at 1500 °C, or that crystallized on
cooling, are shown as squares (red) in Fig. 1. (These symbols represent
nominal compositions, not analyzed.). No alumina-free glasses were
prepared because of alumina-transfer from the crucible, and no
ultraphosphate compositions were synthesized with O/P ratios less
than 3.0 (blue line in Fig. 1) because of alumina transfer and the loss
of P2O5 from the melts. The maximum concentrations of ZnO and
Al2O3 were about 70 mol% and 34 mol%, respectively. These values are
similar to the glass forming limits that were previously established in
studies of the binary zinc phosphate [26] and aluminophosphate
[42–44] systems. The reported glass forming ranges for these binary
systems are also indicated in Fig. 1.

3.1. Glass properties

Weight loss data for a series of ZAP glasses with similar O/P ratios
of 3.32 ± 0.02, are shown in Fig. 2a. Dissolution rates were deter-
mined from the slope of the normalized weight loss versus time
plot over the course of the experiment, and these rates decreased
by several orders of magnitude with increasing alumina content.
For example, the dissolution rates for the glasses shown in Fig. 2a
decreased from 2.5 × 10−5 g/cm2-min for the 50.9ZnO–6.1Al2O3–

43.0P2O5 glass (O/P = 3.30) to b3 × 10−8 g/cm2-min for the 28.3ZnO–
19.9Al2O3–51.8P2O5 glass (O/P = 3.35), as shown in Fig. 2b. Similar
decreases in dissolution rates were noted for alumina additions in
other series of glasses with similar O/P ratios. For example, the disso-
lution rates for ZAP glasses with average O/P ratio of 3.06 ± 0.03 are
also shown in Fig. 2b.

Table 2 gives the properties of the ZAP glasses. For glasses with
similar O/P ratios, the densities decrease systematically with greater
Al2O3, as shown for two series in Fig. 3a. The densities of glasses with
low alumina contents (b2.5 mol%) are similar to the densities of binary
Zn-phosphate glasses reported in the literature [20,45,46]. The overall
effects of composition on density are summarized in the contour plot
in Fig. 3b. In addition to the systematic decrease in density with increas-
ing alumina content, there is a significant increase in density with

Fig. 1. ZAP compositional diagram. Compositions of melt-quenched glasses are shown as
black squares and compositions that were un-melted (1500 °C) or crystallized on
quenching are indicated by open squares. The cross-hatched area represents the non-
glass forming range. The compositions of melt quenched glasses reported in the literature
[17,20,26,41,43] are shown as black circles and those reported to be non-glass forming
compositions are shown as open circles The blue line indicates where: O/P = 3 with
increasing alumina from left to right.

a)

b)

Fig. 2. a. Weight loss data and b. log dissolution rates for ZAP glasses with O/P
ratio = 3.06 ± 0.03 and 3.32 ± 0.02, in deionized water at room temperature.

Table 2
Properties of the ZnO–Al2O3–P2O5 glasses.

Glass designationa Density [g/cm3] Tg [°C] CTE [°C−1] (×10−6) Refractive index

46-2-52_2.99 2.759 nm nm nm
49-2-49_3.05 2.899 450 6.5 1.5268
47-3-50_3.08 2.779 436 nm 1.5238
38-7-55_3.04 2.778 515 6.2 1.5219
33-11-56_3.10 2.736 525 6.3 1.5226
27-16-57_3.15 2.691 606 nm 1.5238
22-18-60_3.14 2.649 611 nm 1.5218
0-29-71_3.12 2.578 753 5.6 1.5284
55-3-43_3.23 3.033 433 6.2 1.5450
52-4-43_3.26 2.919 437 6.1 1.5325
40-11-49_3.24 2.855 449 5.3 1.5250
25-19-57_3.22 2.631 560 nm 1.5133
26-19-55_3.26 2.666 582 5.9 1.5184
13-25-62_3.22 2.571 633 5.6 1.5134
0-34-66_3.27 2.489 795 nm 1.5105
51-6-43_3.30 2.996 442 5.8 1.5446
44-11-45_3.34 2.811 452 5.3 1.5213
36-15-49_3.32 2.667 492 5.1 1.5086
28-20-52_3.35 2.573 533 nm 1.5033
61-3-37_3.44 3.321 441 6.8 1.5729
58-5-37_3.50 3.291 445 6.4 1.5767
55-6-39_3.45 2.995 465 nm 1.5426
63-3-34_3.56 3.552 453 6.6 1.6115
64-4-33_3.63 3.418 nm nm 1.5946
70-2-29_3.81 3.736 462 nm 1.6323

a In mol%, ZnO–Al2O3–P2O5_O/P ratio.
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increasing ZnO content, particularly for glasses with low alumina-
contents. Fig. 4 shows that the molar volume of ZAP glasses with low
(b2.5 mol%) Al2O3-contents decreases systematically with increasing
ZnO content, again in agreement with an earlier study of binary Zn-
phosphate glasses [20]. The ZAP glasses have slightly greater molar vol-
umes than the binary ZP glasses because the small amounts of alumina
in the former reduce density relative to the latter (Fig. 3b). The overall
relationship between molar volume and ZAP glass composition is
shown in the contour plot in Fig. 4b.

Fig. 5a shows the effect of alumina content on the glass transition
temperature (Tg) for two series of ZAP glasses with O/P ratios of 3.10
and 3.24. The inset shows Tg for glasses with similar Al2O3 contents
(~2.7 mol% and ~10 mol%) as a function of Zn/P ratio. There is a mini-
mum in Tg for a Zn/P ratio close to 0.75. The overall compositional
trends can be more easily seen in the contour plot shown in Fig. 5b.

The coefficient of thermal expansion (CTE) of the ZAP glasses is in
the range of 5–7 × 10−6/°C, and decreases with increasing alumina
contents (Table 2).

The effects of the ZnO content on the refractive index (at 632.8 nm)
for glasses with low (~2.4 mol%) alumina contents are shown in Fig. 6a,
and the overall effects of composition are shown in the contour plot in
Fig. 6b. It is clear that the ZnO content has the most significant effect
on refractive index; viz., Fig. 6a.

3.2. Structural characterization

Fig. 7 shows the Raman spectra of glasses with similar O/P ratios
(3.23 ± 0.02) and increasing Al2O3 contents. The spectra from glasses
with ~2 mol% Al2O3 in this work are similar to spectra reported else-
where for binary Zn-phosphate glasses [20,26,47], and peak assign-
ments from those studies are used here (Table 3). For the spectra in
Fig. 7, the peaks near 700 cm−1 are assigned to the symmetric stretch
of bridging oxygens in Q2 units and there is a shoulder near 750 cm−1

in some of these spectra that is assigned to P\O\P stretching modes
associated with chain terminating (Q1) tetrahedra. The intense peak
near 1200 cm−1 and the shoulder near 1250 cm−1 are assigned, re-
spectively, to the PO2 symmetric and asymmetric stretching modes of
non-bridging oxygens associated with Q2 units. Peaks associated with
both the P\O\P and PO2 stretching modes become broader and shift
to greater frequencies with increasing alumina contents. In addition, a
shoulder to the PO2 peak near 1100 cm−1 developswith increasing alu-
mina and this may be related to the presence of chain terminating Q1

sites, the PO3 stretching mode listed in Table 3.
31P MAS NMR spectra are shown in Fig. 8a and b for select glasses

with similar O/P ratios (3.09 ± 0.05) andwith similar alumina contents
(2–3 mol%) but varying O/P ratios, respectively. The peaks near −
31 ppm in Fig. 8a are associated with Q2 units and the small peak near

a)

b)

Fig. 3. Density for glasses in the ZAP system a. with varying alumina content and the
indicated O/P ratios, with representative densities from the literature (open symbols);
b. as a contour plot for all compositions.

a)

b)

Fig. 4. Molar volume for glasses in the ZAP system a. with constant Al2O3 content
(2.1 ± 0.7 mol%) and varying O/P ratio from this work (black) and from Brow et al.
[20]. (open green circles) and b. as a contour plot for all compositions.

108 C.E. Smith et al. / Journal of Non-Crystalline Solids 386 (2014) 105–114



−10 ppm is due to Q1 tetrahedra [20]. The Q2 peak systematically
broadens and shifts to more negative ppm for glasses with increasing
alumina content; similar behavior has been reported for Q2 31P peaks
from other aluminophosphate glasses with similar O/P ratios
[35,37,48]. The shift and broadening of this 31P resonance is due to the
formation of P\O\Al bonds, which modify the chemical shielding of
the Q2 sites. Fig. 8b shows how changing the O/P ratio affects the princi-
pal peaks and their associated spinning sidebands. As the O/P ratio
increases, peaks due to Q2 tetrahedra (near −31 ppm) are replaced
by those due to Q1 tetrahedra (−13 ppm) and Q0 tetrahedra
(+3 ppm), in agreement with previous studies [20].

Fig. 9a shows the 27Al NMR spectra for glasseswith similar O/P ratios
(3.09 ± 0.04) and with increasing alumina content. There are three
distinct peaks in these spectra, each indicating a different coordination
environment for aluminum. The peaks are centered near 36 ppm,
7 ppm and −17 ppm and are attributed to 4-, 5-, and 6-coordinated
aluminum, respectively [35,49,50]. As more alumina is added to the
glasses with similar O/P ratios, the average aluminum coordination
number, calculated from the respective areas of each peak, increases
as shown in Fig. 9b.

Fig. 10a shows the HPLC chromatographs of glasses with similar
Al2O3 contents (2–3 mol%) and different O/P ratios, whereas
Fig. 10b shows chromatographs of glasses with similar O/P ratios
(3.33 ± 0.02) and increasing alumina contents. Each peak represents
a P-anion with increasing numbers of tetrahedra (left-to-right). These

phosphate anions are described using the Pn terminology where n is
the number of P-tetrahedra in a chain. Glasses with low O/P ratios
(close to 3.0) possess longer chains, which are unresolved by the
HPLC method and these longer chains form the large hump at longer
retention times, as seen in Fig. 10a. The chromatograph from the glass
with the largest O/P ratio in Fig. 10a (O/P = 3.56) is dominated by

a)

b)

Fig. 5. Glass transition temperature for glasses in the ZAP system as a function of Al2O3

content for the indicated O/P ratio (Inset: Tg vs. Zn/P ratios for the indicated alumina
contents) and b. as a contour plot for all compositions.

a)

b)

Fig. 6. Refractive index for glasses in the ZAP system a. for a constant Al2O3 content
(2.4 ± 0.5 mol%) and increasing ZnO content; and b. as a contour plot for all compositions.

Fig. 7. Raman spectra of ZAP glasses with similar O/P ratios (3.23 ± 0.02) and increasing
Al2O3 contents.
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peaks associated with P1 (29% relative area), P2 (52%) and P3 (15%)
anions. The chromatographs for the glasses with similar O/P ratios and
increasing alumina contents (Fig. 10b) are similar, but possess slightly
broader anion distributions for glasses with greater alumina contents.

4. Discussion

The addition of alumina to zinc phosphate glass significantly
improves the chemical durability (Fig. 2); making it possible to design
more chemically stable optical substrates for writing optical elements
with femto-second lasers. Recent research at UC-Davis [51] has shown
that optical waveguides can be written into the more durable ZAP
glasses with O/P ratios near 3.25 and that the characteristics of these
waveguides are as good, or better, as those written into less durable,
alumina-free glasses [7,52].

The density and refractive index of the ZAP glasses are most depen-
dent on the ZnO-content. Glasseswith greater ZnO-contents have great-
er densities (Fig. 3) due in part to the greater relative mass of Zn,
compared to Al and P, and to the lower molar volumes of the ZnO-rich
glasses (Fig. 4). The refractive indices of the ZnO-rich glasses are also
greater. This is consistent with both the greater ionic refractivity of
Zn2+ (0.7), compared to Al3+ (0.14) and P5+ (0.05) [53], and the
expected greater refractivity of oxygens associated with the P\O\Zn
bonds as compared with oxygens in P\O\P and P\O\Al bonds [54].
For glasses with similar ZnO-contents, the replacement of P2O5 by
Al2O3 has little effect on either density or refractive index.

4.1. Phosphate anion distributions

When less-acidicmetal oxides are combinedwith P2O5 in amelt, the
metal oxide polyhedra are incorporated into the phosphate network by
sharing oxygens with the phosphate anions. For the ZAP glasses, these
structural changes can be summarized by the following reactions:

P\O\P þ ZnO→P\O\Zn\O\P ð3Þ

P\O\P þ Al2=3O→P\O\Al2=3\O\P: ð4Þ
The net effect of reactions that reduce the relative numbers of bridg-

ing oxygens (P\O\P), like those shown above, is a reduction in
the average size of the polyphosphate anions. If one considers a meta-
phosphate glass (O/P = 3) as consisting of Q2 tetrahedra that form
long chain, or ring, anions then the addition of ZnO and/or Al2O3 will
shorten those chains (or replace the rings) by incorporating the addi-
tional oxygen into chain-terminating (Q1) sites. Evidence for such struc-
tural modifications of glasses with increasing O/P ratios can be readily
seen in the Raman and 31P NMR spectra, and in the chromatographic
data. For example, the Q2 peak near −31 ppm in the 31P NMR spectra
in Fig. 8b is dominant for the glass with O/P = 3.05, but becomes
a shoulder on the dominant Q1 peak at −13 ppm for the glass with
O/P = 3.44. The further incorporation of ZnO to increase O/P to

3.56 results in the creation of Q0 sites (+3 ppm) to accommodate
the added oxygen.

The chromatographic data shown in Fig. 10a indicates that the
phosphate anions become progressively shorter with increasing O/P
ratio. The large hump at longer retention times, due to unresolvable
anions with more than about 13 P-tetrahedra, for the glass with an
O/P = 3.05 is replaced by single peaks due to anions with four or
fewer P-tetrahedra for the glass with an O/P = 3.56. The relationship
between the incorporation of oxygen (increasing O/P ratio) into the
phosphate network with the addition of metal oxide (whether ZnO or
Al2O3) and the average phosphate anion can bequantitatively described

Table 3
Raman peak assignments from the literature.

Wavenumber (cm−1) Structural units Reference Wavenumber (cm−1) Structural units Reference

~350 Bending mode of phosphate polyhedral with zinc modifier [20] 950–970 (PO4)symm stretch (NBO), Q0s [18,20]
~575 Bend mode related to zinc phosphate network or ZnO4 [18,20] 1010 P\O stretch, Q1 chain terminator [20,47]
680 Symm vibrations of P\O\P bonds [18, 60] 1048 (PO3)symm stretch (NBO), Q1s [20,47]
702 POPsymm stretch (BO), Q2s [18,20,47] 1138 (40) P\O stretch, Q1 chain terminator [18,20,47]
750 Symm vibrations of P\O\P BO atoms [61] 1170–1180 Stretching vibrations of O\P\O/Symm

vibrations of middle chain units (PO2)
[60, 61]

758 POPsymm stretch (BO), Q1s [20,47] 1150–1210 (PO2)symm stretch (NBO), Q2s [18,20,47]
790 (P\O\P)s stretch in very short phosphate chains or in rings [18] 1210–1260 (PO2)asymm stretch (NBO), Q2s [18,20,47]
930 Asymmetric vibrations of P\O\P [61]

a)

b)

Fig. 8. 31P NMR spectra of ZAP glasseswith a. similar O/P ratios (3.09 ± 0.04) and increas-
ing Al2O3 contents; and b. similar Al2O3 contents (2.4 ± 0.5 mol%) and increasing O/P
ratios.
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[44]. For a glass with the nominal composition xM2/vO (1 − x)P2O5, the
average phosphate anion chain-length, n, will be given by

n ¼ 2

X
j

M j

h i
v j

h i
P½ � −1

ð5Þ

where v is the valence of the metal oxide and [Mj] and [P] are the
relative atomic fractions of themetal ions and phosphorus, respectively
[24]. Using the compositions of the ZAP glasses (Table 1), the predicted
n fromEq. (5) can be comparedwith that obtained from their respective
chromatographs; that comparison is shown in Fig. 11. The average
chain lengths can also be obtained from the 31P NMR spectra through
peak fitting and using the relative percentages of the Qn units with
the following equation:

n ¼ 100
%Q1

�
2

� �
þ %Q0

0
BB@

1
CCA: ð6Þ

The close agreement between the predicted and measured average
chain lengths (Fig. 11) across the entire range of compositions (O/P
ratios) indicates that both ZnO and Al2O3 have similar effects on the
development of the phosphate network and that reactions (3) and (4)
adequately summarize those effects.

For samples with a fixed O/P ratio, the average chain length should
be constant. For example, the glasses in Fig. 10b each have an O/P
ratio of about 3.33 and, by using Eq. (5), have an average chain length
of 3.0 (±0.2) tetrahedra. However, the chromatographs indicate that
the chain length distribution becomes slightly broader with increasing
alumina content. Al2O3 has also been noted to promote the dispropor-
tionation of pyrophosphate anions in the glassmelt, as described by [44]

2P2→P1 þ P3: ð7Þ

a)

b)

Fig. 9. a. 27AlMASNMR spectra fromZAP glasseswith similarO/P ratios (3.09 ± 0.04) and
b. a plot of the average Al CN as obtained from the 27Al MAS NMR spectra.

a) b)

Fig. 10. HPLC spectra of ZAP glasses with a. constant Al2O3 (2.6 ± 0.3 mol%) and different O/P ratios; and b. glasses with similar O/P ratios (3.33 ± 0.2) and different Al2O3 contents.
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If this reaction can be described in terms of a chemical equilibrium,
then the reaction constant (k2) will be determined from [44]:

k2 ¼ P3½ � � P1½ �
P2½ �2 ð8Þ

where [Pn] is the area under the nth peak from the HPLC
chromatograms.

Fig. 12 shows that k2 increases with increasing alumina-content for
two series of glasses with similar O/P ratios. Thus, the replacement of
ZnO by Al2O3 broadens the distribution of P-anions that constitute the
glass structure.

The replacement of ZnO by Al2O3 also affects the average properties
of the P\O bonds associated with the different metal polyhedra. For
example, Fig. 13a shows the effect of the relative concentration of
Al2O3 on the Raman peak position of the PO2 stretching mode for a
series of ZAP glasses with similar O/P ratios, and Fig. 13b shows the
position of the 31P NMR peak for the Q2 tetrahedra for the same glasses.
In both cases, there are systematic changes in the peak positions as Al
replaces Zn: the PO2 Raman peak increases in frequency and the 31P
NMRQ2 peak shifts tomore negative ppm. Both of these spectral trends
indicate a general strengthening, or shortening, of the average P\O
bonds associated with the different metal polyhedra. For example,
Nelson et al. [55] showed that as the bond force of the metal cation on

the PO2 vibrational unit increases there is a shift to greater frequency
of the associated peaks. Popovic et al. have also shown that positive
shifts in Raman frequencies result from the systematic shortening of
P\O bonds [56]. Similar explanations have been offered for the compo-
sitional effects on the positions of 31P NMR peaks in aluminophosphate
glasses. For example, it has been shown that the 31P peak for a Q2 unit
connected to an alkali or alkaline earth ion will occur at a more positive
chemical shift than the 31P peak for a Q2 unit connected to aluminum
[35]. The chemical shifts of phosphorus become more negative,
representing a less shielded P nucleus, with the increase in the cationic
potential (charge/radius) for the metal oxides. This is due to the
increased MO covalency depleting electron density on the phosphorus,
leading to decreased shielding.

The replacement of ZnO by Al2O3 substantially increases the glass
transition temperature (Fig. 5a and b) and decreases the coefficient of
thermal expansion (Table 2). Similar property trends are noted for
other phosphate glasses (i.e., Na-aluminophosphate glasses [35]) and
can be related to the replacement of Zn\O\P bonds by stronger
Al\O\P bonds to link neighboring phosphate anions. These stronger
bonds are associated with both a greater field strength metal cation
(FSAl3+ N FSZn2+) and the stronger, shorter P\O bonds implied by
shifts in the Raman and 31P NMR peaks.

4.2. Al-coordination environments

The nature of the coordination polyhedra of the Zn2+ and Al3+ ions
is expected to influence the glass properties. For example, breaks in the

Fig. 11. Plot of the average chain length measured from the HPLC chromatographs (blue)
and NMR spectra (black) against the O/P ratios from analyzed compositions of the ZAP
glasses. The solid line is the expected relationship, based on Eq. (5).

Fig. 12. k2 values calculated from HPLC chromatographs for ZAP glasses with O/P
ratios = 3.33 (±0.02) and 3.47 (±0.04).

a)

b)

Fig. 13. a. PO2 Raman frequency change and b. Q2 chemical shift as a function of alumina
content for select glasses.
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compositional trends of properties like Tg, density and refractive index
for Na-aluminophosphate (NAP) glasses were related to changes in
the average Al coordination number [35]. Although CNAl changes sys-
tematically with composition for the ZAP glasses (i.e., Fig. 9), the
compositional dependence of CNAl for these glasses differs from what
is seen with the NAP glasses. For NAP glasses with O/P ratios near 3.0,
octahedral Al dominates the aluminophosphate structures. In contrast,
the average coordination number of Al in the ZAP glasses with O/P
≈3.08 is under 5, and it increases as Al2O3 replaces ZnO (Fig. 9b). For
the NAP glasses, the average CNAl depends on the charge associated
with the P-anion [35]. A different relationship exists between CNAl and
the compositions of the ZAP glasses.

Hoppe has shown that the coordination environment of a metal
cation incorporated in a phosphate glass is influenced by the number
of terminal (nonbridging) oxygens (TO) available to coordinate that
metal cation [57]. For binary phosphate glasses with the molar compo-
sition xM2/vO (1 − x)P2O5, where ν is the valence on the metal cation
(M), the number of terminal oxygens per M is given by

NTO ¼ v xþ 1ð Þ=x: ð9Þ

Hoppe noted that when NTO was greater than the coordination
number of the Mv+ cation (CNM), then those cation polyhedra could
be incorporated into a phosphate structure without needing to share
terminal oxygens with other metal cation polyhedra. When NTO was
less than CNM, then some of the cation polyhedra must share TO. The
compositional dependence of the properties of many binary phosphate
glasses changes at compositions where NTO = CNM [57], and in other
systems [28], CNM decreases with increasing R2/vO content so that the
cation polyhedra avoid sharing common terminal oxygens. Indeed,
Brow et al. [42] have shown that the average coordination number of
Al-polyhedra in binary aluminophosphate glasses follows Eq. (9),
decreasing with increasing O/P ratio to prevent Al-polyhedra from
sharing common TO.

Hoppe's model can be extended to ternary glasses to explain the
effects of composition on the CNAl in the ZAP glasses. Consider first
the coordination number of the Zn-ions. It has been shown in X-ray
and neutron diffraction studies of binary zinc phosphate glasses
[21,23,58] that the preferred coordination number for Zn is four. If
one assumes that CNZn = 4 for the ZAP glasses and that these Zn
tetrahedra do not share terminal oxygens with each other or with
any Al-polyhedra, then the number of terminal oxygens remaining,
per Al, can be calculated from themolar fractions of the glass constit-
uents according to:

TO
Al

¼ 6 Al2O3½ � þ 2 P2O5½ �−2 ZnO½ �ð Þ
2 Al2O3½ � : ð10Þ

Following Hoppe, the ratio TO/Al should then be the minimum CNAl

to prevent Zn-tetrahedra and/or Al-polyhedra from sharing common
terminal oxygens on any phosphate anions, and for every terminal
oxygen to link to one ZnO4 or one AlOx polyhedron, where x = 4, 5,
or 6. If TO/Al b 4.0, then some metal cation polyhedra must share
common terminal oxygens.

Fig. 14 compares the TO/Al ratio from Eq. (10) with the average CNAl

determined from the 27Al NMR spectra for the ZAP glasses, aswell as for
severalMg-aluminophosphate (MAP) glasses described in the literature
[59]. The ion sizes of Mg2+ and Zn2+ are similar so it is likely that Mg-
tetrahedra are present in the structures of theMAP glasses and a similar
analysis of CNAl can then be made for those compositions. Also
shown in Fig. 14 are the CNAl reported in an NMR study of binary
aluminophosphate (AP) glasses [42] and calculated from Eq. (10).
There is good agreement between CNAl determined from the 27Al
NMR spectra of the ZAP, MAP, and AP glasses for TO/Al N 4 and the
CNAl calculated from Eq. (10). This agreement indicates that the
coordination environment of the Al-polyhedra is determined by the

number of available terminal oxygens and adjusts to avoid sharing com-
mon TOs with the Zn- (or Mg-) tetrahedra that also link different phos-
phate anions. When TO/Al b 4, then some terminal oxygens must be
shared by neighboring Al- and/or Zn-polyhedra, and Eq. (10) can no
longer be used to predict CNAl.

5. Conclusions

An investigation of the properties and structures of zinc
aluminophosphate glasses has been completed. The corrosion rate in
water has been found to decrease by orders of magnitude with the
addition of alumina. For glasses with a constant O/P ratio, increasing
amounts of alumina increases the Tg, molar volume and refractive
index,while decreasing the density and coefficient of thermal expansion.
Spectroscopic and chromatographic measurements reveal that the addi-
tion of both zinc and aluminum oxide disrupts the phosphate network,
creating smaller phosphorus–oxygen anions. Increasing the alumina
content results in shorter, stronger P\O bonds in the network and en-
hances the disproportionation of phosphate anions at higher O/P ratios.

The coordination number of aluminum depends on the number of
terminal oxygens available in the network and the avoidance of
metal polyhedra that share common oxygens on a P-tetrahedron. The
compositional dependence of CNAl is consistent with Hoppe's model of
modifier coordination in phosphate glasses.
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