
Structural investigations of phosphate
and aluminofluorophosphate

glasses with and without nitridation.

Item Type text; Dissertation-Reproduction (electronic)

Authors Fletcher, Joseph Patrick, III.

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 21:38:35

Link to Item http://hdl.handle.net/10150/184778

http://hdl.handle.net/10150/184778


INFORMATION TO USERS 

The most advanced technology has been used to photo
graph and reproduce this manuscript from the microfilm 
master. UMI films the text directly from the original or 
copy submitted. Thus, some thesis and dissertation copies 
are in typewriter face, while others may be from any type 
of computer printer. 

The quality of this reproduction is dependent upon the 
quality of the copy submitted. Broken or indistinct print, 
colored or poor quality illustrations and photographs, 
print bleedthrough, substandard margins, and improper 
alignment can adversely affect reproduction. 

In the unlikely event that the author did not send UMI a 
complete manuscript and there are missing pages, these 
will be noted. Also, if unauthorized copyright material 
had to be removed, a note will indicate the deletion. 

Oversize materials (e.g., maps, drawings, charts) are re
produced by sectioning the original, beginning at the 
upper left-hand corner and continuing from left to right in 
equal sections with small overlaps. Each original is also 
photographed in one exposure and is included in reduced 
form at the back of the book. These are also available as 
one exposure on a standard 35mm slide or as a 17" x 23" 
black and white photographic print for an additional 
charge. 

Photographs included in the original manuscript have 
been reproduced xerographically in this copy. Higher 
quality 6" x 9" black and white photographic prints are 
available for any photographs or illustrations appearing 
in this copy for an additional charge. Contact UMI directly 
to order. 

D·M·I 
University Microfilms International 

A Bell & Howell Information Company 
300 North Zeeb Road, Ann Arbor, M148106-1346 USA 

313/761-4700 800/521-0600 





Order Number 9000772 

Structural investigations of phosphate and aluminoftuorophosphate 
glasses with and without nitridation 

Fletcher, Joseph Patrick, III, Ph.D. 

The University of Arizona, 1989 

U·M·I 
300 N. Zeeb Rd. 
Ann Arbor, MI 48106 





STRUCTURAL INVESTIGATIONS OF PHOSPHATE AND ALUMINO-

FLUOROPHOSPHATE GLASSES WITH AND WITHOUT NITRIDATION 

by 

Joseph Patrick Fletcher III 

A Dissertation submitted to the Faculty of the 

DEPARTMENT OF MATERIALS SCIENCE AND ENGINEERING 

In Partial Fulfillment of the Requirements 
For the Degree of 

DOCTOR OF PHILOSOPHY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

198 9 



THE UNIVERSITY OF ARIZONA 
GRADUATE COLLEGE 

As members of the Final Examination Committee, we certify that we have read 

the dissertation prepared by Joseph Patrick Fletcher III 

entitled Structural Investigations of Phosphate and Aluminofluorophosphate 

Glasses With and Without Nitridation 

and recommend that it be accepted as fulfilling the dissertation requirement 

for the Degree of Doctor of Philosophy 

Date 

Date I I I 

"(:2 ~ /gCJ 

Risbud Date 

.0. ~~ V.lLA/VVl 

Date 

Final approval and acceptance of this dissertation is contingent upon the 
candidate's submission of the final copy of the dissertation to the Graduate 
College. 

I hereby certify that I have read this dissertation prepared under my 
direction and recommend that it be accepted as fulfilling the dissertation 
requirement. 

,- L~-<P /' 
I ~ 

Dissertation Director Date 



STATEMENT BY THE AUTHOR 

This dissertation has been submitted in partial 
fulfillment of requirements for an advanced degree at The 
University of Arizona and is deposited in the University 
Library to be made uvailable to borrowers under rules of the 
Library. 

Brief quotations from this dissertation are allowable 
without special permission, provided that accurate 
acknowledgement of source is made. Requests for permission 
for extended quotation from or reproduction of this 
manuscript in whole or in part may be granted by the head 
of the major department or the Dean of the Graduate College 
when in his or her judgment the proposed use of the material 
is in the interests of scholarship. In all other instances, 
however, permission must be obtained from the author. 

SIGNEO'zlr' t ~U 

3 



4 

ACKNOWLEDGEMENTS 

The author wishes to foremost thank Professor Subhash 
H. Risbud, his dissertation advisor, for guidance and 
constant support throughout the course of this work. I also 
thank him for giving me the opportunity to develop the tools 
necessary for embarking onto a professional career. 

I wish to thank Professors Jeanne E. Pemberton, Sirini 
Raghavan, Brian Zelinski, and Bernhard o. Seraphin for 
reviewing this dissertation and serving on my committee. 
Also, a special thanks to Professor R. James Kirkpatrick for 
performing the MASS NMR analysis on our samples, as well as 
his enthusiasium during the course of this study. I would 
also like to thank Lida Latifzadeh for obtaining the Raman 
spectra, and Dr. Lynne M. Gignac for TEM analysis, and for 
being a special friend. 

I am indebted to the National Science Foundation for 
supporting this research by the Ceramics and Electronic 
Materials Program under Grant DMR 85-14324 (Dr. John C. 
Hurt, Program Director). 

I would like to thank all the members of Professor 
Risbud 's group for their helpful discussions and friendship. 
I would also like to thank all the wonderful friends I've 
had the pleasure to meet as I migrated from east to west 
(Alfred University, University of Illinois, University of 
Arizona) • They have all made the past four years most 
enjoyable. 

Finally, I wish to thank my family, parents Joseph and 
Frances, Marie, and Edward for their encouragement and 
support. 



TABLE OF CONTENTS 

LIST OF ILLUSTRATIONS ..••••••••••••••.•.••.•••••....•.. 7 

LIST OF TABLES ...•.....•..•...•............•........... 11 

ABSTRACT .•••••••.•.••••••••••••...••••••••.•.••........ 14 

CHAPTER 

1. INTRODUCTION .••••..••.••••.••.••.•..••....•..•..... 16 

2. THEORETICAL BACKGROUND AND LITERATURE REVIEW ....... 20 

2.1. Glass structure .............................. 20 
2 • 1. 1. General theory ••••.••..•.••.•..•..... 20 
2.1.2. Structure of phosphate glasses ....... 23 
2.1.3. Structure of fluorophosphate glasses.41 
2.1.4. Nitrogen-containing glasses .......... 43 

2.2. Analytical methods for determining glass 
structure .................................... 53 
2 . 2 . 1 . Introduction •.••••.•.....•........... 53 
2.2.2. 
2.2.3. 
2.2.4. 

Infrared spectroscopy ••..•........... 54 
Raman spectroscopy .•....••..•........ 58 
Magic angle sample spinning nuclear 
magnetic resonance spectroscopy ...... 61 

3 . EXPERIMENTAL PROCEDURE ..••••.....•..........•...... 72 

3.1. Glass systems investigated ...•...•........... 72 
3.2. Conventional Processing ....•.••.............. 72 

3.2.1. Phosphate glasses ........•........... 72 
3.2.2. Fluorophosphate glasses .............. 76 
3.2.3. Oxyfluoronitride glasses ............. 76 

3.3. Ammonia gas processing •••....•............... 84 
3.3.1. Fluorophosphate glasses .....•........ 84 

3 . 4 • Characterization .••••••••..•.••.......•...... 87 
3.4.1. X-ray diffraction .••••......••....... 87 
3.4.2. Chemical analysis ..••...•..••........ 87 
3.4.3. Thermal analysis ...•.....•...•....... 90 
3 .4 . 4 . Optical properties .•.•............... 90 
3.4.5. Transmission electron microscopy ..... 91 

3.5. Structural analysis ••.•••.••.••..•.•.•....... 91 
3.5.1. Infrared spectroscopy •........•...•.. 92 
3.5.2. Raman spectroscopy ••••.....••.•...... 93 
3.5.3. Magic angle sample spinning nuclear 

magnetic resonance spectroscopy .•.•.. 93 

4. RESULTS AND DISCUSSION .••••••....•.••••...•........ 99 

5 



TABLE OF CONTENTS--Continued 

4.1. Calcium phosphate based glasses ••..•.....•... 99 
4.1.1. Glass formation and characterization.99 
4.1.1.1. Calcium metaphosphate-calcium oxide 

glasses ............................ 99 
4.1.1.2. Fluorinated and nitrided calcium 

phosphate glasses .••.•••.•••....... 105 
4.1.2. Atomic structural evaluation ..•.••... 109 
4.1.2.1. Raman spectroscopy ••.•.•.•..••..... 109 
4.1.2.2. MASS NMR spectroscopy ..•.....•••... 114 

4.2. Barium aluminofluorophosphate based glasses .• 124 
4.2.1. Glass formation and chemical analysis.124 
4.2.2. Characterization methods ............. 130 
4.2.2.1. Thermal properties .•........•...... 130 
4.2.2.,2. optical properties .•.••••.....••... 134 
4.2.3. Atomic structural evaluation .••..•... 137 
4.2.3.1. Infrared spectroscopy •••........... 138 
4.2.3.2. MASS NMR spectroscopy ••.••...•..... 140 

4.3. Sodium aluminofluorophosphate based glasses .. 147 
4.3.1. Glass formation ...•....•...•..•...... 147 
4.3.2. Characterization methods .....••.•...• 152 
4.3.2.1. Chemical analysis ......•.•..•...... 152 
4.3.2.2. Thermal properties .•.•..•.......... 154 
4.3.2.3. TEM microstructural evaluation ..... 157 
4.3.2.4. optical properties ••.•............. 160 
4.3.3. Atomic structural evaluation ......... 160 
4.3.3.1. Raman spectroscopy ................. 160 
4.3.3.2. MASS NMR spectroscopy •.••.......... 168 

5. SUMMARY AND CONCLUSIONS •....•••••....•.•••.••...... 183 

APPENDIX A: ..•.•..••••••..••••••..........•.•........... 187 
Flow microcalorimetric estimation of energy changes during 
surface reactions of glass powders with aqueous media. 

REFERENCES •••••••••••••••••••••••••••••••••••••••••••••• 199 

6 



LIST OF ILLUSTRATIONS 

Figure 

1. structure types of condensed phosphates containing 
water [Re f. 31] ••••••••••••••.•.•••••..•...••...... 27 

2. Classification of condensed phosphates [Ref. 35] .. 30 

3. Classification of condensed phosphates based on 
their M20/P20S molar ratio [Ref. 35] ••••......•..... 30 

4. caO-P20S phase diagram [Ref. 48] .•••.•..•.•........ 33 

5. Distribution functions for the bond angle between 
neighboring.tetrahedra in the chains as calculated 
from the distances p-o and P-P and their widths 
[Ref. 51] .......................................... 37 

6. Raman spectra for glasses ranging from pure P20S 
to calcium metaphosphate (cao-P20S) [Ref. 39] ....... 38 

7. Raman spectra for glasses having CaO/P20S molar 
ratios of 1.13 to 1. 65 [Ref. 52] •.••.....•......... 40 

8. Two-dimensional representations of the network 
structures of (a) a silicate glass, (b) an 
oxynitride glass ................................... 46 

9. Analyzed nitrogen content vs. remelting time in NH3 
for NaP03 glass at different melting temperatures 
[Re f. 88] ••••••••••••••••••••• 0 • • • • • • • • • • •••••••••• 49 

10. Proposed mechanism of incorporation of bridging 
nitrogen atoms and the resulting removal of water 
[Ref. 90] .......................................... 51 

11. Types of molecular vibrations •..•.••.•............. 56 

12. Simple harmonic oscillator model for a diatomic 
molecule ........................................... 56 

13. Energy level diagram .•••.•••.•••••.•.••.•.•........ 60 

14. Nuclear spin energy level diagram for a spin (a) I= 
1/2 nuclide and (b) I=5/2 nuclide ....•..••.•....... 65 

15. Glass forming region in the Al(P03)3-BaF2-AlN 
system ...........•........•........................ 80 

7 



LIST OF ILLUSTRATIONS--Continued 

16. Experimental set-up used in ammonia gas treatment 
of glass melts •.•••••••••••••••••.••....•••...•.... 86 

17. Experimental apparatus used to obtain Raman 
spectra ............................................ 94 

18. General schematic of pulse/fourier transform NMR 
spectrometer ....................................... 95 

19. Andrew-Beams type magic-angle sample-spinning 
rotor assembl y ...•...••••••....•.•................. 97 

20. X-ray d~ffraction traces of glasses in the Ca(P03)2-
CaO ser~es •••••.•.•••.•••••.••••...•.••.••..••..... 103 

21. Representative infrared spectra of polished thin 
(0.5 mm) calcium phosphate samples .•............... 106 

22. Raman spectra of ca(P03)3-CaO glasses having a 
CaOjP20s molar ratio of 1. 00 to 1. 49. . • . . . . . . . . . . • 110 

23. Raman spectrum of crystalline alpha-ca2P207·········115 

24. Raman spectrum of crystalline beta-Ca2P207··········115 

25. Raman spectrum of crystalline gammma -ca2P207 •••••••• 116 

26. Raman spectra of calcium metaphosphate glasses 
using different starting compositions ...•.•........ 117 

27. Raman s'pectra of calcium metaphosphate glasses 
with either CaF2 or ca3N2 additions ................. 118 

28. 31p MASS NMR spectra of glasses in the calcium meta
phosphate-calcium oxide series •..••.•...•••........ 121 

29. DTA analysis of barium aluminofluorophosphate 
glasses without and with nitridation •..••.......... 133 

30. uv-visible transmission spectra of nitrogen-free(lA) 
and nitrided, N = 0.1 wt.%, (2A) barium alumino-
fluorophosphate glasses .••.•.••....•............... 136 

31. Infrared spectra of selected barium aluminofluoro-
phosphate glass samples .•...•.....••............... 139 

8 



LIST OF ILLUSTRATIONS--Continued 

32. 27Al MASS NMR spectra for glasses in the Ba-Al-P-
0-F-N system ..•...•••..•..•.••••..•...•...•.•...... 142 

33. 31p MASS NMR spectra for barium aluminofluoro
phosphate glass (AB2) and nitrided barium alumino
fluorophosphate glass {APNl) •••••••••.•••..••...... 145 

34. 19F MASS NMR spectra for barium aluminofluoro
phosphate glass (ABl) and n~trided barium alumino
fluorophosphate glass (ABBNl ) ••••••..•.....•...•... 148 

35. DTA analysis of sodium aluminofluorophosphate glass 
without and with nitridation .••.....•.............. 159 

36. uV-visible ~ransmission spectra of nitrogen-free(1B) 
and nitrided, N=0.5 wt.%, (2B) sodium alumino-
fluorophosphateglasses ••.••••••••.••.•.••••••...... 161 

37. uV-visible transmission spectra of a Na-Al-P-O-F 
base glass (1C) and glasses melted in ammonia gas 
having analyzed nitrogen contents of N=0.7 wt.% (2C) 
andN=1.6wt.% (3C) ................................ 162 

38. Raman spectra for the Al(P03)3-NaF series of glasses 
with NaF contents from 70-84 mole % ........•..•.... 164 

39. Raman spectra for sodium aluminofluorophosphate 
glass nitrided with A1N powder .•.•••...••..•..•.•.. 167 

40. Raman spectra for sodium aluminofluorophosphate 
glass nitrided with ammonia gas ..•....•.•.....•.... 169 

41. 27Al MASS NMR spectra of glasses in the Al (P03h-
NaF series ......•.•...•............................ 171 

42. 31p MASS NMR spectra of glasses in the Al(P03)3-
NaF series ...•.•..•.....•...••••..•....•........... 173 

43. 27Al MASS NMR spectra for glasses in the Na-Al-P-O-
F-N system ...•.••.....•.•••..•............•........ 175 

44. 27Al MASS NMR spectra for sodium aluminofluoro
phosphate glasses nitrided with ammonia gas at 
750°C .........•..................................... 178 

9 



10 

LIST OF ILLUSTRATIONS--Continued 

45. 27Al MASS NMR spectra for sodium aluminofluoro
phosphate glasses nitrided with ammonia gas at 
76SoC ...•....•..••.•..••.•..•..••....•..•........... 179 

46. 31p MASS NMR spectra for sodium aluminofluoro
phosphate glasses nitrided with ammonia gas at 
750°C ..........•.•.•..••••..•.•...••.•.............. 181 

47. 31p MASS NMR spectra for sodium aluminofluoro
phosphate glasses nitrided with ammonia gas at 
76SoC ••••..••••••..••••.•••.•.•••••••.•••..•........ 182 



LIST OF TA.BLES 

Table 

I. Classification of glass forming materials by 
the type of bonding ............................. 24 

II. Paper chromatography results of calcium pyro-
phosphates ....................................... 35 

III. Summary of nuclides which are of potential use 
in solid-state NMR studies .....•......•....•..•. 63 

VI. Batched compositions of calcium phosphate 
glasses ......................................... 74 

V. Batched compostions for calcium f1uorophosphate 
glasses ..... ~ .................................. . 75 

VI. Batched compositions for nitrided calcium 
phosphate glasses ....•.......................... 75 

VII. Starting compositions for the series of Na-Al-P-
0-F glasses ..................................... 77 

VIII. Glass compositions investigated in the Ba-Al-P-
O-F-N system ...........••................•...... 79 

IX. Batched compositions for glasses in the A1(P03)3-
BaF2-Ba3N2 system ..••••..••....•................. 81 

X. Batched compositions for glasses investigated in 
the MeFx-Alz03-PZOs-A1N (Me = Ba, Na) system .•.... 83 

XI. Nitridation of Na-a1uminqfluorophosphate glasses 
via ammoina gas treatment at 750oC .•.....•....... 85 

XII. Processing schedule and weight loss of sodium
aluminofluorophosphate glasses nitrided in 
ammonia gas at 765°C .•••....•............•....... 88 

XIII. Chemical analysis for calcium metaphosphate
calcium oxide series of glassses •..•............ 101 

XIV. Water content of calcium metaphosphate-calcium 
oxide series of glasses ......................•.. 104 

XV. Water content and weight loss of calcium meta
phosphate-calcium fluoride glasses ...•.......... l08 

11 



12 

LIST OF TABLES--continued 

XVI. Raman peak assignments and qualitative intensities 
of calcium metaphosphate-calcium oxide glasses .. lll 

XVII. Raman and IR vibrational peak frequencies for 
crystalline alpha-, beta-, and gamma-calcium 
pyrophosphate ................................... 116 

XVIII. 31p MASS NMR analysis of calcium phosphate 
glasses ......................................... 120 

XIX. Chemical analysis of Ba-aluminofluorophosphate 
glasses without and with AlN additions .......... 127 

XX. Effect of melting atmosphere and crucible type 
on nitrogen retention in a Al(P03)3-BaFz-AlN 
glass ........................................... 129 

XXI. Qualitative spectrographic analyses of Ba
aluminofluorophosphate glass without (A) and 
with (B) AlN additions •.••.•.•.••.••••..••...... 131 

XXII. Thermal analysis of BaFz-Alz03-PZOs-AlN glasses ... 132 

XXIII. Summary of results from optical transmission 
data ............................................ 135 

XXIV. Z7AL , 31p and 19F MASS NMR chemical shifts 
(peak maxima) for glasses in the Al-Ba-P-O-F-N 
system .••••.•.••••.•••.•.•.••...•••......•...... 141 

XXV. Qualltative spectrographic analyses of Na
aluminofluorophosphate glass without (A) and 
with (B) AlN additions .•••.•••.••.•.••...•...... 150 

XXVI. Effect of melting time and atmosphere on nitrogen 
retention in a sodium aluminofluorophosphate 
glass ........................................... 151 

XXVII. Chemical analysis of the Al(P03)3-NaF series 
of gla~s7s with corresponding batched 
composl. tl.ons ••••••.•••.••••••..••••..•.•.•...... 153 

XXVIII. Chemical analyses of Na-aluminofluorophosphate 
glasses without and with AlN additions .•........ 155 

XXIX. Chemical analyses of sodium aluminofluorophosphate 
glasses melted in an ammonia gas atmosphere ..... 156 



13 

LIST OF TABLES--Continued 

xxx. Thermal analysis of NaF-A1203-P20S-AlN glasses •••. 158 

XXXI. 27Al and 31p MASS NMR isotropic chemical shift 
values for glasses in the Al(P03)3-NaF system •... 170 

XXXII. 27Al and 31p MASS NMR chemical shifts (peak 
maxima) for glasses in the Na-Al-P-O-F-N system.174 

XXXIII. 21Al and 31p MASS NMR isotropic chemical shift 
values for sodium aluminofluorophosphate glasses 
melted in an ammonia gas atmosphere •••.•••..•... 177 



14 

ABSTRACT 

Knowledge of the structural arrangement of the atoms in 

a solid is an important prerequisite to a detailed 

understanding of physical and chemical properties. In this 

work, structural investigations of phosphate (Ca-P-O) and 

aluminofluorophosphate (Na/Ba-AI-P-O-F) glasses with and 

without nitridation were performed. Nitrogen was introduced 

v ia metal nitrides (AIN , Ba3N2 , or Ca3N2 ) or ammonia gas 

treatment of the melt. These glasses were characterized by 

chemical, thermal and optical techniques. Infrared, Raman, 

and MASS NMR spectroscopies were used to determine the local 

coordination and atomic structure of these glasses. 

The presence of peaks corresponding to P-O-P and P02 

molecular vibrations in Ca-P-O glasses provided a basis for 

proposing a calcium metaphosphate glass structure comprised 

of long chains. As calcium oxide is added to calcium 

metaphosphate glasses, the long chains are broken up into 

shorter pyrophosphate units, as indicated by the presence 

of P03
2- terminal groups. 

MASS NMR of Ba-AI-P-O glasses showed that Al occurs as 

Al (4), Al (6), and either Al (5) or Al (6) I inked through 

AI-O-AI bonds (such as in a-AI203). The addition of F in 

both the Ba-AI-P-O-F and Na-Al-P-O-F systems increases the 
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relative abundance of Al (6). The 31p peak maxima in the MASS 

NMR spectra at about -5 to -10 ppm for Ba-Al-P-O-F-N glasses 

and -9 to -17 for Na-Al-P-O-F-N glass, indicate that 

pyrophosphate units dominate the structure of these glassy 

solids. 

Raman spectroscopy of a series of Al(P03)3-NaF glasses 

showed that an increase in NaF content causes a shortening 

of the P-O-P chains and a more disrupted structural network. 

The presence ofP-O-F units were observed only at the higher 

(>80 mole %) NaF contents. While the complexity of the 

Raman spectra make it difficult to confirm the presence of 

P-N bonding, glasses prepared in an ammonia atmosphere 

(nitrogen content of 1.6 wt.%) suggest the possibility of 

P-N bonding on the basis of a vibrational peak at 826 cm-'. 



CHAPTER ONE 

INTRODUCTION 

16 

single anion oxide glasses comprise a majority of 

amorphous inorganic materials, in which properties are 

tailored by additions of various network modifying cations. 

Glass compositions involving multiple anions (e.g. F, N, C, 

etc.) have become increasingly interesting in the last few 

years (see reference1 for an overview) due to the greater 

versatility made possible by changes in the network 

structure. 

Fluorophosphate glasses represent a class of mixed anion 

systems containing phosphorus with oxygen and fluorine 

anions. These glass systems playa connective role between 

a pure oxide glass and a pure fluoride glass. Al though 

property and structural similarities exist between phosphate 

and fluorophosphate glasses, the addition of fluorine allows 

for interesting changes. Most fluorophosphate compositions 

require melting temperatures less than 10000C and have a 

linear thermal expansion coefficient around 15 x 10.6 °C· 1
•

2 

The relatively low temperatures are desirable for many 

applications requiring the use of low temperature forming. 

These applications include the molding of optical elements 

using standard equipment normally used for plastics, low 

temperature glass-to-metal seals, and the direct dissolution 
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of organic compounds for producing dye lasers .. ~ 

Fluorophosphate glasses also have desirable optical 

properties such as broad spectral transparency (UV to near 

IR)4, low values of linear and non-linear refractive 

indices5
,6, as well as low stress7 and thermo-optical 

coefficients8 making them candidates for many optical 

applications. 

Despite these assets, fluorophosphate glasses generally 

suffer from low viscosities at the liquidus temperature, a 

relatively high susceptibility to water attack9 , and poor 

mechanical properties as compared to silicate glasses. 

Additions of cations such as Sn, AI, and alkaline earth 

elements have been reportedly used to improve the properties 

of fluorophosphate glasses. 10,11 Recently, significant 

property improvements in mechanical strength and chemical 

durability in aqueous environments have been attributed to 

nitrogen incorporation in silicate12 , borate13 , phosphate14 ,15 , 

and fluoride16 glass systems. Incorporation of nitrogen 

into the glass network has been extensively investigated in 

silicate systems. Much of the early work focused on 

nitrogen additions in order to improve mechanical and 

thermal properties. This was believed to be due to 

increased cross linking of the network structure by 

replacing some of the oxygen with nitrogen. since then, 
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changes in the glass structure due to the addition of 

nitrogen, have been of interest. 

A majority of the structural investigations of 

fluorophosphate glass compositions have used vibrational 

spectroscopy, 17,18, 19,20,21,22 ~l though techniques such as electron 

spin resonance (ESR) and chromatography have also been 

used. 23 Recent advances in solid state nuclear magnetic 

resonance (NMR) spectroscopy have demonstrated its 

successful use in studying the structure of a variety of 

glasses.24, and references therein Solid state NMR spectroscopy 

allows for determination of the local atomic environment 

about a particular nuclei. Since most work has been 

involved with silicate glasses, the applicibility of this 

technique to investigate the structure of non-silicate 

glasses is of great interest. 

The objective of this dissertation was to investigate 

the processing, structure, and property relationships in 

novel glasses based on non-silicate systems. Synthesis of 

glasses in calcium phosphate and fluorophosphate systems by 

various processing methods was investigated systematically. 

Glasses without and with nitrogen were analyzed by chemical, 

thermal, and spectroscopic techniques. The major focus of 

this work was the processing and development of a 

fundamental atomistic level understanding of the structure 
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of glasses in both the Ca-P-O-N and Me-AI-P-O-F-N (Me=Ba, 

Na) systems, using magic-angle sample spinning (MASS) NMR 

spectroscopy and Raman spectroscopy on well characterized 

homogeneous glasses. 



CHAPTER TWO 

THEORETICAL BACKGROUND AND LITERATURE REVIEW 

2.1. Glass structure 

2.1.1. General theory 

20 

Knowledge of the structural arrangement of the atoms of 

a solid is an important prerequisite to a detailed 

understanding of other physical and chemical properties. 

structural determination of a crystalline solid is made 

straightforward· by the need only to solve the structure 

within the unit cell. The crystal structure is then 

generated by repeating in a periodic fashion the position 

of the unit cell in space. This is not the case for non

crystalline solids (i.e. glasses). The non-periodic or 

random glass structure makes generalized characterization 

difficult. 

In a strict sense, the structure of glass is in fact 

non-random,· at least on certain length scales, e.g. there 

may be considerable degree of local ordering despite the 

lack of periodicity.25 Therefore, the structure of glasses 

may be arbitrarily considered on three size scales: 26 (1) the 

scale of 2 to 10 A, or that of local atomic arrangements; 

(2) the scale of 30 to a few thousand A, of that of 

sUbmicrostructure; and (3) the scale of microns to 

millimeters or more, or that of microstructure and 
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macrostructure. Many of the spectroscopic and scattering 

experimental techniques give information concerning atomic 

or molecular structure. The latter scale generally involves 

phase separation and crystallization, and will not be 

considered in this discussion. 

Historically, the models used to describe the structure 

of glass have explained properties rather than predict them. 

In many cases, the models are useful for only a specific 

type of glass forming system. Nevertheless, the use of 

these models has at least allowed a means of discussing 

glass structure. 

The most influential structural model is the continuous 

random network (eRN) model put forth by Zachariasen more 

than 50 years ago. 27 This model views glasses as three

dimensional networks, lacking symmetry and periodicity, in 

which no unit of the structure is repeated at regular 

intervals. Zachariasen suggested four rules for the 

formation of an oxide glass: 

1. Each oxygen ion should be linked to not more than two 

cations. 

2. The coordination number of oxygen ions about the 

central cation must be small, 4 or less. 

3. Oxygen polyhedra share corners, not edges or faces. 

4. At least three corners of each polyhedron should be 



shared. 

These rules were based on the premise that a glass should 

have an energy content similar to that of the corresponding 

crystal. 

Unfortunately, this rather simple empirical model has 

become, over the past 50 years, the unquestioned truth. 

Although the model works well with inorganic glasses, it is 

not readily applicable to metallic or higly ionic glasses. 

However, the eRN model remains the best general picture of 

many silicate glasses. The concepts of network formers (ie. 

S ·4+ 
~ , 

and intermediates (AI3+) allow for better understanding of 

the glass structure. 

The only other model to compete with the eRN model is 

the microcrystallite model developed by porai-Koshits. 28 x

r~y diffraction patterns from glasses generally exhibit 

peaks centered in the range where strong peaks are also seen 

in the diffraction patterns of the corresponding crystals. 

Broadening of x-ray diffraction peaks occurs for particle 

sizes smaller than about 0.1 micron. 26 The broadening 

increases linearly with decreasing particle size. 

Therefore, it was proposed that glass was made up of 

extremely small crystallites. However, it was difficult to 

explain what prevented such a mass of microcrystallites from 

22 
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recrystallizing and how such a fundamental property of glass 

as the transformation temperature should arise. 29 

Several other models have been suggested which involve 

the idea of fivefold symmetry. In this case, pentagonal 

groups can not be extended into space without an 

accompanying strain and subsequent changing of metal-oxygen 

bond distances and angles. While this type of arrangement 

may exist, it is not likely that an entire structure is 

composed of such elements. 

In Table I, a classification of glass forming materials 

by their type of bonding is given. As shown, many different 

types of glasses are possible. In these cases, the kinetic 

considerations preventing crystallization during forming is 

most important. Therefore, the rate of cooling and thermal 

history is necessary information when interpreting glass 

structure. 

2.1.2. structure of phosphate glasses 

Of the three known oxides of phosphorus, P203' P204' and 

P20S ' only the pentoxide forms a glass. vi treous P20S 

consists of a three-dimensional skeleton of (P04) tetrahedra 

sharing three of their four corners. The non-bonding oxygen 

is doubly bonded to the phosphorus atom, since the 

phosphorus has a valence of +5. The other three oxygen 

atoms can bond to other P04 tetrahedra. The bonding 



Table I. Classification of glass forming materials by 
the type of bonding. 

Bond typc 

Covolent 

Ionic 

Hydratcd ionic 

Moleculor 

Mctallic 

Examplcs 

Oxides (silicotes. borocc:s. phosphates. gcrmanates. etc.) 
Chalcogenides 
Organic polymers 

Halides. nitr:lles. carbonates. sulfates 

Aqueous solutions of salts 

Organic liquids 

Splat-cooled alloys 
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structure30 consists of four sigma bonds due to sp3 

hybridization, going from the phosphorus atom to the four 

oxygens. Additional pi bonding, which ultilizes the d 

electrons, is also involved. In the case of pure P20S' the 

pi character is confined to the non-linking oxygen. The 

covalent part of the p-o bonds is relatively high in pure 

P20S glass. Through the introduction of modifying oxides 

(e.g. alkali and alkaline earths) the number of broken 

oxygen bridges is increased. These modifying oxides provide 

strong ionic contributions to the bonding character, which 

extends to the bridging oxygens and network forming cations. 

The ionic bond contribution is increased at the expense of 

the covalent contribution of the bridging, non-bridging and 

double-bonded oxygen atoms bonded to phosphorus. This 

increase of the ionic bond contribution, which extends 

beyond the first coordination sphere and causes a 

delocalization of the bonding energies (distribution of pi 

character between all four bonds), increases the total 

strength of the network. 

Glass formation in binary phosphate systems is possible 

from pure P20 S1 through metaphosphate compositions (MO-P20 S ) I 

to pyrophosphate compostions (2MO-P20 S)' Using conventional 

cooling rates, the maximum amount of metal oxide which can 

be incorporated into the glass structrue is about 60 mole 
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%31 The particular amount is a function of the cation size. 

As with most other systems, glass forming can be further 

extended by multicomponent compositions. 

In structural investigations involving phosphorus 

containing materials, the amount of water present in the 

sample is an important consideration. In some cases, P20S 

rich glasses can contain an appreciable amount. The 

ultraphosphate compost ion glasses are known to contain up 

to 20 mole %. water. 32 However, for glasses in the 

metaphosphate to pyrophosphate region, the water content is 

usually less than a couple percent water. 33 The amount of 

water is also strongly dependent on the temperature and 

duration of melting. 

The structural effect of water on MO-PzOs glass for a 

range of compositions is shown in Fig. 1. 31 Five different 

structural types are assumed, where ~H and ~ are the molar 

It is 

generally agreed that water in phosphate glasses behaves as 

a network modifier. For compositions near the metaphosphate 

region, the water can act as a chain terminating end unit 

(Fig. lb.). Therefore, consideration of the water content 

is needed for accurate interpretation of structural results. 

The structural units in phosphate glasses have close 

relationships to those of silicate glasses in that both are 
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comprised of corner sharing tetrahedra. The major 

difference is that the pentavalence of the phosphorus 

introduces nonbridging oxygens without the presence of 

network modifiers. Pure P20S glass is mechanically weak and 

chemically unstable due to its high energy double bond which 

reacts vigorously with water. with the addition of a 

modifying cation (M20 or MO), "middie" units are formed with 

two bridging oxygens and one negative charge (POz-). The 

metal eM) is bonded to the two non-bridging oxygens. The 

formation of middle units ends at the metaphosphate 

composition, where the middle units are arranged cyclically, 

or, more often, in very long chains. The metaphosphate 

chain is terminated by "end" units, with one bridging oxygen 

and two negative charges (POl-). Two end units linked by an 

oxygen form the pyrophosphate group Further 

addition of metal oxide causes the formation of "monomeric" 

units, which correspond to the orthophosphate composition 

(po/-) .34 

structural studies on condensed phosphates have been 

performed on both crystalline and non-crystalline systems. 

The condensed phosphates can be divided into three primary 

groups35 

1. Linear Polyphosphates (Pno3n+1 (0+2)-), which will 

form chains. 
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2. Metaphosphates (Pn03nn-), which may form ring 

structures, e.g., 3-rings (P309)3- or 4-rings 

(P4012> 4- • These are the so-called "true" 

metaphosphates. However, the metaphosphate 

compostion may also correspond to the longer chains. 

3. Ultraphosphates (Pn03n+m<n+2m>-) where 1~ m ~ n/2, 

which are the cross-linked phosphates, including 

glasses with networks similar to silicate glasses. 

These groups (Fig. 2) can be further classified according 

to their M20/P20S molar ratio as shown in Fig. 3. 

All of the metaphosphates can be prepared in the glassy 

or crystalline state, and all have the same basic structure 

regardless of the metal cation. 36 The structure of these 

materials has been investigated by a varity of techniques 

which include X-ray diffraction analysis37,38, chromatographic 

data30 , nuclear magnetic resonance3S , as well as infrared and 

Raman measurements. 39,40,41 ,42,43 From these measurements, both 

the glassy and crystalline and forms can be viewed as 

consisting of chains of P04 tetrahedra bonded to adjacent 

tetrahedra by bridging oxygen atoms. Neighboring 

polyphosphate chains are then linked together by cross 

bonding between the metal cation and the two nonbridging 

oxygen atoms of each P04 tetrahedron. The P-O-P bond 

between P04 tetrahedra in the same chain is generally much 
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stronger than the cross bond between chains via the metal 

cation. 

In most cases, addi tional components are added to 

improve mechanical properties and chemical durability. 

Elyard et ale 44 reported that for glasses in the MO-P20S 

systems, the structure is strengthened rather than weakened 

by the addition of MO, in the range 0-50 mole percent MO. 

Similar results in alkali phosphate glasses have shown that 

they have higher melting temperatures than pure P20S. This 

suggests that the structure becomes more rigid as the RO 

content is increased, which is in conflict with the 

generally accepted structural model for silicate glasses in 

which addition of MO causes a progressive breakdown of the 

network tetrahedra. However, in phosphate systems the 

cations can link together in groups or chains. 

The somewhat peculiar behavior of binary alkaline earth 

phosphate glass systems has been discussed by Kordes et 

al. 4S In this work, property measurements of density, molar 

volume, refractive index, and dispersion were used to divide 

simple binary phosphate glasses into two groups. One group 

was described as "normal", in which the addition of the MO 

modifier results in the breaking of P-O-P bonds, causing 

singly bonded oxygens, with the M2+ ion entering into holes 

in the structure. This includes calcium, barium, cadmium, 



32 

and lead phosphate glasses. The other group was described 

as "anomalous", in which the M+2 ions are in four-fold 

coordination and act as a network former. This group 

contains beryllium, magnesium, and zinc phosphate glasses. 

Therefore, in some instances, these cations can behave as 

network modifiers. 

In the remainder of this section structural 

investigations performed on calcium phosphate glasses, will 

be reviewed. It should be noted, however, that much of this 

information can be applied to most other alkali and alkaline 

earth phosphates. Early investigations of phosphate 

structure ul tilized liquid chromatography. 30,46 This 

technique is particularly well suited to the study of 

phosphate glass structure because of the way these glasses 

dissolve in aqueous solutions. An investigation of calcium 

polyphosphates using paper chromatography and light 

scattering techniques was reported by Ohashi and Van Wazer. 47 

They investigated crystalline and glassy phosphates in the 

region extending form the metaphosphate to pyrophosphate 

composi tions. As shown in the Cao-P2oS phase diagram in Fig. 

448
, both the metaphosphates and pyrophosphates have two 

different crystalline phases (alpha and beta phases). In 

between this region exists a crystalline species called 

tromelite, which corresponds to an area of solid solution. 
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Two other crystalline phases (gamma and delta) have been 

reported corresponding to the partially hydrated forms of 

the alpha and beta metaphosphate phases. 49 The molecular 

constitutions of the crystalline compounds as well as 

several typical glasses were studied. The data in Table II 

indicate that alpha-, beta-, gamma-, and delta-, calcium 

metaphosphates are all long-chain compounds. No rings were 

detected. From the light scattering experiments, the alpha 

and beta modifications are chains having a weight average 

number of phosphorus atoms equal to about 10,000, while the 

gamma and delta modifications correspond to much smaller 

chain lengths (the weight average being about 200-600) 

presumably due to the presence of the chain terminating 

hydroxyl ion. The chain length of the pyrophosphate was 

even further reduced, and had a weight average of about 20 

phosphorus per chain. Finally, the results for vitreous 

calcium phosphates show a bell-shaped distribution of 

various sized chain anions. 

X-ray diffraction work has been carried out on calcium 

metaphosphate glass by Biscoe et al. 50 They showed that in 

this glass, the phophorus atoms are surrounded by four and 

the calcium atoms by seven oxygens. This is similar to the 

calcium-oxygen coordination of 7-8 found in the crystalline 

phase. The P-O-P bond angle is approximately 140°, which 



Table II. Paper chromatography results of calcium pyro
phosphates. 

PAPER CHROMATOGRAPHY OF CALCIUM POLVPHOSPHATES 
% of total phosphorus u the following phosphate 

Hen-
poly 

to 
Tetra- Penta- eDDea- No,,- Tri- Tetra- Hil:her 

Phosphate Ortho Pyro Tripe!,. pely pol,. pol,. moving meta meta riDes 

Tromelite 1.5 9.9 5.5 0 83.1 0 0 0 0 0 
"Tetracalcium dihydrogen hexa- 7.1 to.8 82.1 0 0 0 0 0 0 0 

phosphate" 4.2 7.3 88.5 0 0 0 0 0 0 0 
a-Calcium metaphosphate 1.5 0 0 0 0 0 98.5 0 0 0 
P-Calcium metaphosphate 0.3 0 0 0 0 0 99.7 0 0 0 
,.-Calcium metaphosphate 7.7 3.5 30.3 0 0 0 58.8 0 0 0 
a-Calcium metaphosphate ]4.9 11.3 5.8 0 0 0 68.0 
Sodium calcium trimetaphosphate 0 0 0 0 0 0 0 0 100 0 

w 
Ul 
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indicates a type of zig-zag chain-like structure. Another 

x-ray diffraction study by Matsubara et al. ,38 found 5 oxygen 

ions around calcium. More recently neutron diffraction 

experiments have been performed on calcium metaphosphate 

glasse"s.51 The P-O-P bond angle distribution was determined. 

(see Fig. 5)' The maximum occurs at approximately 1400
, 

which is similar to the x-ray diffraction results. However, 

the calcium-oxygen coordination number was calculated to be 

four, even though calcium metaphosphate is not known as an 

"anomalous" glass. 

Recently, many structural investigations concerning 

calcium phosphates have involved vibrational 

spectroscopy. 34,35,39,52,53 Early structural work using Raman 

spectroscopy was performed by Bobovich. 39 In this work, a 

series of spectra was obtained for glasses ranging form pure 

The spectra are 

shown in Fig. 6. It should be noted that the spectra were 

obtained by a spiral low-pressure mercury lamp. The bands 

at approximately 1270 and 1180 cm-1 are assigned to the out

of-chain P02 asymmetric and symmetric stretch, respectively. 

The in-chain P-O-P symmetric stretch occurs at about 700 cm-

The weak band at approximately 1350 cm-1 indicates the 

existence of p=o bonds. Finally, the broad overlapping 

bands near 300 and 400 cm-1 have been assigned to internal 
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Figure 5. Distribution functions for the bond angle 
between neighboring tetrahedra in the chains 
as calculated from the distances p-o and P-P 
and their widths [Ref. 51]. 
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Figure 6. Raman spectra for glasses ranging from pure PzOs 
to calcium metaphosphate (Cao-p2oS) [Ref. 39]. 
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vibrations of metaphosphate chains. As the amount of 

modifiying CaO in increased, the high frequency bands are 

systematically shifted in the direction of low frequencies 

as well as an increase in relative intensities. Therefore, 

introduction of CaO to glassy leads to a 

depolymerization of its three dimensional structural 

network. In the region of compositions close to 

metaphosphate, this leads to the formation of infinitiely 

long chains of the (P03 )w type. 

More recently, Bertoluzza et al. 52 have investigated the 

structure of glasses having molar ratios (R = cao/P205) of 

1.13 to 1.65, using vibrational spectroscopies. In this 

work, glasses were prepared by melting mixtures of beta-

calcium metaphosphate and calcium hydroxylapatite, 

Ca,O(P04)6(OH)2 powders in platinum crucibles at 13000 C for 3 

hours. The melts were then splat cooled between two copper 

plates. The high cooling rate allowed glass formation with 

a CaO content up to 62 mole %. The collection of spectra 

are shown in Fig. 7. As shown in the Raman spectra, as the 

molar ratio increases, one observes a progressive reduction 

in the intensity of the band found at 1175 cm- 1 (with a 

shoulder at 1090 cm- 1 ) in the sample with R=L13 and the 

appearance of a new intense band at 1140 cm- 1 (with a 

shoulder at 1120 cm-' ) in the spectrum of the sample with 
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Figure 7. Raman spectra for glasses having caO/P20S molar 
ratios of 1.13 to 1.65 [Ref. 52]. 
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R=1.65. They assigned these bands to the (Po2) symmetric 

stretching modes, to -poz-groups in polyphosphate units with 

different chain lengths. 

The P-O-P symmetric stretching mode appears at 695 cm- 1 

for R=1.13, and at 710 cm- 1 (with a shoulder at 740 cm- 1) for 

R=1. 65. The appearance of a weak band at 1020 cm- 1 in the 

spectrum of sample with R=1.13, increases gradually in 

intensity and shifts to 1040 cm-1 (with a shoulder at 1010 

-1 f cm) or R=1.65. This indicates that increasing R leads to 

the formation of -po3
z- terminal groups, which break the 

polyphosphate chains. They note that calcium pyrophosphate 

shows a strong narrow Raman band at about the same 

wavenumber. 

From these Raman spectra, they concluded that with 

increasing R, one obtains a gradual reduction in the length 

of the polyphosphate chains. This is similar to previously 

reported results for metaphosphate glasses. 

2.1.3. structure of fluorophosphate glasses 

The atomic structure of fluorophosphate glasses are 

similar to phosphate glasses in that both are comprised of 

phosphorus oxygen tetrahedra. From a structural view, the 

addition of fluorine to a phosphate glass seems reasonable 

since both fluorine and oxygen have low polarizability and 

similar ionic radii (1.40 A for oxygen, 1.36 A for 
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fluorine) . Al though the crystal chemical properties of 

fluorine are similar to those of oxygen, fluorine possesses 

only one valency, instead of two. This causes a weakening 

of the glass structure. Other halides such as chlorine, 

bromine, or iodine., are significantly different than oxygen 

and consequently are more difficult to incorporate in large 

quantities in the glass structure. 54 

Fluorophosphate glasses also represent a more 

complicated structure than phosphate glasses. Many of the 

structural investigations reported in the literature are 

based on either NaP03 , Ba(P03 >2' or Al(P03>3 compositions. 

Multiple analytical techniques have been used to elucidate 

structural 

Raman, 21,56,57 

analysis. 

information, 

NMR,58 EPR,59,60 

which include 

and Mossbauer60 

infrared,20,55 

spectroscopic 

The structure of fluorophosphate glasses can be 

described by expanding the ideas concerning the structure 

of phosphate glasses. starting with the metaphosphate 

composition, the structure can be envisioned as long chains 

constructued by (po4> tetrahedra with the network modifiers 

located in the interspace between the chains. When fluorine 

is added, the p-o-p bonds are disrupted to form 

monofluorophosphate or at higher fluorine 

concentration, difluorophsophate (P02F2) , terminating groups. 
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with increasing amounts of fluorine, the chains become 

shorter, breaking into (PZ0 7) 4- and (Pz (0, F) 7) dimers. The 

glass structure is changed from metaphosphate to 

pyrophosphate type. Meanwhile, the non-glass forming 

cations will form MeFx groups in either tetrahedral or 

octahedral arrangement which can link the smaller phosphate 

chains. In fluorophosphate glasses containing aluminum, the 

aluminum may exist as (AIF6 )3- octahdra or (AIF4 )· and 

(AlOF3) z- tetrahedral groups. 56 

Generally, the above structural theory is similar for 

all fluorophosphates61
• However, the point at which the 

metal cation changes coordination with fluorine or when the 

pyrophosphate groups give rise to monofluorophophate and 

difluorophosphate groups is dependent on the composition. 

2.1.4. Nitrogen-containing glasses 

Early work involving oxynitride glasses was initiated 

in the mid 1960' s. In 1966, Mulfinger6Z investigated the 

physical and chemical dissolution of Nz gas and NH3 gas into 

glass melts. A maximum nitrogen content of 0.75 wt.% was 

obtained after the melt was bubbled with NH3 gas for 5 hours 

at 1400oC. It was found from spectroscopic evidence that 

nitrogen was present as nitride or =NH groups. Mulfinger 

concluded that a reactive atmosphere was required (unlike 

the Nz molecule), and that a reducing atmosphere was also 
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needed. Elmer and Nordberg63 introduced about 3 wt. % 

ni trogen into a porous borosilicate glass by melting in 

ammonia at l400oC. They found that the nitrogen reduced the 

tendency of the glass to devitrify under electrolysis and 

increased its electrical resistivity and viscosity. The 

property changes could be correlated with infrared 

spectroscopic measurements showing the presence of =NH and 

=N- groups in the glass structure. This led them to 

conclude that nitrogen was chemically incorporated into the 

structure. 

The possible technological importance of oxynitride 

glasses went unnoticed until 1976, when Jack~ reported an 

oxynitride glassy phase at the grain boundaries of Si3N4-

based ceramics. He speculated that these glasses may be 

just as important from a technological view as the 

crystalline sialons. 

since then, most of the research has focused on the 

glass formation aspects and resulting property changes 

associated with the incorportation of nitrogen into the 

glass network. The influence of nitrogen can be summarized 

as follows: 

* T increases 13,65,66,67,68,69, 
9 

* the hardness increases65 ,67,7o,71,72 

* improved mechanical properties65 ,67,71 
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* the density increases67,69,74 

* the viscosity increasesro,~,n,~ 

* the durability increases15,69,76,n, 

* the refractive index increases69,~,74 

* the thermal expansion decreases65 ,66,68,74 

For additional information, review articles by Loehman'2 and 

Messier78 are cited. 

The above property changes are all consistent with the 

currently accepted model of oxynitride glass structure in 

which trivalent nitrogen sUbstitutes for divalent oxygen in 

the glass network, as shown in the two-dimensional sketch 

in Fig. 8. The additional bond provided by nitrogen 

increases the crosslink density and provides for a more 

tightly bonded structure making the glass more rigid and 

more refractory than the corresponding oxide glass. 

Although infrared spectroscopic results are somewhat 

inconclusive, there is evidence that Si-N bonds do exist in 

oxynitride glasses. 79 X-ray photoelectron spectroscopy 

indicates that nitrogen is bonded to three silicons in the 

oxynitride glasses studied.~ 

Much of the research involving oxynitride glasses has 

been done using silicate glass forming 

systems. 12,65,80,81,82,83,84 Recently, however, studies involving 

non-silica glasses have been of interest. These include 
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phosphate,14,15,69 borate,13 aluminate,68 fluorophosphate,85 and 

fluoride16 glass systems. The remainder of this section will 

concentrate on phosphate and fluoride oxynitride glasses, 

since they are most pertinent to this study. 

Early work by Marchand14 demonstrated that reaction 

between ammonia gas and alkali metal polyphosphates (MP03 

where M = Li, Na, K) at 700°C could produce oxynitride 

glasses. Significant amounts of nitrogen (up to 9.8 wt.%) 

incorporation could be achieved. 

Subsequent "work has involved nitridation of phosphate 

glass through the use of batched nitride (e.g. AlN, Ca3N2 , 

or Ba3N2) powders. 69,n,86 Wilder et al. n added 0.5-1. 5 wt. % 

AIN to a complex sodium-barium phosphate melt. Melting 

above lOOOoC or larger additions of AlN produced frothing 

indicating melt decomposition. They report property trends 

similar to that of silica oxyni tride glasses. However, 

Raj aram and Day86 report that these trends may be due 

primarily to the additional cations, such as AI~, Mg~, and 

ca2
+, which also strengthen the glass network. They believe 

that nitrogen has only a secondary effect on the properties 

when the nitrogen is added as a metal nitride. It should 

be noted that they did not attempt maintain a constant ratio 

between all the cations. 
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The aforementioned difficulties in using metal nitrides 

has led investigators to concentrate mostly on the 

nitridation of phosphate glass via ammonia gas treatment of 

the melt. Lithium phosphorus and sodium phosphorus 

oxyni tride glasses have been prepared with" analyzed nitrogen 

contents of up to 12.6 wt.%87 and 13.0 wt.%,88 respectively. 

Ni tridation of a more complex R2o-BaO-Al203-P2oS glass, using 

ammonia gas, has allowed incorporation of nitrogen up to 6 

wt.%.89 The effect of nitrogen on property trends in all 

these phosphate glasses is similar to those in silica 

oxynitride glasses. 

Recently, the dissolution mechanisms of ammonia gas into 

the phosphate melt have been investigated, along with the 

factors governing this reaction. various nitrogen-

containing nitrogen atmospheres have been attempted (e.g. 

ammonia, forming gas, 90% N2 + 10% CO2, and CH3-NH2) .88 Peng 

et al. found that only the ammonia gas atmosphere was 

effective in producing nitrided glasses, and concluded that 
-
atmospheres containing molecular nitrogen are not useful in 

preparing oxynitride samples. Other factors influencing the 

amount of nitrogen incorporated via ammonia gas treatment 

includes exposure temperature, time, and flow rate. 88 ,90 As 

shown in Fig. 9, an increase in temperature can 

significantly increase the nitrogen content. The increase 
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may be due to a lower melt viscosity at higher temperatures 

which would be expected to increase the diffusivity of 

ammonia. However, at temperatures too high, melt 

volatilization becomes a problem. Longer exposure times and 

higher flow rates are also ways to increase the amount of 

nitridation. 

Recently, the incorporation of nitrogen in phosphate 

glass melts has been investigated. 14,88,90,91 Based on Raman and 

31p MASS NMR spectroscopy, Bunker et al. 91 report that 

nitrogen, which enters the structure as the N3- ion, replaces 

both the bridging oxygen and also the non-bridging, double

bonded oxygen. This has been confirmed by Marchand et al. 14 

using x-ray photoelectron spectroscopy, in which they report 

nitrogen containing glass as being comprised of mixed 

P(O,N)4 tetrahedra. Heuberger90 proposed the following model 

(Fig. 10) in which nitrogen initally replaces the oxygen in 

the chain, which leads to a higher cross linkage approaching 

a sheet-like structure as in ultraphosphates. After the 

bridging oxygen are replaced, the incorporation of nitrogen 

becomes more complicated. At this stage, they report the 

formation of (-P-NH-P-) linkages. However, Peng et al. 88 

report that low hydrogen content rules out any appreciable 

presecnce of NH3, -NH2 , or =NH groups in nitrided phosphate 

glass. 
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More complicated phosphorus oxynitride glasses have been 

investigated. Based on weight loss and property 

measurements, Rararam and Day89 suggest a model for nitrogen 

dissolution in a 27R20-20BaO-3A1203-50P20S' R = Na and K 

glass. The phosphate glass structure can be considered 

ideally to be composed of chains of P04 tetrahedra, which 

are ionically crosslinked by Na+ and Ba2+ and covalently 

crosslinked by Al in tetrahedral coordination. Since the 

strength of the AI-O bond (512+/- 4.2 kJ/mol) is almost 

twice that of the AI-N bond (297+/-96 kJ/mol), it is not 

likely that the bridging oxygen between Al and P will be 

replaced by nitrogen. Also, due to the ionic nature of the 

bonding of the Na+ and Ba2+, it is difficult for nitrogen 

incorporation in these parts of the structure. Therefore, 

the only oxygens available for replacement by nitrogen are 

the bridging oxygens or the non-bridging double bonded 

oxygens. This is similar to the previously reported 

mechanisms for the simple binary phosphate glasses. 

Nitrogen incorporation into ZrF4-based heavy metal 

fluoride glasses has also been reported. 16 Due to their 

limited glass forming ability, the maximum amount of 

ni trogen incorporation was 0.30 wt. %. However, improvements 

in glass transition temperture, glass softening point, and 

microhardness was observed. 



2.2. Analytical methods for determining glass structure 

2.2.1. Introduction 
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The structure of glass has been actively investigated 

using a wide variety of analytical techniques such as 

physical property and thermochemical measurements, various 

spectroscopic and scattering methods, as well as theoretical 

modeling calculations. Most of the above physical methods 

of analysis have been. used to study the structure of 

phosphorus-containing compounds. 

Vibrational spectroscopy, which includes infrared and 

Raman spectroscopies, is one of the most commonly used 

methods for determining the molecular structure of glass in 

the solid state. Alternative methods for structural 

elucidation, however, are continually being developed. One 

such example is high-resolution solid-state nuclear magnetic 

resonance (NMR) spectroscopy. 

In most instances, multiple analytical techniques are 

employed in order to develop useful structural models. In 

this investigation, the complementary techniques of infrared 

and Raman spectroscopy are used in conjunction with high

resolution solid-state NMR to determine the structure of 

phosphate and fluorophosphate glasses. The theoretical 

background information necessary to understand their 

function in determining glass structure is surveyed in this 
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section. 

2.2.2. Infrared spectroscopy 

Infrared spectra occur in the portion of the 

electromagnetic spectrum that extends beyond the microwave 

region to the visible region. It is measured in units of 

either wavelength (micrometers) or wavenumbers (cm"1). In 

wavenumber units, the infrared region extends from 

approximately 12,800 to 10 cm"'. For convenience, this 

region may be divided into three subregions. 

The region where the majority of analytical information 

is obtained extends from 4000 to 650 cm"', and is called the 

middle infrared or fundamental region. In this region, most 

qualitative and quantitative information about molecular 

structure is obtainable. The region from 4000 cm"' to the 

visible spectrum is called the near infrared or overtone 

region, and the region from 650 cm"1 to the microwave 

spectrum is called the far infrared region. The far 

infrared region gives information mainly about rotational 

transi tions, vibrational modes of crystal lattices, and 

skeletal vibrations of large molecules. 92 

All molecules are comprised of combinations of atoms 

which are held together by chemical bonds. During molecular 

vibrations, the atoms will behave as though classical 

springs are connecting them together. Each molecule has its 
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own specific set of characteristic vibrational frequencies 

associated with it. The amount of these frequencies depends 

upon factors such as bond strengths and the masses of the 

atoms in the molecule. The frequencies of such vibrations 

are in the same region as the infrared frequencies of 

electromagnetic radiation.~ 

The types of molecular vibrations can be divided into 

the two basis categories of stretching and bending. A 

stretching type vibration involves a continuous change in 

the interatomic distance along the axis of the bond between 

two atoms. Figure 11a illustrates both a symmetric type 

stretch and an asymmetric type stretch. Bending vibrations, 

shown in Fig. 11b, are characterized by a change in the 

angle between two bonds and are of four different types, 

namely; scissoring, rocking, wagging, and twisting. 91 These 

complex motions of atoms can be resolved into a set of 

normal mod'es of vibration in which all atoms move 

harmonically in phase with each other. Linear and non

linear molecules of N atoms will have 3N-5 and 3N-6 

different normal modes, respectively. 

The nature of these molecular vibrations can be 

demonstated by considering a simple, diatomic molecule (Fig. 

12). This molecule can be viewed as two vibrating masses 

m1 and m2 , connected by a chemical bond with an equilibrium 
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bond length, r e , and can be treated as a simple harmonic 

oscillator. From this approximation, the wavenumber of 

vibration will be given by: 

(1) 

where v is the wavenumber, k is the force constant 

assiciated with the chemical bond, and c is the velocity of 

light. It should be note that actual molecular vibrations 

do not behave as strict harmonic oscillators. In order for 

highly accurate theoretical analyses of vibrational 

frequencies, so-called anharmonic correction terms have to 

be introduced. However, since these corrections are 

relatively small for a fundamental mode of vibration, they 

can generally be disregarded in the first approximation. 

Infrared absorption originates from the vibrational 

energy lev~l translations of a molecule in the electronic 

ground state. In order to absorb infrared radiation, a 

molecule must undergo a net change in dipole moment as a 

consequence of its vibrational of rotational motion. Thus, 

the probability of transition between the two stationary 

states involved must be non-zero, which corresponds to the 

classical condition that the vibrational mode must be 

associated with an oscillating dipole moment. Therefore, 
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only vibrational modes in which there is a change in dipole 

moment will be infrared active. 

Infrared spectra are complicated by the fact that the 

anharmonic nature of the bonding energy will give rise to 

overtone lines at frequencies approximately two or three 

times that of the ~undamental line. Further complications 

occur due to the interaction of two different vibrations in 

a molecule to give absorption peaks with frequencies that 

are approximately the sums or differences of their 

fundamental frequencies. These are known as combination 

tones and difference tones, respectively. 

2.2.3. Raman spectroscopy 

In 1928, C.V. Raman discovered that when molecules are 

irradiated with monochromatic light, a portion of the light 

is scattered. Most of the scattered radiation .has the 

original frequency (Rayleigh scattering), but a small 

portion is found at other frequencies (Raman scattering). 

The difference in frequency between the frequency of the 

Raman scattering lines and the original frequency, is 

characteristic of the molecule irradiated, and identical 

with certain vibrational and rotational frequencies of that 

molecule. The Raman spectra usually represent a plot of 

intensity versus wavenumber shift ~a, which is defined as 

the difference in wavenumbers (cm- 1
) between the observed 
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radiation and that of the source. These spectra are 

obtained by irradiating a sample with a powerful source of 

visible monochromatic radiation. High intensity gas or 

solid lasers are needed because the Raman lines are 0.001% 

of the source. 94 

The Raman effect occurs when photons interact with the 

material IS molecules and are scattered with higher or lower 

energies than the incident exciting photons. This is shown 

in Fig. 13. The energy change in a molecule interacting 

with a photon having an energy of hv is depicted by the 

heavy dark line. The energy can assume any number of 

different non- quantized energy states, known as virtual 

states. If the molecule happened to be in the less 

populated first vibrational level of the ground state prior 

to irradiation, the transition is depicted by the thinner 

line. The most probable event is that the molecule returns 

to its original state so that no energy is either absorbed 

or emitted and its frequency remains unaltered. This is 

known as Rayleigh scattering (i. e. elastic scattering). 

However, there is a small probability that the molecule 

returns to a different energy state of either higher or 

lower energy, resulting in a change in frequency (i. e. 

inelastic scattering). Thus, the frequencies hv + 6E and 

hv - 6E appear in the scattered light, in addition to the 
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unal tered frequency hv. The Raman lines displaced to lower 

frequencies are called Stokes lines, and the lines displaced 

to higher frequencies are called anti-stokes lines. The 

Stokes lines for these transitions are found to be more 

intense than the anti-stokes lines, since the concentration 

of molecules in the various states follow Boltzmann's 

distribution law. 

It is important to note that not all vibrational modes 

are observed in the Raman spectra. In order for a 

particular mode of vibration to appear in the Raman spectrum 

(i.e. to be Raman-active), the molecule's polarizability 

must change during the vibrational transition. Therefore, 

the effectiveness of a bond toward scattering thus depends 

directly upon the ease with which the electrons of the bond 

can be distorted from their normal positions (i.e. 

polarizability). The polarizability decreases with 

increasing electron density, increasing bond strength, and 

decreasing bond length. 

2.2.4. Magic-angle sample-spinning NMR spectrocsopy 

High-resolution solid-state NMR using magic-angle 

sample-spinning (MASS) techniques is a powerful method for 

determining the local structural environment of a wide 

variety of amorphous materials. 24 NMR has been a useful tool 

for investigating the structure of molecules in solution 
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since the 1950's. Recent developments in obtaining very 

high field superconducting magnets, availability of 

sensitive Fourier-transform spectrometers, and the 

development of techniques such as MASS, have made NMR a 

useful technique for examining the structure of a wide range 

of inorganic solids since the late 1970's.95 Table III 

provides a summary of nuclides which are of potential use 

in solid-state NMR studies. 96 

An overview of NMR theory which is relevant to this 

study is now provided. An elementary introduction to NMR 

is given by oavis97 , with more advanced and complete 

treat7.nents 

Becker100 . 

given by Akitt98 , Farrar and Becker99 , and 

Brief summaries of the theory needed to 

understand MASS NMR of solids and of the experimental 

methods, are given in articles by Lippmaa et. al. 101, Samoson 

et. ale 102, Muller et. ale 103 , smith et. ale 104, and Oldfield 

and Kirkpatrick105 • 

NMR is based on the measurement of absorption of 

electromagnetic radiation in the radio frequency region of 

roughly 4 to 600 MHz (75 to 0.5 m). In this energy region, 

nuclei of atoms are involved in the absorption process. In 

order to remove the degeneracy of the energy states, it is 

necessary to expose the sample to an intense magnetic field 

in the order of several thousand gauss. 94 
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Table III. Summary of nuclides which are of potential use 
in solid-state NMR studies. 

Quadrupole Frequency 
Readily Moment Natural MHz 

Nucleus observed Sj!in (10-24 cm21 Abundance {1l.7 Tl 
H-l yes 1/2 99.985 500 
H-2 yes 1 0.0028 0.015 76.8 
Li-7 yes 3/2 -0.03 92.58 194.3 
&9 yes 3/2 0.0512 100 70.3 
8-10 yes 3 0.074 19.58 53.7 
8-11 yes 3/2 0.0355 80.42 160.4 
0.13 yes 1/2 1.1 125.7 
N-14 yes 1 0.Q16 99.6 36.1 
N-15 yes 1/2 0.37 50.7 
0-17 yes 5/2 -0.026 0.037 67.8 
F-19 yes 1/2 100 470.4 

Na-23 yes 3/2 0.14 100 132.3 
Mg-25 yes 5/2 N.D. 10.1 30.6 
Al-27 yes 5/2 0.149 100 130.3 
Si-29 yes 1/2 4.7 99.3 
P-31 yes 1/2 100 202.4 
8-33 no 3/2 -0.064 0.76 38.4 
CI-35 yea 3/2 -0.0789 75.5 49.0 
K-39 yes 3/2 0.11 93.1 23.3 
Sc-45 yes 7/2 -0.22 100 121.5 
Ti-49 no 7/2 N.D. 5.5 28.2 
V-51 yes 7/2 -0.04 99.76 131.4 

Cu-63 yes 3/2 0.16 69.1 132.5 
Zn-67 yes 5/2 0.15 4.1 31.3 
Ga-71 yes 3/2 0.112 39.6 152.5 
Ge-73 yea 9/2 -0.2 7.8 17.4 
Se-77 no 1/2 7.6 95.3 
Br-79 yea 3/2 0.33 50.5 125.3 
Rb-85 yea 5/2 0.27 71.25 48.3 
Sr-87 no 0/2 0.2 7.0 21.7 
Y-89 yea 1/2 100 24.5 
Zr-Ol no 5/2 N.D. 11.2 46.7 
Nb-93 yea 0/2 -0.2 100 122.2 
Me-05 yea 5/2 0.12 15.7 32.6 
AS-I09 yea 1/2 48.18 23.3 
Cd-113 yes 1/2 12.26 110.9 
in-liS yea 9/2 1.14 95.72 109.6 
Sn-119 yea 1/2 8.58 186.4 
Te-125 no 1/2 6.99 158.0 
C .. 133 yea 7/2 -0.003 100 65.6 
Ba-137 no 3/2 0.2 11.3 55.6 
L .... 139 yu 7/2 0.21 99.9 70.6 
Yb-l71 no 1/2 14.3 88.1 
W-183 yu 1/2 14.4 20.8 
Pt-195 no 1/2 33.8 107.5 
Hg-I09 yea 1/2 16.8 89.1 
TI-205 yu 1/2 70.5 288.5 
Pb-207 ~eII Il2 22.0 IOU 
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Atomic nuclei possess a quantized property called spin. 

Nuclei with a spin quantum number, I, which when greater 

than zero, possess a magnetic moment. All nuclei with 

either odd atomic mass or odd atomic number have magnetic 

moments, which are produced by unpaired nuclear spin states. 

However, nuclides with odd mass numbers (31 p , 29Si, 27AI ) 

having half-integer spins are of most interest for solid

state NMR. 

In the presence of a static magnetic field, Ho' the 

degeneracy of the spin energy levels is removed, giving rise 

to 2I+1 such energy levels. Therefore, the nuclear spin 

takes on discrete orientations relative to the applied 

magnetic field. 

energy given by 

Each spin orientation has a different 

E = hv = J..'BH./I (1) 

where: h is Planck's constant, v is the resonance 

frequency, J..' is the magnetic moment of the particle, B is 

the nuclear magnetron constant, Ho is the strength of the 

external magnetic field, and I is the spin quantum number. 

For a nucleus with spin I=1/2, there are 2 (1/2) +1 or 2 

discrete allowed energy levels. Thus, phosphorus-31 (1=1/2) 

has two energy levels and one allowed transition (Fig. 14a), 

where as aluminum-27 (I=5/2), which behaves as a magnetic 

quadrupole, has six energy levels and five allowed 
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transitions as shown in Fig.14b. The relative populations 

of higher and lower energy levels, Na and Nb , are given by 

the Boltzmann distribution, 

(2) 

The resonance frequency is related to the energy level 

difference between the states. NMR experiments measure this 

frequency at which transitions from one nuclear spin state 

to another occur. As indicated by equation 1, these energy 

differences and resonance frequencies are identical for all 

nuclei in all samples. In reality, the electrons 

surrounding a nucleus partially shield that nucleus from the 

applied external magnetic field. Therefore, He is the 

effective magnetic field strength at the nucleus. The 

relationship between the applied magnetic field strength 

(Ho) and'the effective magnetic field strength (He) .is given 

by the following expression: 106 

He = Ho (1 - a) 

where a is the shielding tensor. 

(3) 

The shielding tensor 

varies with bonding geometry, bond type, and the nature of 

nuclei, to at least the second and perhaps the third nearest 

neighbors. The isotropic shielding, ai' is given by one 

third of the trace of the a jj diagonal elements of the 

shielding tensor. In general, the shielding is anisotropic, 

with the chemical shift anisotropy (CSA) defined by a=a33-
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1/2 (a11 -a22 ) • The resonance frequencies are reported as 

chemical shifts, which are ppm differences from an 

experimentally useful standard. More positive (or less 

negative ) chemical shifts indicate less shielding. 

At the present time, there is no simple and precise way 

of theoretically calculating the magnitude of the chemical 

shift for a particular nucleus given a particular local 

structural environment. The interpretation of NMR chemical 

shifts for solids is still based nearly entirely on 

empirical correlations. Therefore, it is necessary to 

examine the MASS NMR behavior of structurally and chemically 

well known phases in order to provide a database from which 

to interpret the spectra of less well characterized 

materials. 

In solid-state NMR there are a number of phenomena which 

may lead to line broadening, thus obscuring the chemically 

important information. In a non-rotating solid sample these 

phenomena are magnetic dipole-dipole interactions between 

nuclei, anisotropy of the electronic shielding at individual 

sites (chemical shift anisotropy), and electric quadrupole 

interactions in which nuclei with quadrupole moments (spins 

I>1/2) interact with electric field gradients in the 

chemical bonds. Therefore, each orientation of a site, 

relative to the applied magnetic field, produces a slightly 
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different resonance frequency resulting in broadened peaks. 

In liquid-state NMR, rapid molecular tumbling causes a 

time-averaging of the above line broadening interactions, 

leading to narrow, well defined peaks. In static solids 

such rapid isotropic motion is absent. However, it has been 

demonstrated that by mechanically rotating powdered samples 

at rapid rates (typically 2.5-5.5 kHz) within the magnetic 

field, time-averaging for solids can be obtained. 

The MASS technique consists of mechanically rotating the 

sample at a special angle (54.7 0 to the magnetic field, Ho)' 

commonly referred to as the "magic-angle". The quantum 

mechanical basis for choosing the above angle has been 

discussed by Andrew. 107 The important thing to note is that 

the Hamiltonians for the linebroadening interactions contain 

terms of (3cos29-1), where 9 is the angle of rotation 

relative to the orientation of the magnetic field, Ho • At 

54.7°, the magnitude of the dipole-dipole and chemical shift 

anisotropy interactions and to first-order the quadrupole 

interaction go to zero, so that narrower peaks are obtained. 

In many solid phases, MASS reduces the peak width to about 

1 ppm, allowing resolution of chemical shifts almost as good 

as in liquid-state NMR. 

In addition to narrowing the peaks corresponding to 

different isotropic chemical shifts, the MASS technique can 
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be used to describe the symmetry about particular nuclei 

through the use of spinning sidebands (SSB). The same 

nucleus in different materials may have a different chemical 

shift anisotropy, because (J is a tensor quanti ty and 

reflects the three-dimensional nature of the electronic 

wavefunctions at each site. Spinning sidebands are 

additional peaks on either side of the central isotropic 

peak(s) caused by modulation of the static interaction by 

sample rotation. Spinning sidebands (SSB's) can be 

distingushed from true peaks, because they are spaced at 

multiples of the spinning frequency and change position with 

changing spinning speed. A large eSA, as indicated by 

intense spinning side-bands, suggests a non-symmetric type 

environment (meta-, and pyro-phosphate groups), while the 

lack of SSB's suggest a highly symmetric environment 

(orthophosphate groups). 

Solid-state NMR spectra are further complicated for 

nuclei (I > 1/2) by the coupling of the quadrupole moment 

of the nucleus (caused by a non-spherical distribution of 

charge on the nucleus) with the electric field gradient at 

the nucleus. Quadrupole effects cause peak broadening, 

displacement of the peak from the isotropic chemical shift, 

and distortion of the peak shape. 
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In many cases these quadrupolar nuclei have non integral 

spin (e.g. 23Na (I=3/2) and 27AI (I=5/2)). The central 

transition (1/2 to -1/2) of each such nucleus is unaffected, 

to first order, by this quadrupole interaction. Most 

spectra of quadrupole nuclides in solids are obtained by 

observing only the central (1/2, -1/2) transition. other 

absorptions due to satellite transitions (3/2,1/2; -1/2,-

3/2) result in the addition of two broad peaks. When the 

quadrupole coupling constant is about 1 MHz in frequency 

units, only the central (1/2,-1/2) resonance is readily 

detected, since there is a large residual broadening of the 

satellite lines. However, when the quadrupole coupling is 

large (greater than about 3 MHz), additional structure 

generally appears on the central line due to higher order 

quadrupole interaction effects. Al though MASS averages the 

first order quadrupole interaction, for sites with large 

quadrupole interactions, second-order terms become 

important, and may cause significant line broadening. 

Because these second-order terms have a different angular 

dependence than that causing the first order chemical shift 

of quadrupolar broadenings, it is useful to spin the sample 

at a different angle in the magnetic field (variable-angle 

sample-spinning, VASS) 108 in order to reduce peak 

broadening. Peak broadening may also be reduced by going 
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to higher magnetic fields because the magnitude of the 

quadrupole interaction is inversely proportional to the 

strength of the magnetic field. 

In high resolution NMR of solids, most of the broadening 

interactions are effectively reduced through the use of high 

magnetic field strengths and the MASS technique, resulting 

in sufficiently narrow peak widths. Amorphous solids 

generally have broader peaks due to a range of magnetically 

nonequivalent sites caused by a non-periodic lattice. Yet 

even without long range order, amorphous solids have some 

local order which can readily be detected using high

resolution solid-state NMR. 



CHAPTER THREE 

EXPERIMENTAL PROCEDURE 

3.1 Glass systems investigated 

Various phosphate and fluorophosphate glass compositions 

were investigated in order to ascertain the extent of 

nitrogen incorporation in non-silicate systems. Preliminary 

experiments were designed to determine the feasiblity of 

incorporating nitrogen into the above systems. Conventional 

processing using nitride powders added to the batch, and 

ammonia gas treatment were both used to introduce nitrogen 

into the melts of these glasses. 

3.2 Conventional processing 

3.2.1. Phosphate glasses 

Preliminary experiments involving calcium phosphate 

glasses were based on metaphosphate compositions. Base 

glass compositions were produced using either ammonium 

dihydrogen phosphate (NH4H2P04 ) and calcium oxide (CaO) 

powders or calcium dihydrogen phosphate (Ca(H2P04)-H20) 

powder to give the desired stoichometric calcium 

metaphosphate glasses. Additions of either CaO powder, CaF2 

powder, or nitrogen (via ca3N2 powder or NH3 gas) to the 

batch were used to investigate the structural change 

produced by such additions. In all cases, x-ray diffraction 

was used to determine if the samples were amorphous. 

72 
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Glasses produced by systematic CaO additions to a 

calcium metaphosphate base glass are described in Table IV. 

Air melting was performed in covered platinum-rhodium 

crucibles using a resistance type box furnace at 

temperatures in the .range 1300-1400oC for one hour. The 

fluid melts were quenched by pouring into a graphite mold 

and transfered immediately into an annealing furnace. 

Samples were annealed at approximately 440°C, which 

corresponds to the glass transition temperature as 

determined by differential thermal analysis, and allowed to 

cool overnight inside the furnace. Samples were then 

removed from the furnace and store in a dessicator until 

further use. 

similarly, calcium metaphosphate glasses containing CaF2 

additions were also produced. Compositions with up to 10 

wt.% CaF2 were melted with Ca(H2P04 )-H20 using covered 

platinum crucibles in either air or nitrogen gas atmospheres 

(Table V). Melting was performed at a temperature of 12500C 

for one hour. The melt was then poured into a graphite mold 

and annealed at 380°C. 

Nitridation of calcium phosphate glasses was attempted 

through the addition of calcium nitride powder or by ammonia 

gas treatment to previously mel ted calcium metaphosphate 

glasses. The glasses nitrided with calcium nitride powder 



Table IV. Batched compositions of calcium phosphate 
glasses. 

Batched Mole % MolarRatio 
Sample No. CaO P2Qs R= [ CaO /P2Qsl 

00 CAOA+ 50.0 50.0 1.00 
00 CAOA# 50.0 50.0 1.00 

* 00 CAOA 50.0 50.0 1.00 
01 CAOA 50.9 49.1 1.04 
02 CAOA 51.8 48.2 1.07 
03 CAOA 52.6 47.4 loll 
04 CAOA 53.4 46.6 1.15 
06 CAOA 55.1 44.9 1.23 

* 10 CAOA 58.3 41.7 1.40 
10 CAOAOJ 58.3 41.7 1.40 

* 11 CAOA 59.0 41.0 1.44 
12 CAOA 59.7 40.3 1.48 
12 CAOAOJ 59.7 40.3 1.48 
13 CAOA 60.4 39.6 1.52 
14 CAOA 61.1 38.9 1.57 

* 15 CAOA 61.9 38.1 1.62 
15 CAOAOJ 61.9 38.1 1.62 
16 CAOA 62.6 37.4 1.67 

Note: 1. Compositions batched with Ca(H2P04 ) -H20 powder and 
the appropriate amount of CaO powder, unless 
otherwise specified. 

2. Batched compositions mel ted in platinum crucibles 
at 1300 °c, unless otherwise specified. 

+ Batched with NH4H2P04 and CaO powders 
# Melting done in alumina crucible 
* Composition made in duplicate 
@ Melted at 14000 C 
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Table V. Batched compositions for calcium fluorophosphate 
glasses. 

Weight % Batched 
Sample No. Ca (P031z CaFz 

05 CAF 95 5 
08 CAF 92 8 
08 CAF+ 92 8 
10 CAF 90 10 

+ Melted in nitrogen gas atmosphere 

Table VI. Batched compositions for nitrided calcium 
phosphate glasses. 

Weight % Batched 
Sample No. Ca (P031z Ca3Nz 

05 CAN 95 5 
05 CAN 95 5 
07 CAN 93 7 
10 CAN 90 10 
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(Table VI) were mel ted at 11000C for one hour in covered 

alumina crucibles. The melt was cast onto a brass plate for 

rapid quenching. The experimental procedure for melts 

treated with ammonia gas is described in section 3.3. In 

this case, melts were treated in ammonia gas for 30 min. at 

1000oC, and allowed to furnace cool. 

3.2.2. Fluorophosphate glasses 

A series of sodium aluminofluorophosphate base glasses 

were prepared for structural examination and subsequent 

nitriding experiments. Aluminum metaphosphate (AI (P03h) and 

sodium fluoride (NaF) powders were used as starting 

materials. In this series, the NaF content was 

systematically varied from 70 to 84 mole % as shown in Table 

VII. Melting was performed at 10000C in air using covered 

high purity alumina crucibles. The fluid melt was poured 

into a graphite mold and immediately transferred to an 

annealing furnace set at approximately 420°C. Although 

samples showed good chemical durability and could be easily 

handled in air, they were stored in a dessicator until 

futher use. 

3.2.3. Oxyfluoronitride glasses 

Two families of barium oxyfluoronitride glasses were 

synthesized using conventional melting techniques . Both 

were based on the Al(P03)3-BaF2 system with the addition of 



Table VII. starting compositions for a series of Na-Al-P
O-F glasses. 

Mole % Batched 
Sample No. Al CP0313 NaF 

86 NAF+ 14 86 
84 NAF 16 84 
82 NAF 18 82 
80 NAF 20 80 
78 NAF 22 78 
76 NAF 24 76 
74 NAF 26 74 
72 NAF 28 72 
70 NAF+ 30 70 

+ Partially crystalline 
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nitrogen coming from either AlN or Ba3Nz powders (Table 

VIII). The starting raw materials AI(P03)3' BaFz, AIN, and 

Ba3Nz were obtained from a commercial source and batched in 

powdered form. Weighing of the batch was done in a dry box 

due to the hygroscopic nature of these materials. Melting 

was performed at a temperature of 960°C in covered high 

purity, dense alumina cruciblesB using a resistance type 

furnace. 

Glasses nitrided with AlN were first investigated and 

a glass forming region for the Al (P03)3-BaFz-AlN system was 

obtained by melting the batch at temperature for 40 minutes 

in air and pouring the melt onto a brass plate for quenching 

(Fig. 15). Glasses formed using Ba3N2 powder were held at 

temperature for 60 minutes and quenched by pressing the melt 

between two brass plates. Also, in the Al (P03h-BaFz-Ba3N2109 

system, different atmospheric conditions were employed as 

shown in Table IX. One series was mel ted in air atmosphere, 

while another series of identical composition was melted in 

a flowing argon atmosphere having a water content of less 

than 20 ppm and an oxygen content of 5% oxygen by volume. 

The stability of oxyfluoronitride glass in various 

atmospheres and crucibles was determined. The composition 

B Bolt Technical Ceramics, conroe, TX 77305. 



Table VIII. Glass compositions investigated in the Al-Ba
P-O-F-N system. 

Batched Compositions (mol~) Analyzed' 
Sample Al !l.!! !! Q f. ri N(wt!!:) 

AI( P03 , 3 -BaO 

Al(P0313-BaF2 

A1203-P205-Bal"2 

Al (P03'3-BaF2-AIN 

A1203-P205-BaF2-AIN 

A1203-P205-BaF2-Ba3N2 

ABOI 

ADI 
AB2 

APBl 

ABNl 

APBNl 

:::~~. 

, LECO Corp .• St. Joseph. MI 

5.38 15.04 16.13 63.45 

4.10 13.10 14.00 42.10 26.10 -
4.25 14.92 12.15 38.24 29.84 ~ 

4.10 13.10 14.00 42.10 26.10 -
12.00 13.10 10.00 30.10 26.20 8.60 

4.10 13.14 14.08 40.85 26.29 0.94 

5.06 14.24 15.18 45.54 15.13 4.25 
5.06 14.24 15.18 45.54 15.13 4.25 

• Melted In argon gas atmosphere. 

1.12 

0.10 

0.18 
0.25 
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40 min. in air 
-covered alumina crucible 
-poured onto brass plate 
-x-ray amorphous 
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Fig. 15. Glass forming region in the Al(P03>3-BaF2-AlN 
system. 
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Table IX. Batched compositions for glasses in the Al (P03)3-
BaF2-Ba3N2 system. 

SAMPLE BATCHED GLASS COMPOSITIONS (WT.%) MELTING WT. % NITROGEN 
NO. AL P 0 BA F N ATMOSPHERE (ANALYZED)· 

ABl* 3.60 12.29 19.10 50.96 14.05 0.00 AIR 
ABl ARGON 

ABBNP* 3.67 12.63 19.58 52.31 10.94 0.87 AIR 0.060 
ABBNO ARGON 0·184 

ABBNl* 3.74 12.88 19.97 53.59 8.19 1.63 AIR 0.175 
ABBNl ARGON 0.254 

ABBN2 3.79 13.02 20.19 54.02 7.04 1.94 AIR-· 0.222 
ABBN2* ARGON-" 0·230 

-LECO CORP., ST. JOSEPH, HI 
--PARTIALLY CRYSTALLIZED 
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25.0 Al (P03)3- 70.0 NaF- 5.0 AIN (wt.%) was melted in air or 

nitrogen gas atmosphere using either an alumina or vitreous 

carbon crucible. The melt was quenched by pouring onto a 

brass plate. 

In another series, glasses of identical composition, but 

different starting components, were produced in similar 

fashion. Glasses in the MeFx-A1203-P20S-AIN (Me = Ba, Na) 

systems were produced by conventional melting of 

commercially obtained A120 31 P20 S1 BaF2 , NaF, and AIN powders. 

Table X shows the batched compost ions expressed in elemental 

weight percent. Although Al (P03)3 powder was used in early 

experiments, A1203 and P20S powders were subsequently chosen 

in order to maintain a constant ratio of the cations and 

allowing only the 0/N ratio to change. 

Batching and weighing of the starting materials was done 

in a dry argon gas atmosphere followed by melting in high 

purity, dense alumina crucibles with lids. The Ba

containing melts, which required a melting temperature of 

11000C and soak time of 35 min, were poured into a preheated 

graphite mold and then transferred directly into an 

annealing furnace set at 400°C to be slowly cooled 

overnight. The NaF-containing compositions were melted at 

10000C for 24 min in a dry nitrogen gas atmsphere, and 

allowed to cool slowly inside the furnace. 
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Table X. Batched compositions for glasses investigated in 
the MeF x -A1203- P20s-A1N (Me = Ba, Na) system. 

Sample Weight Percent Analyzed 
!!2.:.. A.! f Ba N'a Q E- !! !! 

APBl 3.57 12.31 50.93 19.09 14.10 0.00 0.02 

APBNO 3.58 12.32 51.00 18.79 14.12 0.19 0.06 

APBNl 3.59 12.34 51.07 18.50 14.13 0.37 0.10 

* ANPI 6.22 21.54 21. 29 33.35 17.60 0.00 0.03 

* ANPNI 6.28 21.64 21. 42 32.14 17.70 0.82 0.4::: 

* ANPN2 6.32 21.77 21.54 30.92 17.81 1. 64 0.72 



84 

The effect of melting time and atmosphere on nitrogen 

retention was also investigated in the NaF-A120 3-P2oS-AlN 

system. A composition corresponding to sample number ANPl, 

was melted in nitrogen for 18 and 30 min., and in air for 

18 min. Furnace cooling was used and the amount of nitrogen 

was then determined. 

3.3. Ammonia gas processing 

3.3.1. Fluorophosphate glasses 

As an alternative method of nitridation, anhydrous 

ammonia gas was passed over the mel t of sodium 

aluminofluorophosphate glass compositions. The batch was 

loaded into an alumina boat and placed inside the horizontal 

tube furnace. A nitrogen gas purge for 10 minutes was used 

to obtain a nitrogen-rich atmosphere. The furnace was then 

ramped from room temperature to either 750°C or 765°C at a 

rate approximately 15°C/min. in a flowing (0.3 cfh) nitrogen 

gas atmosphere. Once the furnace reached the desired set 

temperature, anhydrous ammonia gas was passed over the melt 

at a rate of approximately 600 cm3/min. for different 

lengths of time. In the first series of experiments (Table 

XI), the experimental apparatus described in Fig. 16 was 

used. Samples could be cooled quickly by pulling the 

crucible out of the furnace hot zone. However, upon 

introducing ammonia gas at temperature, a white gas formed 



Table XI. Nitridation of Na-aluminofluorophosphate glasses 
via ammo ina gas treatment at 750°C. 

Sample Starting Processing Time Analyzed 
Number ComposItion Temperature NItrogen 

(mol%) 1°£1 1h!:tl (wt%) 

NAFNHO 65.84NaF-8.54AI203- Base glass 0.0 
25. 62P205 

3.0 0.7 NAFNH3 750 

NAFNH5 750 8.0 1.6 

00 
U1 



A' 203 

'Alumina Boat 

Fused 
or Silica Tube 

Tube Furnace 

N2~ ~ 

NH3- r j ./ := -- Exhaust 

Fig. 16. Experimental set-up used in ammonia gas treatment 
of glass melts. 

OJ 
0\ 
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and deposited on the walls of the silica tube and inside the 

exhaust tUbing. The white powder residue was analyzed using 

x-ray diffraction and was determined to be ammonium 

fluorosilicate fluoride «NH4) 2SiF6-NH4F) • Therefore, as a 

resul t of the reaction between the ammonia gas, mel t 

volatiles and silica tube; an alumina tube was used instead. 

The processing schedule for these glasses is shown in Table 

XII. Once the desired amount of time for ammonia gas 

treatment was achieved, glass formation was possible by 

increasing the nitrogen gas flow so that the furnace cooling 

rate would be fast enough to avoid crystallization. Samples 

were stored in a dessicator until further use. 

3.4. Characterization 

3.4.1. X-ray diffraction 

The amorphous nature of all the glasses, as well as the 

crystalline phases of devitrifided samples, were identified 

using a General Electricb XRD-5 x-ray diffractometer. 

Powdered samples (-150 mesh) were placed on glass slides and 

scanned from 29 = 15° to 60° at a rate of 2°/min using 

monochromatic CuKa radiation. The source beam slit was 3°, 

and the detector slit width was 0.1°. 

3.4.2. 

b 

Chemical analysis 

General Electric Corp., X-ray Department, Milwaukee, 
WI 
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Table XII. Processing schedule and weight loss of sodium 
aluminofluorophosphate glasses nitrided in an 
ammonia gas at 765°C. 

Sample starting Processing Time Percent 
composition Temperatue weight 

No. (mole %) J.....gl. (hrs. ) Loss 

* NAFNHO 66.67 NaF- 1000 2.5 
8.33 A120 3-

25.00 Pies 
(Base g ass) 

NAFNH1* 765 1 2.3 

NAFNH5* 765 5 3.8 

* NAFNH10 765 10 4.8 
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Chemical analysis of selected samples was performed 

using several different methods. Analysis of the calcium 

phosphate samples was performed comrnerciallyC using the 

inductively coupled plasma (ICP) technique. The accuracy 

of the measured values for Ca and P was within 1%. The 

oxygen content was determined by difference. 

Selected fluorophosphate based glasses were analyzed 

commerciallyd for Ba, Na, AI, P, and F using wet chemical 

analysis techniques. The accuracy of the reported value is 

within 0.1%. Other selected glass samples were analyzed for 

Na, AI, P using ICP, and F using the specific ion electrode 

technique. C The oxygen content was again determined by 

difference. In all cases, nitrogen analysis was performed 

commerciallye using inert gas fusion with helium as the 

carrier gas. In this technique, the sample is mel ted 
, 

inductively in a graphite crucible at 22000 C using nickel as 

a flux. Nitrogen is then liberated from the sample as 

gaseous species. The nitrogen content is measured by 

passing the gases (nitrogen and helium) through a 

C 

d 

e 

Skyline Labs, Inc., Tucson, AZ 85703 

corning Engineering Laboratory services, Corning, NY 
14831 

Desert Analytics, Tucson, AZ 85717 



conductivity cell. 

3.4.3. Thermal analysis 
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Differential thermal analysis (DTA) was used to 

determine the nature and temperatures of the various 

endothermic and exothermic reactions which occur during 

heating of the glasses. The melting, crystallization, and 

glass transition temperatures were obtained for selected 

glasses using this technique. In each case, powder samples 

(-100 mesh) were placed in alumina cups and run against an 

alumina standard. The samples were run in flowing nitrogen 

gas at a heating rate of 20°c/min from room temperature to 

approximately lOOOoC. 

The linear 

determined for 

coefficient of thermal 

selected samples using 

expansion was 

dilatometeric 

measurements f
• Samples, cut to dimensions of 2mm x 2mm x 

lOmm, were heated in air at a rate of lOoC/min from room 

temperature to lOOOoC. 

3.4.4. optical properties 

optical characterization consisted of 

refraction measurments using both the Becke 

immersion technique for powdered samples, and 

refractometer for polished bulk samples. 

f Orton, westerville, OH 43081 

index 

line 

an 

of 

oil 

Abbe 
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uv-visible transmission spectra were obtained using a 

CARY 2415 spectrophotometer. Polished thin sections of 

approximately 1mm in thickness were used. 

3.4.5. Transmission electron microscopy 

Crushed powdered sodium aluminofluorophosphate glasses 

with and without nitridation were prepared for use in the 

transmission electron microscope (TEM). The finely crushed 

samples were placed on a collodain film and carbon coated. 

The film was then placed on a copper grid and washed with 

acetone to remove the collodian film. The prepared samples 

were then examined using the TEM. 

3.5. structural analysis 

Three complimentary techniques were used to determine 

the molecular constitution of the as prepared phosphate and 

fluorophosphate glasses. Infrared spectroscopy was used to 

determine the water content and molecular groups present in 

the samples, while Raman spectroscopy was used for 

determining molecular structure. Detailed analysis of the 

Raman spectra through the use of a curve fitting program 

allowed for better interpretation of peak frequencies. 

Finally, MASS NMR was used to determine of the local 

structural environment and coordination number about 

specific nuclei in the glasses. A brief summary of the 

essential experimental aspects of each of these techniques 



is given in the following sections. 

3.5.1. Infrared spectroscopy 
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Infrared transmission spectra were obtained for both 

bulk samples and powdered samples dispersed in KBr pellets. 

Bulk samples were cut and polished (0.05 micron finish) to 

a thickness of about 5 rom with the faces being parallel. 

A Beckman Model FT1300 Fourier transform infrared 

spectrometer was used for analysis of bulk samples in order 

to determine the amount of structurally bound water in the 

sample. The amount of water was determined using the Beer-

Lambert Law. In this case, the absorbance, E, was 

determined by the following equation: 

Ev = log (T380o/Tv) (3) 

where T3800 is the amount transmitted at 3800 cm- 1 and Tv is 

the minimum amount transmitted corresponding the hydroxyl 

absorption band. The amount of water incorporated into the 

structure, c, in units of moles/liter, was determined by the 

following equation: 

E = ccd (4) 

where c is the molar extinction coefficient (taken as 120 

liter/mole/cm"O) and d is the sample thickness in cm. 

For structural analysis, finely crushed glass powder was 

mixed with KBr and pressed into a transparant pellet. This 

technique allowed better resolution in the 1400-400 cm"' 
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range. In this case, spectra were obtained from a Nicolet 

7000 Fourier Transform Infrared Spectrograph. 

instruments had a detection range of 4000 to 400 cm"1. 

3.5.2. Raman spectroscopy 

Both 

Raman spectra, in the spectral region 350-1500 cm"1, were 

obtained using a conventional Spex Ramalog 

spectrophotometer. The experimental set-up is shown in Fig. 

17. Both thin (0.5 rom) polished bulk samples and powdered 

samples held in thin wall capillary tubes were used. The 

514.5 nm line of an argon laser (300-400 mW) was used as the 

light source. Scattered radiation was collected at 90° from 

the incident radiation and detected using a photon counting 

photomultiplier tube. The signal was processed by a 

microcomputer and either plotted or displayed on a cathode 

ray tube screen. No visible sign of radiation damage was 

observed in any of the glasses examined. 

3.5.3. Magic-angle sample spinning nuclear magnetic 
resonance spectroscopy 

The spectra were recorded on one of three "horne-built" 

Fourier transform NMR spectrometers using the magic-angle 

sample-spinning technique as described by Smith et. al., 111 

Kirkpatrick et. al. 112, and Fletcher et. al. 113. A general 

schematic of the pulse/Fourier transform NMR spectrometer 

experimental apparatus is given in Fig. 18. The three 

spectrometers are based on 3.52, 8.45, and 11. 7 Tesla 
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Fig. 17. Experimental apparatus used to obtain Raman 
spectra. 
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superconducting magnets and use Nicolet 1180 or 1280 

computers for data acquisition. All spectrometers were 

equipped with Andrew-Beams type magic-angle sample-spinning 

rotor assemblies 107 (Fig. 19), Which can also be used to 

obtain static (non-spinning) spectra. A radio frequency 

receiver and transmitter antenna surrounds the sample, which 

is located in the bore of a superconducting magnet. The 

aluminum-27 spectra were obtained at 130.3 MHz (11.7 Tesla) 

at spinning speeds of from 4.4 to 6.3 kHz. This allowed for 

removal of spinning side band overlap of the true peaks. 

The phosphorus-31 spectra were obtained at a frequency of 

145.7 MHz (8.45 Tesla) at spinning speeds of about 4 kHz, 

sufficient to move the spinning side bands off the true 

peaks. The fluorine-19 spectra were obtained at a resonance 

frequency of 47 MHz (1.2 Tesla) at spinning speeds of about 

4.4 kHz, which is sufficient to remove the spinning side 

bands from the true peak. The peak position is reported as 

the parts-per-million (ppm) deviation of the sample 

resonance frequency from that of a standard and is referred 

to as the chemical shift. The chemical shifts were measured 

relative to the following external standards: AICl3 aqueous 

solu~ion for aluminum-27, 85% aqueous phosphoric acid for 

phosphorus-31, and hexafluorobenzene for fluorine-19. 

Increasing positive chemical shifts correspond to low field 
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Fig. 19. Andrew-Beams type magic-angle sample-spinning 
rotor assembly. 
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(decreased shielding, high frequency). The accuracy of the 

peak positions is about ±1-2 ppm. 
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CHAPTER FOUR 

RESULTS AND DISCUSSION 

4.1. Calcium phosphate based glasses 

4.1.1. Glass formation and characterization 

4.1.1.1. Calcium metaphosphate-calcium oxide glasses 

Glasses in the CaO-PZ05 system were readily formed from 
I 

the metaphosphate composition (CaO content of 50 mole %) to 

a maximum analyzed CaO content of 56 mole %. 
/ 

The glass 

forming region for the CaO-P20 5 system is indicated on the 

phase diagram48 shown in Fig. 4. This agrees well with the 

glass forming region as determined by Imaoka 114, in which 1-

3 grams of batch were melted in a platinum crucible and then 

allowed to air cool inside the crucible. In the experiments 

performed by Imaoka, glass formation was achieved from a 

composition of pure P205 , to a maximum CaO content of 56 mole 

% • Takahashi 115 and Elayard et al. 44 report a maximum CaO 

content of 57 and 58 mole percent , respectively, as the 

limit for glass formation. No mention of batch size was 

given by Takahashi, whereas Elayard et al. melted 

approximately 20 mg on electrically heated platinum alloy 

wire and quenched the melt by switching off the heating 

current. The slightly higher CaO content may be attributed 

to a faster cooling rate. Finally, Bertoluzza et al. 116 

reported that glass formation can be expanded up to a 
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maximum CaO content of 62.3 mole % by rapidly cooling the 

melt between two copper blocks. 

Chemical analysis was performed on selected samples from 

the above series to determine the final CaO/P20S molar ratio 

(R). The chemical analysis is reported in terms of mole 

percent, along with the corresponding molar ratio (Table 

XIII). In some of the metaphosphate compositions, the molar 

ratio is slightly less than unity, which is due to the loss 

of phosphorus during melting. The overall weight loss due 

to melting of the metaphosphate compositions was 

approximately 6 %. with larger CaO contents, the weight 

loss increased to about 7%. 

The color of some of these glasses show a pale yellow 

tint, which has been reported in previous work. 36 This is 

most likely due to the dissolution of an impurity metal such 

as Pt or Rh117 from the melting crucible, although the 

presence of Ni impurity or the reduction of the phosphorus 

may also cause the yellow tint. The latter two 

possibli1ites seem unlikely since a Ni crucible was not used 

and the glasses were melted under oxidizing conditions. 

Glasses melted in pure Pt crucibles show no signs of 

coloration. Only those glasses melted in Pt-Rh crucibles 

showed the yellow color. Regardless, this trace amount of 

impurity can not be expected to have a profound effect on 
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Table XIII. Chemical analysis for calcium metaphosphate-
calcium oxide series of glasses 

Mole % Molar Ratio 
Sample No. CaO P2QS R=rcaO/P2Qs1 

OOCAOA+ 48.9 51.1 0.98 

OOCAOA# * 49.2 50.2 0.98 

OOCAOA 49.9 50.1 1.00 

02CAOA 51.3 48.7 1. 05 

05CAOA 52.2 47.8 1. 09 

06CAOA 53.5 46.5 1.15 

10CAOA 56.0 44.0 1.27 

l1CAOA 56.3 43.7 1. 29 

12CAOA 57.2 42.8 1. 34 

14CAOA 58.8 41.2 1.43 

16CAOA 59.9 40.1 1.49 

* 0.6 wt. % Al203 analyzed 
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the structure of the glasses studied in the present work. 

As described above, the limit for glass formation is a 

function of cooling rate and composition. X-ray diffraction 

results of glasses in the Ca(P03)2-Cao series (Fig. 20) show 

that glass formation occurs from a Cao/P20S molar ratio of 

0.98 to 1.29. compositions containing more than the maximum 

amount of CaO (56 mole %) showed visible signs of 

devitrification upon cooling. In the partially crystalline 

samples, x-ray diffraction analysis showed the emergence of 

both alpha and gamma calcium pyrophosphate crystalline 

phases. The first predominant phase to crystallize was gamma 

calcium pyrophosphate, and upon increasing the calcium 

content, the alpha calcium pyrophosphate phase became more 

pronounced. The presence of both the alpha and gamma 

calcium pyrophosphate crystalline phases was also verified 

by structural analysis based on their Raman spectra, an 

aspect to be discussed in a later section. 

The incorporation of water into the glass structure is 

an important consideration when interpreting property or 

structural information for any material. The infrared 

analysis of the water content of calcium phosphate glasses 

is given in Table XIV. For all the calcium phosphate 

glasses used in this study, the water contents were found 

to be very low «270 ppm) • 
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Fig. 20. X-ray diffraction traces of glasses in the Ca(P03 )2 
CaO series. 
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Table XIV. Water content of calcium metaphosphate-calciurn 
oxide series of glasses 

[H+] content 
Sam~le No. (rnole/L) 

OOCAOA+ 0.04 

OOCAOA 0.02 

02CAOA 0.03 

03CAOA 0.03 

04CAOA 0.03 

06CAOA 0.03 

10CAOA 0.03 

11CAOA 0.02 

12CAOA 0.02 

14CAOA 0.01 

16CAOA 0.01 
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The metaphosphate compositions have the highest water 

content, but as the P20S content decreases, the amount of 

water also decreases, an observation consistent with the 

fact that P20 S reacts vigorously with water. Figure 21 shows 

representative infrared spectra indicating that as the P20S 

content decreases, the water absorption band at 

approximately 2920 cm"1 becomes less pronounced. The 

discrepancy between the two different metaphosphate 

compositions (Table XIV) shows that the choice of starting 

materials can also affect the water content of glasses. 

Differential thermal analysis was used to determine both 

the glass transition and crystallization temperature for 

selected glasses and assist in the selection of annealing 

temperatures. The glass transition temperature was 

determined to be approximately 450°C, wi th the onset of 

crystallization occuring at around 680°C for the 

metaphosphate compositions. For a composition corresponding 

to sample 05CAOA, the transition temperatures remained 

essentially the same, except that the crystallization peak 

became much sharper, indicating a stronger tendency to 

devitrify with the addition of CaO. 

4.1.1.2. Fluorinated and ni trided calcium phosphate glasses 

Attempts were made to incorporate both fluorine and 

nitrogen into calcium phosphate glasses. CaF2 additions, up 
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Fig. 21. Representative infrared spectra of polished thin 
(0.5 rom) calcium phosphate samples. 
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to 8 wt.%, yielded glasses similar in appearance to those 

with CaO additions. However, both chemical and Raman 

spectroscopic analyses showed that none of the fluorine was 

retained after melting. The glasses melted with CaF2 

additions (Table XV) had the lowest water contents because 

the water reacts with fluorine to liberate HF, thereby 

drying the melt. This may also explain why all the fluorine 

was lost from these glass batches during melting. Weight 

losses of batched compositions due to melting are shown in 

Table XV. The weight loss increases as the concentration 

of CaF2 increases. 

compositions with batched amounts of caF2 greater than 

8 wt.%, devitrified upon cooling. Fluorine analysis of a 

crystalline sample having a batched content of 10 wt.% CaF2 

also did not show any fluorine retention. For compositions 

containing 8 wt.% CaF2 additions, melting in an inert (N2) 

gas atmosphere did not allow for any fluorine retention. 

Calcium metaphosphate glass nitrided with 5 wt.% Ca3N2 

powder had an analyzed nitrogen content of less than 0.1 

wt.%. Further additions of nitrogen again resulted in 

devitrification. Samples mel ted in reducing atmospheres 

(ie. carbon and ammonia gas) had a orange-brown color (most 

likely due to the reduction of P20S) and showed signs of 

decomposition evident by the many bubbles present. Due to 
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Table xv. water content and batch weight loss of calcium 
metaphosphate-calcium fluoride series of glasses 

[H+] content 
Sample No. (mole!L) Weight Loss ( %) 

05CAF 0.02 9.4 

08CAF 0.01 10.9 

10CAF 0.01 13.3 
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the atmosphere controlled closed melting system required, 

rapid cooling was difficult and thus bulk glass formation 

was not possible. Clearly, Nand F containing calcium 

phosphate compositions appear to be reluctant glass forming 

liquids. This is not entirely suprising since CaF2 is 

commonly used as an opacifier, which promotes the formation 

of crystalline precipitates. 

4.1.2. Atomic structural evaluation 

4.1.2.1. Raman spectroscopy 

Raman spectroscopy was used to investigate the 

structural changes associated with the additions of either 

CaO, CaF2, or Ca3N2 to calcium metaphosphate compositions. 

The structural changes associated with the glass-to

crystalline conversion of CaO-rich calcium phosphate 

compositions were investigated. The spectra are plotted in 

Fig. 22 and the peak frequencies are summarized in Table 

XVI. 

The Raman spectra for the metaphosphate composition 

(R=1. 00) shows two characteristic peaks at about 1175 cm"' 

and 695 cm"' (with a shoulder at approximately 765 cm"'), 

which can be assigned to the out-of-chain p02 symmetric 

stretch and the in-chain P-O-P symmetric stretch, 

respectively. The small peak at about 1270 cm"' corresponds 

to the P02 asymmetric stretch. The presence of these peaks 
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Figure 22. Raman spectra of Ca(P03>3-CaO glasses having a 
CaO/PzOs molar ratio of 1. 00 to 1. 49. 



Table XVI. Raman peak assignments and qualitative 
intensities of calcium metaphosphate-calcium 
oxide glasses. 

CaD wt. % vs p-o-p ~=- vas PO=_ 

0 692.50 m 1175.09 ss 1274.33 wm 
736.00 sh 

2 694.00 m 11 ?S.38 ss 1022.00 Viol 
736.60 sh 1270.32 101m 

694.25 m 1173.94 ss 1022.00 VI.' 
736.60 sIJ 1272.13 wm 

6 695.50 m 1173.89 ss 1022.00 W 
736.40 sh 1268.11wm 

10 696.00 ITo 1169.13 ss 1022.00 W 
733.89 sh 1263.89 wm 
775.00 sh 

11 696.00 m 1172.00 m 1103.00sh 
736.50 sh 1047.00 w 126~.00 wm 
775.00 sh 

12 6%.50 m 1172.00 m 1266.00 \.1m 
738.60 sh 1040.00 WITo 1104.00 sh 
776.00 wm 1074.00 sh 

13 699.00 m 1172.00 m 1266.00 101m 
738.62 sm 1048.00 m 1142.00 sh 
775.61 m 1104.00 sh 

1004.00 sh 

14 700.00 m 1172.00 m 1266.00 wm 
739.00 sm 1072.00 w 1206.00 sh 
77~.6r, m 1046.00 sm 11G4.00 !:h 

1102.0:: '"~ 
'OO4.C:) sn 

111 
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Table XVI. continued 

CaO wt., y5 p-o-p ~~ ~:: --f.l:!." 

15 699.00 m 1174.00 m 1266.00 w 614.00 vw 
737.61 5 1072.00 w 1206.00 sh 586.00 w 
774.35 m 1046.00 vs 1164.00 sh 538.00 w 

1142.00 sh 506.00 vw 
1102.00 sh 482.0.0 w 
1004.00 sh 402.00 w 

16 699.00 m 1174.00 m 1264.00 w 614.00 w 
738.32 s 1072.00 m 1206.00 sh 586.00 w 
775.77 s 1048.00 vs 1164.00 sh 536.00 w 

1142.00 sh 504.00 w 
1102.00 wm 484. 00 w 
1008.00 w 444.00 vw 

m = medium; wm c weak medium; sm = strong medium; s= strong; 5S 
sharp strong ; vs very strong; sh = shoulder; w = weak; vw 
very weak. 

vs = vibrational symmetric mode; vase asymmetric vibrational mode 
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indicates a chain-like structure for these glasses. As more 

CaO is added, there is a shift in the P-O-P peak to a higher 

wavenumber and a decrease in intensity of the symmetric 

stretching POz peak at 1175 cm-1• At a molar ratio of 1.15, 

the appearance of a peak at around 1040 cm-1 is observed. 

This peak has been assigned to the symmetric stretch of the 

P03 terminal unit. The breakdown of the glass structure is 

accompanied by increased intensity of the P03 group. It can 

be noted that only a small amount of excess calcium oxide 

causes a reduction in the metaphosphate chain length. This 

suggests that the modifiying calcium oxide is preferentially 

going to the end-of-chain sites, which results in the 

formation of pyrophosphate groups. 

According to x-ray diffraction results, the glass to 

crystalline conversion occurs between a molar ratio of 1.29 

and 1. 34. The Raman spectra shows that there is some 

shortening of the chains prior to devitrification and a 

splitting of the P-O-P peak as the amount of crystallization 

of both the alpha and gamma phases increases. It can be 

noted that a relatively small change in the caOjPzOs molar 

ratio causes significant changes in the Raman spectra. 

At a molar ratio of 1.49 the sample appears to be mostly 

crystalline. Cornilsen and Condrate118,119 have performed a 

Raman spectral analysis of crystalline alpha-, beta-, gamma-
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calcium pyrophosphates (Figs. 23, 24, 25, respectively). 

Their band assignments are summarized in Table XVII. 

comparison of Cornilsen and Condrate' s band assignments with 

our data confirms the presence of both alpha and gamma 

calcium pyrophosphate phases in our crystalline samples. 

Raman spectroscopic analysis was performed on both 

powdered and bulk glass samples. The same results were 

obtained with the two different sampling techniques. By 

focusing the beam on various portions of the bulk sample, 

the identical Raman spectra were obtained, indicating that 

all glasses had good homogeneity. 

The Raman spectra 

prepared by different 

of calcium metaphosphate glasses 

routes are shown in Fig. 26. 

comparison of these spectra with the spectrum in Fig. 22a 

shows that there is little difference, with the same 

characteristic vibrational peaks occurring at 1270 cm- 1
, 1175 

cm- 1 and 695 cm- 1 • 

The Raman spectra for calcium metaphosphate compositions 

with caF2 or ca3N2 additions are shown in Fig. 27. The 

spectra are similar to the CaO-rich compost ions and their 

is no indication of any P-F or P-N bonding. These results 

are consistent with the low N content and negligible F 

analyzed in these glasses. 

4.1.2.2. MASS NMR spectroscopy 
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Table XVII. Raman and IR vibrational peak frequencies for 
crystalline alpha-, beta-, and gamma-calcium 
pyrophosphate. 

o· Gl2P207 II I • Ca:'20, T • Co:'207 ..... laN .. nu 
IR R.I.-n IK' bun IK' R.lun 

1205 1210 1215 1212 1194 1173 
1165 1163 !!9C 1:04 :':'E! ~~6! 
1155 1152 1175 1163 1142 1145 
1120 1105 1160 1142 1123 • 1141 1107 1057 \ P03 

1105 1094 
1089 1087 
1079 

1060 le74 :068 1067 ::n le50 • 101.! IC5~ 10"9 1051 'PC3 
1025 1015 1029 It32 1037 1008 • 995 1004 1006 1000 "rOJ 

910 974 978 972 940 918 • 9)] 946 955 "POP 923 926 
752 775 12B ;~2 j:: 731 • '?OP 
619 629 615 627 612 621 
605 616 587 590 563 59B 
580 591 568 572 (!SZ)· 5'5 
570 579 5:.1 566 '36 557 
553 558 529 5.8 500 5:4 
533 ,42 ~12 517 .52 .88 
500 537 498 .8B 443 i'O: 490 504 457 .55 400 
_3D 455 (_l2)· 409 l;~ 
3:S 371 361 ~?: 352 3.8 

137 309 :iii 
260 270 
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Figure 26. Raman spectra of calcium metaphosphate glasses 
using different starting compositions. 
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The 31p MASS NMR analyses of selected calcium phosphate 

glasses summarized in Table XVIII. A series of 31p MASS NMR 

spectra for the Ca (P03h-Cao glasses is shown in Fig. 28. 

The large amount of chemical shift anisotropy, determined 

by the presence of spinning side bands, indicates strong 

directional bonds with low symmetry. This is observed in 

highly polymerized structures. Duncan and Douglass 120 report 

the ranges for the 31p MASS NMR isotropic chemical shifts for 

three types of (P04)3- units in condensed phosphates. The 

chemical shifts for the end groups are in the range 0 

to -20 ppm, middle groups range from approximately -20 to -

30 ppm, and branching groups range from about -30 to -45 

ppm. Villa et al. 34 report similar ranges of chemical 

shifts, but with less overlap. They report end groups 

showing peaks in the +3 to -12 ppm range, middle groups in 

the -15 to -28 ppm range, branching groups in the -35 to -

42 ppm range, and monomer (ie. orthophosphate) groups at 

about +25 ppm. Therefore, a more negative chemical shift 

indicates a more highly connected structural network due to 

additional branching groups. The reason for a wide range 

of values is that the 31p chemical shift is influenced by the 

number and electronegativity of neighbor ligands and, the 

bond angles and local electronic environment about the P 

atoms. These factors will change as the glass composition 



Table XVIII. 31p MASS NMR analysis of calcium phosphate 
glasses. 

Isotropic Chemical 
sample No. Shift (d i ppm) 

OOCAOA -44, -2B.0, -B.O s 

01CAOA -45, -27.7, -B.O s 

02CAOA -27.1, -9.0 s 

03CAOA -42, -26.4, -9.1 

06CAOA -43, -26.0, -9.7 

10CAOA -46, -25.4, -10.1 

11CAOA -41, -25.9, -9.9 

12CAOA -24.9, -10.2, -7.9 

13CAOA -2B.2, -10.1, -7.B 

14CAOA -25.B, -10.1, -7.9 

16CAOA -24.9, -10.1, -7.7 

05CAF -26.1, -10.7 

OBCAF -25.1, -10.1 

10CAF -25.B, -10.2, -8.0 

120 
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changes. 

The calcium metaphosphate (OOCAOA) compostion shows one 

major peak at approximately -28 ppm and two very weak peaks 

at around -9 and -43 ppm. From the above investigations, 

the peak at around -9 ppm is due to phosphorus surrounded 

by one bridging oxygen atom and three terminal oxygen atoms 

(ie. end units, P20/"), and the peak at about -28 ppm is 

assigned to phosphorus in tetrahedral arrangment with two 

bridging oxygens and two terminal oxygen atoms (ie. middle 

units), while the peak at approximately -43 ppm is due to 

a small amount of phosphorus in tetrahedral coordination 

with three bridging oxygen atoms and one terminal oxygen 

atom (ie. branching units). As the CaO concentration is 

increased, the peak at -43 ppm diminishes and then 

disappears, the peak at -28 ppm remains relatively strong 

until decreasing in intensity significantly at a CaO/P2oS 

molar ratio of greater than 1.34. The peak at -9 ppm 

becomes more intense, and at a molar ratio of about 1.34, 

splits into two peaks, with increasing amounts of CaO. The 

sharpness and splitting of these peaks indicates the 

presence of two types of crystalline phases, which have been 

identified as both alpha and gamma calcium pyrophosphate 

from x-ray diffraction and Raman spectral analysis. 
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The 31p MASS NMR spectra for fluorinated and ni trided 

calcium phosphate glasses are very similar to those of the 

Ca(P03)3-CaO series of glasses. The major influence on these 

spectra is the excess calcium introduced as CaF 2 or ca3N2. 

Since all of the fluorine and most of the nitrogen was lost, 

these glasses appear similar to the cao-containing glasses. 

4.2. Nitrided barium aluminofluorophosphate glasses 

4.2.1. Glass formation and chemical analysis 

The Al (P03)3-BaF2 base composition was choosen since it 

represents a system which possesses good durability so that 

sample handling is not a problem, and can be readily be 

formed into a glass. 121 The durability comes from both the 

barium (Ba2+) and aluminum (AI3+) cations. However, Tick122 

reports that the addition of Al serves two other important 

functions. Since Al can exist in either tetrahedral or 

octahedral coordination with fluorine, an increased 

solubility of fluorine is possible. Secondly, Al inhibits 

liquid immiscibility which gives rise to phase separation. 

As a source of both Al and P, aluminum metaphosphate 

(AI (P03)3) powder was used for practical convenience. 

However, in some experiments it was necessary to use 

mixtures of various proportions of Al203 and P205 powders. 

The Al (po3h-BaF2-AIN system showed stable glass 

formation in an area sketched in Fig. 15. 123 Due to 
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empirical determination, the boundaries are not sharply 

defined under all conditions since glass formation is a 

function of experimental conditions such as melt size, rate 

of cooling, shape of the final piece, as well as other 

experimental factors. Glasses of reasonable quality were 

produced with analyzed nitrogen contents of approximately 

0.02 to 0.72 weight percent with a maximum content of 2.51 

weight percent. Attempts to add more nitrogen resulted in 

severe decomposition of the melt. Glasses containing larger 

amounts of nitrogen had significantly higher viscosities 

than glasses which had no nitrogen, consistent with similar 

effects seen in silicate systems. 

Following the success in showing the feasibility of 

introducing N into barium aluminofluorophosphate glasses, 

experiments were then conducted to systematically understand 

the effect of nitrogen on various glass properties and 

structure. A stable fluorophosphate composition from the 

above system was chosen and nitrided glasses were produced 

by substituting AIN for Al203 so as to change only the N to 

° ratio. The batch compositions investigated are shown in 

Table X along with the analyses for nitrogen content. 

Previous investigations have reported the volatile 

nature of phosphorus and fluorine containing glass melts 

causing a significant difference between the original and 



final composition. 124,125 The present 

complicated by the decomposition of 

temperatures (>1100° C). The results 

system 

AIN at 

of the 
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is also 

elevated 

chemical 

analysis performed on samples wi th and wi thout nitrogen 

additions are given in Table XIX. 

In all glasses, phosphorus and fluorine losses were 

evident. The glasses with nitrogen additions showed lower 

phosphorus retention. However, fluorine retention decreased 

with increasing nitrogen content. Losses of Ba were 

negligible, and were not affected by nitrogen. Finally, the 

analyzed base glasses showed an increase in Al due to 

melting in alumina crucibles. Nitrogen containing glasses 

showed even larger analyzed Al contents. Ni trogen retention 

in these glasses was about 30 wt.%. These results indicate 

that although identical molar ratios and melting conditions 

were used, there were small variations between the starting 

and final glass composition, re-emphasizing the neccessity 

of chemical analyses of melted glasses. 

Melt volatilization of fluorophosphate base glass 

compositions presents difficulties in the preparation and 

characterization of optical quality nitrided samples. The 

effect of nitrogen incorporation on glass properties is 

difficult to elucidate because of significant compositional 

changes during melting. However, lower processing 
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Table XIX. Chemical analyses of Ba-aluminofluorophosphate 
glasses without and with A1N additions. 

Mole % 

P Batched 

P Analyzed 

% P Retained 

F Batched 

F Analyzed 

% F Retained 

Al Analyzed 

APB1 

14.02 

12.03 

85.81 

26.17 

20.49 

78.30 

7.74 

APBN1 

14.08 

11. 34 

80.54 

26.29 

17.43 

66.30 

10.50 
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temperatures «1000oC) and covered crucibles are simple, yet 

effective ways to minimize volatilization. Melting 

atmosphere can also generally influence melt 

characteristics, but for glasses in the Al (P03)3-BaF2-Ba3N2'23 

system, there was little difference between glasses melted 

in air and argon. 

Results of an experiment used to investigate the effect 

of melting atmosphere and crucible material on the retention 

of nitrogen is shown in Table xx. The same amount of 

nitrogen was batched, but after melting there were different 

analyzed nitrogen contents. The composition melted in the 

nitrogen gas atmosphere had the highest retention (68%). 

Air melted glass retained only 5% of the batched amount of 

nitrogen, and was similar in appearance to the nitrogen 

melted glass. Glasses melted in alumina crucibles showed 

slightly better nitrogen retention than those melted in 

vitreous carbon crucibles. 

In all cases the base glass compositon yielded a clear 

and bubble free glass. However, upon the addition of 

nitrogen via AIN or Ba3N2 powder, the final glass had a 

greyish color and bubbles were present. The shade of grey 

varied directly with the amount of nitride added. 

Qualitative spctrographic analyses were performed on a 

barium aluminofluorophosphate without and with the addition 



Table xx. Effect of melting atmosphere and crucible type 
on nitrogen retention in a Al (P03)3-BaF2-AlN 
glass. 

Melting Analyzed Nitrogen 
Sample Atmosphere Crucible Type Weight % 

ABN1X Air Alumina 0.08 

ABN2X N2 gas Alumina 1.15 

ABN3X N2 gas vitreous 1. 07 
Carbon 

129 
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of AlN powder (Table XXI). It can be seen that impurity 

levels are similar, except that the amount of cr203 increases 

to the 0.005-0.05 range in the nitrided sample. Therefore, 

it is possible that the nitrided sample has more than an 

order of magnitude more Cr203• The effect of transition 

metal content on the color of glass is well documented. 26 

Therefore, it is quite possible that the increased amount 

of impurities introduced through the AIN addition results 

in grey colored glass. 

4.2.2. Characterization methods 

4.2.2.1. Thermal properties 

The thermal properties for selected Al (P03h-BaF2-AlN 

glasses have been previously reported. 123 The results for 

the BaF2-Al203-P20S-AlN series of glasses are similar to the 

above system. Even with the relatively small amounts of 

nitrogen incorporated, there were noticeable changes in 

properties. As shown in Table XXII, nitrogen contents of 

0.02 to 0.1 wt.% changed the linear coefficient of thermal 

expansion from 13.4 to 12.5 x 10-6 °c-1 and the dilatometric 

softening point (Td> increased from 595 to 605°C. 

Differential thermal analysis for barium 

aluminofluorophosphate glasses is shown in Fig. 29. The 

nitrogen free glass (APB1) contains a single broad 

crystallization peak and one melting endotherm. However, 



Table XXI. Qualitative spectrographic analyses of Ba
aluminofluorophosphate glass without (A) and 
with (B) AlN additions. 

A 
Range 11 

> 10 

5 - 20 

1 - 10 

0.5 - 5 

0.1 - 1 

0.05 - 0.5 

0.01 - 0.1 

0.005 - 0.05 

0.001 - 0.01 

0.0005 - 0.005 

0.0001 - 0.001 

Element Detected 
(Reoorted as Oxide) 

BaO, P205 

Al203 

SrO 

CaO, MgO 

Si02, Fe20J 

CuO, Cr20J, Ga20J, Zr02 

Mn02, B20J, Tio2 

MoOJ, V205 

B 
Range 11 

> 10 

5 - 20 

1 - 10 

0.5 - 5 

0.1 1 

0.05 - 0.5 

0.01 - 0.1 

0.005 - 0.05 

0.001 - 0.01 

0.0005 - 0.005 

0.0001 - 0.001 

Element Detected 
(Reported as Oxide) 

BaO, P205 

A1203 

SrO 

CaO, MgO 

Si02, Fe203, Cr203 

Cuo, Zr02 

Mn02, Tio2, NiO, B203, Ga20J, Mo03 

V205 

f-1 
w 
f-1 



Table XXII. Thermal analysis of BaFz-AlZ03-PZOs-AlN glasses. 

Sample 
a X 10-6 (oC-1 ) No. Wt.% !! !g (oC) !d (oC) 

APB! 0.02 13.4 595 

APBNO ·0.06 12.7 575 598 

APBNl 0.10 12.5 585 605 
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Figure 29. DTA analysis of barium aluminofluorophosphate 
glasses without and with nitridation. 
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both nitrogen containing glasses show the presence of two 

crystallization products as evidenced by two melting 

endotherms. In glass sample APBNO, two crystallization 

peaks are observed, compared to only one sharp peak for 

sample APBN1. 

4.2.2.2. Optical properties 

As previously discussed, nitrogen-free barium 

aluminofluorophosphate glasses produced in this study were 

colorless, homogeneous, and essentially bubble free. 

Additions of nitrogen using nitrides, even in relatively 

small amounts «0.50 wt % N), produced an increased number 

of bubbles, grey coloration and a noticeable increase in 

glass viscosity observed during pouring. It is believed 

that the grey color is due to impurities introduced by the 

added nitride powder, and not due to trapped gases which are 

observed in nitrided phosphate glasses. ss 

Transmission spectra in the uv-visible region were 

obtained. These results are summarized in Table XXIII. 

Equivalent starting compositions of glasses with and without 

nitrogen additions were also examined. Two representative 

transmission spectra are shown in Fig. 30. The nitrogen-free 

barium aluminofluorophosphate glass has a UV cutoff at 360 

nm, while the nitrided sample shows a cutoff at 270 nm. The 

shift to a lower wavelength with additional nitrogen is 
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Table XXIII. Summary of results from optical transmission 
data. 

Sample No. wt. !l, 
0 N %T UV cutoff enrn) 

AB1 0.00 88 360 

AB1+ 0.00 89 360 

APBl 0.00 90 360 

APBNl 0.10 18 too diffuse 

ABBNl 0.10 79 270 

ABBN1 * 0.20 51 280 
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Figure 30. UV-visible transmission spectra of nitrogen
free(lA) and nitrided, N = 0.1 wt.%, (2A) 
barium aluminofluorophosphate glasses. 
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contradictory with results reported by Hampshire et. al. 75 

for Ca-Si-Al-O-N glasses and Heuberger90 for Na-P-O-N 

samples. This suggests that batch components lost during 

melting may more strongly influence optical transmission, 

rather than the incorporated nitrogen. In both systems, the 

glasses without nitrogen have a high transmission (approx. 

90 %). As nitrogen is added, there is a decrease in 

transmission. Also shown in Fig. 30, the addition of 

nitrogen leads to a small absorption band centered at about 

440 nm, the origin of which is not readily apparent. 

The Becke Line method was used to measure the refractive 

indices of glasses in the Al (P03) 3-BaF2-Ba3N2 system. 123 Index 

of refraction values varied from 1. 580 to 1. 605 for air 

melted samples and from 1.575 to 1.605 for samples melted 

under argon atmosphere. In both cases the refractive index 

increased with nitrogen additions. Slightly lower indices 

observed in glasses melted under argon can be attributed to 

greater fluorine retention in comparison with air melted 

samples. This agrees favorably with index of refraction 

measurements made on selected samples using an Abbe 

refractometer. The base glass (APB1) has a refractive index 

of 1. 580, which increases to 1. 582 (APBN1) upon the addition 

of nitrogen. 

4.2.3. Atomic structural evaluation 
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4.2.3.1. Infrared spectroscopy 

Infrared transmission spectra obtained for thin polished 

glass sections (lmm) showed an IR cut-off value of 

approximately 4 urn, with transmission from 0.28 to 4 urn. 

This value is limited by the ionic stretching modes of the 

p-o tetrahedra. However, with the addition of nitrogen and 

the heavier barium atom, the nitrided glasses showed slight 

shifts to a longer wavelength IR cut-off. 

For all glass samples, the infrared spectra are complex 

and contain broad and overlapping bands, making it diff icul t 

to assign accurate peak positions. The infrared spectra for 

selected barium aluminofluorophosphate glass powdered 

samples are shown in Fig. 31. In general, both the 

fluorophosphate and nitrided fluorophosphate glasses appear 

to contain mostly pyrophosphate groups (1170-1000 cm- 1
) , 

rather than metaphosphate groups (1300-1265 cm-1) .35 

Nitrogen broadens the bands and shifts them by about 30 cm- 1 

to lower frequencies.~ From infrared transmission spectra 

of bulk samples, there is also a small absorption at 

approximately 2900 cm-1, indicating the presence of traces 

of hydroxyl groups in the glass structure. 

The use of infrared spectroscopy to study the structure 

of barium aluminofluorophospahte glasses has proven 

difficult to determine the structural role of fluorine and 
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Figure 31. Infrared spectra of selected barium alumino
fluorophosphate glass samples. 
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ni trogen on the glass structure. The overlapping and 

broadness of the vibrational bands makes precise frequency 

position and structural interpretation very difficult. 

Spectral data from simple model glasses would be very 

helpful. Unfortunately, this is not easy for 

fluorophosphate glasses because of the limited glass forming 

range. 

4.2.3.2. MASS NMR spectroscopy 

The samples investigated using MASS NMR are listed in 

Table XXIV. 27Al , 31p and 19F MASS NMR spectra, along with 

their structural interpretations based on these data, are 

discussed below. 

A. 27Al MASS NMR Analysis 

27Al is a quadrupolar nucleus (I=5/2) which yields 

broadened peaks in MASS NMR spectra due to second-order 

quadrupole effects. Using high magnetic field (11.7 Tesla) 

and the MASS technique, reasonably good spectral resolution 

and the differentiation of peaks due to different nuclear 

environments is possible in our samples. The 27Al MASS NMR 

spectrum for the barium aluminophosphate base glass (ABOl) 

as shown in Fig. 32a, contains three peaks at about +49, 

+14, and -8 ppm, corresponding to three different aluminum 

structural environments. These results are similar to those 

of Muller et al. 103 for glasses in the CaO-Al203-P20S system, 



Table XXIV. 27AL , 31p and 19F MASS NMR chemical shifts 
(peak maxima) for glasses in the Al-Ba-P
O-F-N system. 

27Al MAS-NMR 31p HAS-NMR 19F MAS-NMR 

sample Isotropic Chemical Isotropic Chemical Isotropic Chemical 
sbHt (12Elml sll~1:t (1212ml ShUt (ElElml 

ABOl -9, +13, +50 -5 

ABl -8 -12 +64 

AB1· -8 -13 +64 

APBl -8, +49 -8 NC 

AB2 -8, +17, +46 -7 +73 

ABNl -7, +13, +45 -8 +68 

APBNl -6, +11, +42 -8 NC 

ABBNl -9, +16, +47 -9 +90 

ABBN1· -9, +17, +47 -8 +82 

NC Sample MAS-NMR spectra not collected. 
* Melted in an argon gas atmosphere. 
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Figure 32. 27Al MASS NMR spectra for glasses in the Ba-Al
P-O-F-N system. 
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but the peaks in our Ba-containing glasses are consistently 

9 to 13 ppm less shielded (more positive chemical shift). 

This difference can probably be explained by the lower 

electronegativity of barium relative to the calcium, 

different cation ratios, and the higher field strength of 

our spectrometer (11. 7 T). Based on the arguments of Muller 

et al., 103 the peaks at -9 ppm and +50 ppm can be readily 

identified as due to AI06 octahedral groups and AI04 

tetrahedral groups, respectively. The middle peak may be due 

to octahedrally coordinated Al atoms connected with AI-O-AI 

bridging bonds as described by Muller et al., 103 although 

it could also be due to 5-coordinated AI. 126 

The 27AI MASS NMR spectra of F-containing compositions 

also contain three peaks similar 

oxide glass (Figs. 32b and 32c). 

to those in the pure 

The peak at -8 ppm 

resul ting from aluminum in 6-fold coordination does not 

change position with fluoride additions, but its intensity 

increases dramatically. The other two peaks have much lower 

intensity and perhaps peak maxima less positive by 3-4 ppm. 

The less positive chemical shifts for the F-containing 

glasses may reflect the larger electronegativity of fluorine 

relative to oxygen. 

The 27AI spectra of glasses containing both fluorine and 

nitrogen (Figs. 32d-32f), contain an intense peak at -8 ppm 
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and a small peak at about 45 ppm. However, relative to the 

AI-Ba-P-O-F glasses, the peak at about 15 ppm is 

substantially larger. This increased intensity may be due 

to the association of nitrogen with the linking AI-a-AI 

groups. 

B. 31p MASS NMR Analysis 

31p MASS NMR spectroscopy has been extensively used to 

study the structure of many kinds of crystalline phosphates. 

Unambiguous fnterpretation of isotropic chemical 

shifts, however, remains difficult even with the MASS 

technique, because both the chemical shifts generally become 

more negative with both increasing polymerization, and an 

increasing number of Al next nearest neighbors to p.34 In 

addition, bond angle and bond distance disorder for glasses 

increase peak breadths so that signals for different sites 

with similar chemical shifts may not be distinguishable. 

The 31p' spectra (Fig. 33) contain single, broad (10-15 

ppm at half-height) peaks with maxima between -5 and -13 

ppm, along with spinning side bands. The relatively large 

peak linewidths suggests a wide distribution of bond angles 

and bond distances, and probably the presence of more than 

one P env ironment. The presence of large spinning side 

bands in our glasses indicates a polymeric-type phosphorus 

environment as opposed to the more symmetric orthophosphate 
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grouping. In all cases, only one resonance peak is 

observed. Expanding the spectra to give a finer scale does 

not reveal additional peak splitting. 

The 31p chemical shift (peak maximum) for the oxide 

base glass (AB01, Fig.33a) is -5 ppm and covers the chemical 

shift range from about -10 to +20 ppm. This is indicative 

of several P environments with overlapping signals. The 

chemical shift is in the range for solids containing 

pyrophosphate groups, however P-O-Al groups also cause 

chemical shifts in this range. 

Fluorine additions cause slightly increased shielding 

of the 31p MASS NMR peak (Table XXIV). Due to various 

amounts of fluorine lost during melting, chemical shift 

values for these glasses range from -7 to -13 ppm. A 

representative spectrum is shown in Fig. 33b. However, the 

increased intensity of the 27Al peak~ at -8 ppm may indicate 

a larger average number of Al(6) next nearest neighbors to 

P, which would also cause increased shielding. As for 27Al , 

the more shielded values may be due to the effects of 

fluorine for oxygen sUbstitution. 

The addition of nitrogen to the fluorophosphate glass 

causes 31p chemical shifts that are 3 to 6 ppm less negative 

(Table XXIV, Fig. 33b). N for 0 SUbstitution is known to 

cause less shielded (less negative) cation environments, and 
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thus the slightly less negative 31p chemical shifts are 

likely due to P-N linkages. Because of the large peak width 

in our spectra, a separate peak for such sites is not 

resolvable. 

C. 19F MASS NMR Analysis 

Our fluorophosphate glasses have 19F chemical shifts 

between 64 and 73 ppm that become more positive with 

increasing BajAl ratio (Table XXIV, Fig.34). The nitrogen 

containing glasses have generally less shielded (more 

positive) 19F chemical shifts. No relevant crystalline model 

compound we have examined has 19F chemical shifts in this 

range; AIF3 is at 40 ±10 ppm, and BaF2 is at 148 ±1 ppm. The 

intermediate chemical shifts of our glasses may be inferred 

to arise from F coordinated to both Al and Ba. Changes in 

the 19F chemical shifts due to nitrogen additions may be 

due to nitrogen next nearest neighbors to F or nitrogen 

changing the BajAl ratio to F by influencing fluoride 

volatilization. 

4.3. Sodium aluminofluorophosphate based glasses 

4.3.1. Glass formation 

The sodium aluminofluorophosphate system was another 

fluorophosphate glass forming series chosen since it has a 

larger glass forming area and lower processing temperatures 

than the barium fluorophosphate system, thus making it more 
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attractive for ammonia gas melting experiments; nitridation 

using AIN powder was also performed (Table X). It was 

difficult to incorporate more than 1 wt.% N, and a nitrogen 

gas atmosphere was required due to excessive decomposition 

when melted in air. A grey color, similar to the barium 

aluminofluorophosphate glasses, was found with the glasses 

nitrided using AIN powder. comparison of qualitative 

spectrographic analyses (Table XXV) between glasses without 

and with AIN additions, shows a higher amount of transition 

metal impurity in the nitrided sample. Therefore, metal 

contamination of AIN-containing glasses is the most probable 

reason for their grey color. 

The nitrogen retention of these glasses with respect to 

melting time and atmosphere was investigated, and results 

are shown in Table XXVI. Air melting allowed for only a 

small amount of nitrogen retention (13 %). By melting in 

a nitrogen gas atmosphere, the nitrogen retention increased 

to about 45 %. However, with longer melting times, there 

was decrease in retention to around 30 %. 

Better quality nitrided sodium aluminofluorophosphate 

glasses were obtained in this study by exposing the melt to 

ammonia gas for extended periods of time. Samples 

containing up to 2.2 wt % ni trogen were obtained which 

appear colorless and with little decomposition. Qualitative 



Table xxv. Qualitative spectrographic analyses of Na
aluminofluorophosphate glass without (A) and 
with (B) AlN additions. 

A B 
Element Detected Element Detected 

Ranae , (ReD~rted as Oxide) Range' (Reported as Oxide) 

> 10 P205. Na20 > 10 Na20. P20S 

5 - 20 A1203 5 - 20 Al203 

1 - 10 1 - 10 

0.5 5 0.5 5 

0.1 1 0.1 1 

0.05 0.5 0.05 0.5 

0.01 0.1 HgO 0.01 0.1 HgO 

0.005 0.05 Si02. CaO 0.005 0.05 Si02. CaO 

0.001 0.01 Fe203. Zr02 0.001 0.01 Fe203. Cr203. Zr02 

0.0005 - 0.005 V205. CuO 0.0005 - 0.005 Hn02. nos. CuO 

0.0001 - 0.001 Hn02. Cr203 0.0001 - 0.001 

I-' 
Ul 
o 



Table XXVI. Effect of melting time and atmosphere on 
nitrogen retention in a sodium alumino
fluorophosphate glass. 

Melting Time wt. % wt. !e 0 

Sample No. Atmosphere (min. ) Batched Analyzed 

ANPN1X Air 18 1.64 0.21 

ANPN2X Nitrogen 18 1.64 0.72 

ANPN3X Nitrogen 30 1.64 0.49 
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analysisd of the gas bubbles trapped in the glass revealed 

three major components. The gases Hz, Nz' and NH3 were found 

inside the bubbles. The presence of hydrogen is not 

critical since it can easily evolve from the glass melt. 

The removal of nitrogen bubbles is more difficult since they 

are fairly stable in glass melts. Removal of nitrogen 

bubbles is further restricted, since the atmosphere above 

the melt has a high nitrogen partial pressure and increasing 

nitridation raises the melt viscosity. Peng and Day88 pulled 

a vacuum inside the furnace prior to sample removal to 

elimate bubbles. Heuberger90 reported unsatisfactory results 

using this approach. In our work, increasing furnace 

temperature and/or introducing helium gas after nitridation 

was also unsuccessful in removing bubbles. 

4.3.2. Characterization methods 

4.3.2.1. Chemical analysis 

The chemical analyses for glasses in the Al (P03) 3-NaF 

system are reported in Table XXVII. comparison of the 

batched values (Table XXVII) show the Na, P, and F have 

lower retention in the high NaF content glass. This is not 

surprising since both Na and F are known volatile components 

of glass melts. The trend of less overall weight loss with 

increasing NaF content is somewhat surprising in light of 

the above results. However, this may be explained by the 
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Table XXVII. Chemical analysis of the Al(P03)3-NaF series 
of glasses with corresponding batched 
compositions. 

Analyzed Weight Percent 
Sample No. Na Al ~ £: Q wt.% Loss 

86NAF 22.7 14.1 14.6 10.4 38.2 1.8 

84NAF 21.2 13.9 15.8 10.3 38.0 1.3 

82NAF 20.0 13.1 17.2 9.6 40.1 2.1 

80NAF 19.4 11.6 18.7 10.1 40.2 2.9 

78NAF 18.7 10.5 19.4 9.8 41.6 3.2 

76NAF 18.4 9.6 20.1 7.3 44.6 5.0 

74NAF 17.1 8.4 21.8 9.4 43.3 5.9 

72NAF 16.5 7.2 23.0 9.9 43.1 8.4 

70NAF 15.9 6.2 23.8 7.4 46.7 8.3 

Batched Weight Percent 

86NAF 27.0 5.2 17.8 22.4 27.6 

84NAF 24.9 5.6 19.2 20.6 29.7 

82NAF 23.0 5.9 20.4 19.0 31.7 

80NAF 21.3 6.3 21.5 17.6 33.3 

78NAF 19.8 6.5 22.5 16.3 34.9 

76NAF 18.3 6.8 23.4 15.2 36.3 

74NAF 17.1 7.0 24.2 14.1 33.6 

72NAF 15.9 7.3 25.0 13.1 38.7 

70NAF 14.8 7.5 25.7 12.2 39.8 
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fact that compositions with large NaF contents had 

significantly more Al in the analyzed glass. The opposite 

trend of the Al may be explained by increased dissolution 

of the alumina crucibles with higher fluorine containing 

melts. Fluorine retention at the high NaF content glasses 

is about 50 %, but with lower amounts of NaF increases to 

about 60 % retention. 

Chemical analyses were performed on glasses in the NaF

Alz03-PZOs-AlN and are reported in Table XXVIII. Similar to 

the Ba-containing glasses, P and F losses were evident. The 

NaF-containing glasses showed lower Pretention, but an 

increased F retention, with nitrogen additions. The 

increase in Al is again attributed to dissolution of the 

alumina crucibles, with the nitrogen-containing glasses 

having an even greater amount of AI. 

The chemical analyses for sodium aluminofluorophosphate 

glasses melted in an ammonia gas atmosphere are reported in 

Table XXIX. There is a loss of both Na and P during initial 

melting. However, during nitridation, the Na and P values 

remain relativity constant. The most volatile element is 

F, which after an initial weight loss of about 4%, continues 

to decrease with increasing nitriding times. 

4.3.2.2. Thermal properties 



Table XXVIII. Chemical analyses of Na-aluminofluoro
phosphate glasses without and with AIN 
additions. 

Mole % * ANP1 ANPN2* 

P Batched 14.29 14.46 

P Analyzed 11.99 10.58 

% P Retained 83.90 73.17 

F Batched 19.05 19.28 

F Analyzed 13.49 19.28 

% F Retained 70.81 76.30 

Al Analyzed 10.46 12.30 
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Table XXIX. Chemical analysis of sodium aluminofluoro-
phosphate glasses melted in an ammonia gas 
atmosphere. 

Analyzed Weight Percent 
SamQle No. Na Al E .E Q N 

* NAFNHO 21. 29 6.22 21.54 17.60 33.35 0.00 
(as batched) 

* NAFNHO 19.40 10.45 19.50 13.4 37.25 0.00 

* NAFNH1 19.05 10.25 18.30 11. 3 40.23 0.87 

* NAFNH5 18.65 14.00 19.55 10.1 36.06 1.64 

NAFNH10 * 19.00 13.40 18.95 9.45 37.00 2.20 
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Results similar to the Ba-containing glasses were 

obtained for the AI203-P20S-NaF-AIN glasses (Table XXX). 

However, the Na-containing glasses have a higher coefficient 

of thermal expansion which decreases from 14.6 to 13.4 x 10-6 

°c·1 as the analyzed nitrogen content increases from 0.03 to 

0.72 wt.%. The Na-containing glasses have Tg and Td values 

about 150°C less than the Ba-containing glasses but show 

only a slight increase in their values due to the added 

nitrogen. From DTA analysis (Fig. 35), all the glasses 

show only one crystallization peak and a single melting 

endotherm. As nitrogen is added, the sharpness of the 

crystallization peak decreases, which suggests that nitrogen 

suppresses the crystallization tendency of these glasses. 

4.3.2.3. TEM microstructural evaluation 

The homogeneity of sodium aluminofluorophosphate glasses 

with (NAFNHl* and NAFNH10*) and without (NAFNHO*) nitridation 

was determined using TEM. These glasses were very sensitive 

to the electron beam and tended to crystallize when the beam 

was converged. Also, if all the encapsulant material used 

to mount the glass particles on the TEM grid is not 

completely removed, large bubble-like structures are formed 

due to vaporization when the electron beam impinges on these 

areas. The TEM microstructureresul ts show no signs of phase 

separation in any of the samples and electron diffraction 



Table xxx. Thermal analysis of NaF-Al203-P2oS-AlN glasses. 

Sample 
No. Wt. % !! a ~ 1.Q-6(oC-1 ) !g (oC) !d (oC) 

* 0.03 14.6 428 441 ANPI 

* 0.43 13.9 420 433 ANPNI 

* 0.72 13.4 431 444 ANPN2 

I-' 
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Figure 35. DTA analysis of sodium aluminofluorophosphate 
glass without and with nitridation. 
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confirms that the samples are originally amorphous, but 

crystallize readily under the electron beam. 

4.3.2.4. Optical properties 

The results for Na-containing glasses were found to be 

similar to the Ba-containing glasses. The base glass 

* (ANP1 ) has a UV cutoff at 300 nm, while the nitrided sample 

* (ANPN2) has a cutoff at 230 nm (Fig. 36). UV-visible 

transmission spectra for sodium aluminofluorophosphate base 

glasses melted in an ammonia gas atmosphere (Fig. 37) 

displayed features similar to those obtained using nitride 

powders. The base glass showed a UV absorption edge at 

approximately 350 nm. After re-melting in ammonia gas, the 

edge shifted to 270 nm. The transmission characteristics 

were superior in the glasses prepared by ammonia gas 

treatments rather than nitride powder additions. Samples 

nitrided in ammonia gas had a transmission of >78 %, as 

compared to <60 % for samples containing batched nitrides. 

This result is significant for preparation of strong optical 

quality nitrided glasses, and shows the potential utility 

of ammonia gas treatments of fluorophosphate melts for 

successful synthesis of optical quality mechanically robust 

glass components. 

4.3.3. Atomic structural evaluation 

4.3.3.1. Raman spectroscopy 
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Figure 36. uv-visible transmission spectra of nitrogen
free(lB) and nitrided, N=O.5 wt.%, (2B) sodium 
aluminofluorophosphate glasses. 
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Figure 37. UV-visible transmission spectra of a Na-Al
P-O-F base glass (lC) and glasses melted in 
ammonia gas having analyzed nitrogen contents 
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The Raman spectra for glasses in the Al (P03) 3-NaF series, 

where the NaF content varies from 70 to 84 mole %, are shown 

in Fig. 38. The following discussion describes the changes 

in the peak frequency positions within the range 400-1450 

cm- 1 • 

a. Band 1270 cm-1 

This peak was seen in the Raman spectra for the calcium 

phosphate glasses and is ascribed to the asymmetric 

stretching vibrations of the poz group. 39, 1Z7 The decrease in 

its intensity and disappearance with increasing NaF can be 

due to the shortening of the linear metaphosphate chains. 

b. Band 1136-1180 cm-1 

This band was also present in the previously discussed 

calcium phosphate Raman spectra (Fig. 22). It has been 

assigned to the symmetric stretching vibration of POz groups 

in the metaphosphate glass structure-. 1Z7 This band decreases 

significantly with increasing NaF. According to videau et 

al.,19 a decrease in the length of the metaphosphate chains 

causes a shift in this band to lower frequencies. However, 

even at the highest NaF value, there are some remnants of 

these chains present. 

c. Band 1040-1090 cm-1 

This band has been assigned to the POz stretching 

vibrations of pyrophosphate (PzO;-) groups in the structure 
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Figure 38. Raman spectra for the Al(P03>3-NaF series of 
glasses with NaF contents from 70-84 mole %. 
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network. 40 However, the shift to lower frequencies may be 

attributed to dimers of the type P2 (O,F)7. 19 

d. Band 1036 cm-1 

The presence of this band (corresponding to the P-O-F 

units) is only observed at the two highest NaF values. It 

is at a' slightly different frequency position than that of 

the symmetric stretching mode of po4
3-and Videau et al. 19 has 

assigned it to symmetric vibrations of isolated monomer 

groups P(O,F)4. This has also been reported by Buhler and 

Bues 128, who assigned this band to the vibrational mode of 

the P03F group. 

e. Bands 710-715 and 760-780 cm- 1 

Glasses with a high phosphate content show a peak at 

approximately 710 cm-1
• This has been assigned to the 

symmetric stretching of the P-O-P group and has been 

observed in the calcium phosphate glasses. This corresponds 

to the in-'chain vibration of the metaphosphate chains. 

However, as the Al(P03 )3 decreases (increasing NaF content) 

there is a shift of this band to the 760-780 cm- 1 region. 

This has been ascribed to the symmetric stretch of the p-o

P groups in the pyrophosphate chains. 57 It can be noticed 

that the sharpness of the 760-780 cm- 1 peak' indicates a more 

crystalline environment. 

f. Band 515-530 cm- 1 
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This band has been assigned to the presence of AlF6
3-

groups in the glass structure. This is in agreement with 

the results of Gilbert et ale '29 in which the v' vibration of 

the AlF6
3- was ascribed to the band at 555 cm-'. The 

fundamental, v', peak is observed at 622 cm-' for the AlF4-

groups, but it is difficult to determine from the Raman 

spectra if these groups are present in our samples. other 

vibrations of the Al-F groups at lower frequencies are 

likewise difficult to ascertain. 

The Raman spectra for sodium aluminofluorophosphate 

glasses nitrided with AlN are shown in Fig. 39. The base 

glass spectrum resembles that of sample 84NAF, in which the 

large peak at approximately 1032 cm-' is assigned to the 

vibrations in the P03F tetrahedra. However, the vibrations 

coresponding to the P-O-P groups are of very weak intensity 

indicating a highly disrupted network. Upon AlN additions, 

there is little change in the Raman spectra. According to 

Bunker et al.,9' P-N=P and >N- groups have been empirically 

assigned to frequencies at 815 and 640 cm-', respectively. 

The complexity of our spectra in this region makes 

unambiguous peak determination difficult without curve 

fitting. The Raman spectrum for AlN has also been 

determined; however, the vibrational frequencies around the 

800 cm-' region are also difficult to interpret. 
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Figure 39. Raman spectra for sodium aluminofluorophosphate 
glass nitrided with AlN powder. 
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Raman spectra for a final set of ammonia gas nitrided 

sodium aluminofluorophosphate glasses are shown in Fig. 40. 

There is similarity again between the base sodium 

aluminofluorophosphate glass (NAFNHO), except the increased 

sharpness of the peak at 780 cm-1• There is a shift of the 

p-o-p vibrational peak to higher frequencies with longer 

ni tridation times of the ammonia gas treatment. Sample 

NAFNH5 shows a large peak at approximately 826 em"'. The 

presence and growth of this peak may be ascribed to the 

sUbstitution of nitrogen for oxygen in the P-O-P chain. 

4.3.3.2. MASS NMR spectroscopy 

27AI and 31p MASS NMR analyses of glasses in the 

series are tabulated in Table XXXI. 

Representative 27Al MASS NMR spectra are shown in Fig. 41. 

At the lower NaF content, the Al is mostly in an octahedral 

environment, as determined by the large peak at 

approximately -13.4 ppm. A small peak at around 9.2 ppm is 

also observed. This is similar to the peak found with the 

Ba-containing glasses. As indicated, this may be due to 

bridging Al in octahedral coordination or Al in a five-fold 

environment. At a NaF content larger than 80 mole % NaF, 

another peak at approximatley 44 ppm emerges and continues 

to increase with increasing NaF content. 
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Figure 40. Raman spectra for sodium aluminofluorophosphate 
glass nitrided with ammonia gas. 
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Table XXXI. 27Al and 31p MASS NMR isotropic chemical shift 
values for glasses in the Al(P03>3-NAF system. 

27Al MASS NMR 31p MASS NMR 

Sample Isotropic Chemical Isotropic Chemical 
Shift (ppm) Shift (ppm) 

70 NAF+ -13.8, +7.8, +40.6 -19.3, -25.4 

72 NAF -13~4, +9.2 -18.3 

74 NAF -13.1, +10.8 -18.9 

76 NAF -11. 9, +13.5 -14.9 

78 NAF -11. 4, +13.4 -13.6 

80 NAF -11. 0, +9.1 -13.2 

82 NAF -11. 2, +12.7, +43.4 -12.0 

84 NAF -11. 5, +13.3, +44.9 -10.1 

86 NAF -9.9, +13.7, +44.9 -7.8 

+ partially crystalline 
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Figure 41. 27Al MASS NMR spectra of glasses in the Al (P03h
NaF series. 



172 

31p MASS NMR spectra for selected Al (P03) 3-NaF samples 

are shown in Fig. 42. In all spectra, only one broad peak 

(16 ppm at half height) is observed. There is a shifting 

of the peak to more positive values with increasing amounts 

of NaF. This shift indicates that the structure is becoming 

depolymerized. Also, with the higher NaF contents, there 

is less Al as next nearest neighbors causing a more positive 

chemical shift. 

27AI and 31p MASS NMR spectroscopic results for selected 

sodium aluminofluorophosphate glasses with and without 

nitridation via AIN, are tabulated in Table XXXII. Results 

are similar to those obtained for the barium 

aluminofluorophosphate glass system. 

Representative 27Al MASS NMR spectra are shown in Fig. 

43 for two nitrogen-free samples (ANI and ANPl*). The 

aluminum environment is significantly different between 

these two glasses. In sample ANI, the Al is in octahedral 

coordination, as previously discussed for the barium 

aluminofluorophosphate glasses and there appears to be 

virtually no 4-coordinated Al. * However, sample ANPI shows 

the presence of Al in both 4- and 6-coordination, as well 

as a peak at about -15 ppm which may be due to Al-O-Al 

bridging bonds or pentahedrally coordinated AI, as 

previously described. The lower spectrum is for sample 
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Figure 42. 31p MASS NMR spectra of glasses in the Al(P03 )3-
NaF series. 
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Table XXXII. 27Al and 31p MASS NMR isotropic chemical shift 
values for glasses in the Na-Al-P-O-F-N 
system. 

27Al MASS NMR 31p MASS NMR 

Sample Isotropic Chemical Isotropic Chemical 
Shift (ppm) Shift (ppm) 

ANP1 -10.2, +13.9, +45.1 -9.2 

ANPN1 -9.8, +15.2, +45.4 -9.2 

ANPN2 -9.9, +16.6, +43.2 -9.1 

ANPN3 -9.6, +15.5, +42.3 -8.9 

* ANP1 -11. 6, +15.3, +44.9 -11.4 

* ANPN1 -8.9, +16.5, +45.2 -8.1 

* ANPN2 -10.2, +16.3, +44.9 -9.7 

AN1 -12.2, +9.1 -16.9 

AN2 -11. 8, +14.2 -17.5 

AN3 -11. 8, +12.1 -15.4 
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Figure 43. 27Al MASS NMR spectra for glasses in the Na-Al
P-O-F-N system. 



176 

ANPN2* (nitrided with AIN) which shows that nitrogen has 

little effect on 4-fold or 6-fold Al sites, but causes a 

slight increase in the intensity of the peak corresponding 

to 5-fold or AI-O-AI environments. 

Finally, 27AI and 31p MASS NMR spectroscopy of sodium 

aluminofluorophosphate glasses nitrided with ammonia gas 

gave results summarized in Table XXXIII. The 27AI MASS NMR 

spectra for a sodium aluminofluorophosphate glass without 

(NAFNHO) and with (NAFNH5) nitridation via ammonia gas are 

shown in Fig. 44. There is little difference in the spectra 

except for the relative intensity between the 4-coordinated 

peak and the middle (5-fold of AI-O-AI) peak. Figure 45 

shows a series of spectra for the glasses melted in ammonia 

at a higher temperature. * The nitrogen-free glass (NAFNHO) 

shows three peaks at around -11.4, +13.9, and 46.7 ppm. The 

intense peak at around -11.4 ppm suggests that Al is in a 

six-fold environment. The latter two weak peaks are similar 

to those observed in previous fluorophosphate glass samples. 

Upon nitridation with ammonia gas, there is significant 

increase in intensity of both peaks at about +13 and +43 

ppm. The middle peak shifts to a more posi ti ve value 

whereas the 4-fold Al peak remains at around +44 ppm. 

Resul ts from 31p MASS NMR analysis, indicates that 

nitrogen may be associated with the phosphorus rather than 
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Table XXXIII. 27Al and 31p MASS NMR isotropic chemical shift 
values for sodium aluminofluorophosphate 
glasses melted in an ammonia gas atmosphere. 

27 Al MASS NMR 31p MASS NMR 

Sample Isotropic Chemical Isotropic Chemical 
shift (ppm> Shift (ppm) 

NAFNHO -11. 3, +13.S, +44.1 -10.9 

NAFNHS -8.9, +lS.8, +44.7 -S.6 

* NAFNHO -11. 4, +13.7, +46.7 -14.2 

* NAFNH1 -12.1, +13.1, +42.2 -9.3 

* NAFNHS -11. 4, +14.9, +44.4 -8.6 

* NAFNH10 -9.S, +17.2, +44.1 -6.1 
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Figure 44. 27Al MASS NMR spectra for sodium aluminofluoro
phosphate glasses nitrided with ammonia gas at 
750°C. 
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Figure 45. 27Al MASS NMR spectra for sodium aluminofluoro
phosphate glasses nitrided with ammonia gas at 
765°C. 
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the aluminum. Figure 46 shows the 31p MASS NMR spectra for 

sample NAFNHO which is nitrogen free and sample NAFNH5 

having an analyzed nitrogen content of 1.6 wt. %. The 

significant shift to a more positive chemical shift is 

similar to results reported by Bunker et a1. 91 However, in 

these sodium a1uminof1uorophosphate glasses there remains 

only one broad peak. Also, the loss of fluorine during 

processing may also lead to this shift. These results are 

similar for the glasses melted in ammonia at higher 

temperatures (Fig. 47). 
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Figure 46. 31p MASS NMR spectra for sodium aluminofluoro
phosphate glasses nitrided with ammonia gas at 
750°C. 
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Figure 47. 31p MASS NMR spectra for sodium aluminofluoro
phosphate glasses nitrided with ammonia gas at 
76SoC. 
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SUMMARY AND CONCLUSIONS 
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1. The local coordination and structure of calcium 

phosphate glasses has been sucessfully investigated using 

Raman and MASS NMR spectroscopic techniques. The presence 

of peaks corresponding to P-O-P and P02 molecular vibrations 

provides a basis for proposing a calcium metaphosphate glass 

structure comprised of long chains. As calcium oxide is 

added to calcium metaphosphate glasses, the long chains are 

broken up into shorter pyrophosphate units, as indicated by 

the presence of P03
2

- terminal groups. At a CaO content of 

greater than 56 mole %, both alpha and gamma pyrophosphate 

phases were determined from x-ray diffraction and Raman 

analysis. 

2. Nitrogen containing glasses in both the Ba-Al-P-O-F-N 

and Na-Al-P-O-F-N systems were synthesized. The addition 

of A1N and Ba3N2 nitride powders to Ba-fluorophosphate melts 

resulted in grey colored glasses with up to 2.51 wt.% N. 

Addition of A1N to Na-fluorophosphate melts, gave similar 

colored glasses. However, a nitrogen gas melting atmosphere 

was required, due to a larger amount of decomposition. 

Ammonia gas treatment of Na-fluorophosphate melts resulted 



184 

in clear glasses of reasonable quality with a maximum 

ni trogen content of 2.2 wt. %. Ammonia treated sodium 

aluminofluorophosphate glasses (1.6 wt. % N) showed good 

optical transmission (>78 %T) in the uv-visible spectral 

region. 

3. Raman·spectroscopy of a series of Al(P03)3-NaF glasses 

showed that an increase in NaF content causes a shortening 

of the P-O-P chains and a more disrupted structural network. 

The presence of P-O-F units are only observed at the higher 

(>80 mole %) NaF contents. While the complexity of the 

Raman spectra make it difficult to confirm the presence of 

P-N bonding, glasses prepared in an ammmonia atmosphere 

(nitrogen content of 1.6 wt.%) suggest the possibility of 

P-N bonding of the basis of a vibrational peak at 826 cm"'. 

4. MASS NMR of Ba-Al-P-O glasses showed that Al occurs as 

Al(4), Al(6), and either Al(5) or Al(6) linked through 

Al-O-Al bonds (such as in a-Al203). The addition of F in 

both the Ba-Al-P-O-F and Na-Al-P-O-F systems increases the 

relative abundance of Al(6), consistent with the preferred 

coordination of Al in fluorides and the apparent 

coordination of F by both Al and Ba. The Al(4) chemical 

shift probably becomes about 5 ppm more shielded with the 
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addition of F, possibly indicating AI(4)-F linkages. 

5. The 31p peaks in MASS NMR are broad, indicating a range 

of bond angles and distances, and probably the presence of 

multiple P sites. The peak maxima at about -5 to -10 ppm 

for Ba-Al-P-O-F-N glasses and -9 to -17 for Na-Al-P-O-F-N 

glass, indicate that pyrophosphate units dominate, in 

agreement with the infrared data, although P-O-AI linkages 

also cause chemical shifts in this range. 

6. comparison of the 19F MASS NMR spectra for 

fluorophosphate glasses used in this investigation and those 

of pure AIF3 and BaF2 , suggests that fluorine has both Ba and 

Al as nearest neighbors. 

7. Although multinuclear MASS NMR spectroscopy is a 

promising method for probing simple glass structures, the 

compositional complexity of mUltianion oxyfluoronitride 

glasses, their narrow glass forming region and the lack of 

sufficient model compounds create difficulties in 

interpreting the spectra. Additional model compounds, 

accumulation of a larger MASS NMR data base, and continued 

corroborative structural studies by other spectroscopic 

techniques will be needed to yield a complete picture of 
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complex mUltianion glass structures. 
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APPENDIX A 

A. Flow microcalorimetric estimation of energy changes 
during surface reactions of glass powders with aqueous media 

A.1. Introduction 

Chemical reactions occurring at the glass surface 

influence a number of glass properties such as strength, 

chemical durability, surface conductivity, and adhesion. 

The energy changes associated with reactions of glass 

surfaces (in powder or bulk form) wi th water or other 

solvents are usually small (order of millicalories). We 

report the application of flow microcalorimetry in 

investigating the surface chemical reactions of glass 

powders in aqueous environments. Flow microcalorimeters 

(FMC's) can measure the very small heats of interactions at 

solid/liquid and solid/gas interfaces,' with a fair degree 

of precision (±2 mcal). 

The FMC is an adiabatic-type calorimeter in which the 

heat to and from the sample chamber is minimized or 

eliminated. The thermal effects of adsorption, desorption, 

solvation, etc. are measured by the temperature change in 

the sample cell using thermistors2, thermocouples3 , or 

thermopiles. 4 The sensors are typically arranged in some 

type of a balancing circuit (i.e. Wheatstone bridge) and are 

capable of detecting temperature changes as small as 10-5 

°C.' The FMC, with a rapidly responding sensor system, is 
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specially well suited for investigating solid/liquid and 

solid/gas adsorption processes which attain equilibrium 

quickly. 

The flow microcalorimetric technique has been 

successfully applied to a wide range of material surfaces 

such as metals, metal oxides, metal sulfides, alumino

silicates and carbonaceous materials. 5 Powdered samples 

have been used in most studies, although solid fiber samples 

have also been successfully used. 6 Previous work using FMC 

to study glass surfaces has been limited to glasses with 

large surface areas (6.5 m2/g BET, argon) .7 The large surface 

area resulted from use of a controlled-pore (leached 

borosilicate) glass. 

The objective of the present research was first to 

determine the applicability of this technique towards non

porous glass samples of low surface area «1 m2/g), followed 

by a study of enthalpy changes during surface reactions of 

two different glass powders with pyridine and water 

solutions. Pure fused silica from a commercial source and 

a fluorozirconate glass synthesized in our laboratory were 

used to prepare the glass powders. 

A.2. Experimental procedure 

Silica glass was obtained commercially having a purity 

of 99.9%. A fluorozirconate (ZBLAN) glass having a molar 
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composition of 55.8 ZrF4-14.4 BaF2-5.8 LaF3-3.8 AIF3-20.2 NaF 

was synthesized by melting anhydrous fluorides in an argon 

atmosphere at 850°C for 30 mins. in a platinum crucible. 

This resulted in a partially crystalline material which was 

remel ted in air at 850°C for 5 mins., then quenched by 

pouring into a graphite mold. The analyzed oxygen content 

was less than 0.5 wt. %. The fluoride glass sample was later 

annealed at 360°C for 20 mins. and was x-ray amorphous. 

Both glasses were crushed and sieved through a 150 mesh 

screen. The powder was stored in a desiccator until further 

use. A specific surface area of 0.17 m2/g was measured for 

the crushed fluorozirconate powder by the BET method using 

kyrpton gas. 

A commercially available Microscal 3V FMC, which has 

been previously described elsewhere,1 was used to determine 

the molar heats of adsorption of pyridine and distilled 

water at various pH values onto the surface of both glass 

powders. A general schematic describing the FMC is shown in 

Fig. 1a. In all experiments hexane was used as the sol vent. 

Experiments were performed in the saturation mode in which 

the powdered glass sample was first equilibrated in the 

solvent. Then, a solution containing both the solvent and 

solute was introduced into the FMC via the inlet connector 

and passed over the sample (Fig. Ib). The enthalpy change 



190 

FLOW MICROCALORIMETER: Set-up 

SbJ r i nge Pumps 
o "'Iutl," 

Flow 
Mlcro-
oal or II'OOIt.er 

Rafra.o1.lva 
rndax 
DGtGc1.or 

Effluent. 

RGcordlng 
In1.egrctor 

Cho.rt. 
Reoorder 

Inle'\. 
Conneo'\.or 

I I _ O-ring 
I I 
I I 
I . I 
I I 
I I 
) l... 

", ...... 

Glos~ --1~~~~ 
Powder 

T!"'.ermle1.ore 

1~~~5JIt:~FI l1.er 
~ O-ring 

Out.le'\. 
Conneci.or 

Figure 1. General schematic describing the FMC. 
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(-~H) for the adsorption of solute onto the sample surface 

was then measured. This information was sent to a recording 

integrator so that the calorimetric signal, as shown in Fig. 

2a, could be obtained. The effluent from the FMC was passed 

through a refractive index detector to measure the solute 

concentration. The area under the refractive index signal 

curve with and without the sample bed gives the amount 

adsorbed onto the glass surface (Fig. 2b). 

In experiments using pyridine as the solute, a pyridine 

concentration of 13.0 roM and 15.2 roM was used for the silica 

and fluorozirconate glass powders, respectively. The flow 

rate of pyridine was 6.6 ml/hr. Water adsorption 

experiments were performed using hexane doped with 28.9 roM 

distilled water at different pH values. 

A.3. Results and discussion 

Figure 3 shows the adsorption isotherm of pyridine onto 

the surface of both silica and fluorozirconate glass 

powders, while Fig.4 shows the corresponding molar heat of 

adsorption of pyridine onto the above glasses. Molar heats 

of adsorption for monolayer coverage for the silica and 

fluorozirconate surfaces as received from the desiccator are 

-3.07 and -1.42 Kcal/mole, respectively. 

The energetic differences of the adsorbed pyridine 

between the two glass surfaces allows one to gain some 
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information regarding the chemical nature of these surfaces. 

Since pyridine acts as a Lewis base, it may be used as a 

probe molecule for acidic surface sites. The larger heat 

of adsorption values for the silica glass indicates that it 

has a more acidic surface than the fluorozirconate. This 

occurs because the large electronegativity of the fluorine 

ion makes the fluorozirconate glass surface more basic than 

the silica glass surface. 

In a similar experiment, the glass powders were first 

subjected to a thorough drying treatment prior to adsorption 

measurements. First, the powdered sample was heated in situ 

to 100°C for one hour under a vacuum of 10.2 atm. and then 

allowed to cool under vacuum for 12 hours. In this case, 

the molar heats of adsorption for monolayer coverage for the 

silica and fluorozirconate glass were -4.48 and -2.03 

Kcal/mole, respectively. This indicates that physisorbed 

water, which makes the surface more basic, was present on 

the non-dried glass surface. 

The heats of adsorption values of distilled water onto 

the glass surface at different pH values is shown in Table 

I. At a pH value of 4.4, both the heat of adsorption and 

desorption for the two glasses are similar. This indicates 

that for both samples, the water is only physisorbed on to 

the surface. However, for the silicate glass at a pH value 



Table I. Heat of Adsorption Values for Water onto Silica 
and Fluorozirconate Glass Powders 

Adsorption (mcal/g) Desorption (mcal/g) 

Fluorozirconate 
Glass 

pH=4.4 

Silica Glass 
pH=4.4 
pH=10.4 

-37.2 

-56.6 
-73.7 

Solvent: Hexane containing <20 ppm «lmM) water 
Solution: Hexane with 28.9 mM water 
Flow rate: 6.6 ml/hr at 35°C 

37.0 

56.0 
55.9 

..... 
\!) 

Q\ 
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of 10.4, the heat of adsorption is much higher than at a pH 

value of 4.4, while the heat of desorption is approximately 

the same. This indicates that some chemisorption is 

occurring at the higher pH due to the ionization of the 

hydrated surface layer by the hydroxyl ion. 8 

A.4. Conclusions 

The results presented in this investigation indicate 

that the flow microcalorimetric technique provides 

insightful information concerning the surface chemical 

nature of glass powders. Future applications of this 

technique could involve studying the glass surface 

interactions with different aqueous or non-aqueous 

solutions, investigating the surface nature of glass fibers, 

as well as the effects of coatings on glass surfaces. 
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