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The structure of Na20-Al20 3-B203 and Na20-Al20 3-P 20 5 glasses with 70 mole% B20 3 or 
P2Os and varied Na/Al ratio is investigated using standard 31P MAS NMR and 27A1 and UB 
Satellite Transition NMR spectroscopy. The role of the two network formers on the glass structure 
is discussed. For the A10x units and B03 and B04 groups both chemical shifts and quadrupole 
interaction parameters including their distribution widths are reported. Besides this, the advantages 
of Satellite Transition spectroscopy are demonstrated both for 27A1 and n B NMR.
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1. Introduction

Nuclear Magnetic Resonance is one of the most 
versatile spectroscopic techniques for probing the mi- 
crostructure of disordered solids (for reviews see e.g. 
[1]). In contrast to X-ray diffraction and optical spec­
troscopy, NMR does not require three-dimensional 
translational symmetry of a unit cell of any material to 
obtain reasonably narrow resonances. Especially 29Si 
and 31P MAS NMR (MAS: Magic Angle Sample 
Spinning) offers the opportunity to obtain reliable 
quantitative numbers of the distributions of silicon 
phosphorus over the various Q" units (n: number of 
bridging oxygen atoms between like Si04 or P 0 4 
units [2]) forming the network of a glass. Hence, MAS 
NMR has been applied to a variety of different glass 
systems and ceramics, investigating e.g. the influence 
of different sorts of cations on the microstructure of 
the material or checking the applicability of binary or 
random modified network models of the distributions 
of the Q" groups [i.e. 1, 3-8].

Besides this, so-called quadrupole nuclei (spin I 
larger than 1/2) play an important role in NMR of 
glasses because most of the NMR active nuclei are 
indeed quadrupole nuclei. Particularly, the important 
nuclei 27A1 (I = 5/2) and 1*B (I = 3/2) possess an elec­
tric quadrupole momentum. Hence, in most cases the
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NMR spectra are broadened by quadrupolar effects 
[3]. That this is not necessarily a disadvantage has 
been proven by Bray and coworkers in the early days 
of NMR on glasses [e.g. 9]. They have shown that the 
trigonal and tetrahedrally coordinated boron can eas­
ily be distinguished by UB NMR, since only the B 03 
spectra are broadened by second order quadrupolar 
effects, whereas the quadrupole interaction in the B04 
units is rather negligible compared with the dipolar 
broadening. The situation is different for 27A1 NMR 
since the second order broadening is always severe 
and masks the small differences in the chemical shifts 
of differently coordinated Al species. Only MAS offers 
the opportunity to discriminate between the various 
A10x units (x = 4,5,6) [e.g. 11], but quantification of 
the spectra in terms of the relative occupancy is ex­
tremely difficult if not impossible in many cases.

Recently, Satellite Transition (ST) Spectroscopy has 
been proposed as a powerful tool for elucidating the 
microstructure of disordered solids [12]. The observa­
tion of the MAS spinning sidebands of the inner ST 
(±  3/2 ± 1/2) of any /  = 5/2 nucleus such as 27A1 
offers an important advantage over the Central Tran­
sition (CT) MAS pattern: Second order quadrupolar 
broadening is reduced by a factor of 3.4 simply by a 
lucky combination of the spin number I and the value 
of m (transition ± m <-► (m — 1)). We have made exten­
sive use of this additional line narrowing both in crys­
talline, disordered and partially crystallized solids
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[12-20]. The important point is, that the quadrupolar 
broadening of those spinning sidebands is suppressed 
to such a degree, that the limit of spectral resolution 
in disordered solids is achieved (governed by isotropic 
chemical shift distributions which cannot be reduced 
further by sample rotation). Simultaneously, the 
quadrupole parameters are not lost since they can be 
recovered from the intensities of the ST MAS spinning 
sidebands, which allows in turn the determination of 
all parameters including their distribution widths [12, 
16]. Also, the quadrupole interaction and chemical 
shifts have been determined in various polycrystalline 
solids and applications to 7Li, 170 , 23Na, 27Al and 
51V have been published [21-30],

It is the aim of this paper to demonstrate the oppor­
tunities of Satellite Transition (ST) Spectroscopy both 
for 27A1 and 1 *B NMR for various glasses and crystal­
lized samples of the systems Na20 -A l20 3- P 20 5 and 
Na20 -A l20 3-B 20 3. One interesting question con­
cerns the structural changes when replacing the glass 
former P2Os by B20 3 in these glasses; but rather than 
discussing this in very detail we would show and dis­
cuss the advantages of 27A1 Satellite Transition (ST) 
NMR results for probing the structure of glasses.

On the other hand we show that UB ST spectros­
copy leads to interesting results, too. Our work is an 
extention of recent papers suggesting 1 *B ST spectros­
copy as a sensitive tool to monitor chemical shift 
changes of both B 03 and B 04 units as function of the 
glass composition [31]. Besides this we use 11B ST 
NMR spectroscopy to determine the quadrupole in­
teractions for both borate units including their dis­
tributions widths and will show, that this kind of 
spectroscopy raises the question what disorder in 
amorphous solids means. We have found in our sys­
tems completely different sizes of the distributions of 
the quadrupole interaction for B 03 and B 04. We also 
discuss the opportunity of detecting different B 03 
units via the ST MAS sidebands and compare this 
with recent approaches using 2D DAS NMR [32] and 
NQR [e.g. 33].

2. Experimental Details

2.1. Glass Preparation and Analysis

Three different phosphate glasses NAP (Na20 -
A120 3- P 20 5) have been melted in covered Si02
crucibles at 1300 °C. NaH2P 0 4 - H20 , A1(P03)3 and
P2O s (all of optical quality) were used as raw materi-

Table 1. Characterization of the glasses (composition, refrac­
tive index ne, Abbe-number ve, density q and detected crystal 
phases after tempering at 650 °C for 24 hours. Two kinds of 
A1(P03)3 modifications, one cubic (c) and one hexagonal (h) 
(ASTM 13-430 and 15-364) and at the highest A120 3 content 
of 20 mole% two A1P04 modifications (trydimite T and 
crystobalite C, ASTM 20-44 and 11-500) were found.

NAP 10 NAP 15 NAP 20
(mole%) (mole%) (mole%)

Ai2o 3 10 15 20
Na20 20 15 10
p2o 5 70 70 70
"e 1.5125 1.5140 1.5240
ve 68.5 68.6 69.5
Q (g/cm3) 2.550 2.580 2.608
crystal phases A1(P03)3-C Al(P03)3-c A1(P03)3-c
(X-ray) Al(P03)3-h Al(PQ3)3-h aipo4-t

aipo4-c

als. The raw materials for the borate glasses NAB 
(Na20 -A l20 3-B 20 3) were Na2C 0 3, H3B 03 and 
Al(OH)3 (again of optical quality). These glasses were 
melted in covered Pt crucibles at 1300°C. In both 
glass systems the content of the corresponding net­
work formers B20 3 and P2Os were constant 
(70 mole%), whereas the ratio Na20/Al20 3 was 2, 1 
and 1/2 (see also Table 1 and 2).

The melts were poured into preheated moulds and 
annealed at temperatures slightly above the glass tem­
perature Tg. The cooling rate was 10 K/h. The castings 
were selectively cut, ground and polished into differ­
ent sample shapes for various investigations. The re­
fractive index has been measured using a Pulfrich re- 
fractometer. The densities of the glasses have been 
determined by measuring the buoyancy of polished 
glass samples in alcohol using Archimedes' principle. 
The glass transition temperatures Tg and the crystal­
lization temperatures Tk were measured by thermal 
analysis DTA using powder samples. Furthermore the 
samples have been tempered at the maximum of their 
crystallization rate at 650 °C for 24 hours to investi­
gate the crystallization behaviour. These samples have 
also been characterized by X-ray diffraction.

2.3. NMR

The 27A1 ST MAS NMR spectra have been ac­
quired on a Bruker AMX 400 spectrometer supple­
mented with a high power transmitter operating at 
104.26 MHz and a Bruker highspeed MAS probe. Ex­
tremely short pulses (0.8 ... 1.0 ps) have been used be­
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ing equivalent to a pulse angle of about 15°. Repeti­
tion times differed between 100 ms and 400 ms. No 
saturation effects have been observed using these re­
petition times. The MAS spinning frequencies were 
varied between 10 and 13 kHz to separate adjacent 
spinning sideband families completely and to allow an 
accurate cubic spline baseline correction [12]. The 
MAS frequency was stable within 3 Hz. Between 
25 000 and 100000 scans were accumulated. The 
sweep width was set to 2.5 MHz. 16 k data points were 
acquired and zero filled to 32 k prior to Fourier trans­
formation. One on-resonance experiment and an off- 
resonance experiment at 400 kHz were carried out. 
The spectra were corrected and combined as de­
scribed in [12].

31P MAS NMR spectra were also obtained under 
MAS conditions at a field strength of 9.4 T corre­
sponding to a resonance frequency of 161.98 MHz 
with spinning speeds of 10 to 12 kHz. The 90° pulse 
width was 2.7 ps. For the glassy samples repetition 
times of 300 s were necessary to avoid saturation ef­
fects. About 150 scans were accumulated. The ther­
mally treated (recrystallized) samples were measured 
twice with repetition times of 300 s (no saturation) and 
200 ms to observe the relaxation behaviour of ex­
pected different crystalline phases. The sweep width 
was set to 500 kHz, 8 k data points were acquired. The 
chemical shift is referenced against 85% solution of
h 3p o 4.

n B ST MAS spectra were recorded using both an 
ASX 500 and AMX 400 with high power transmitter 
operating at 160.46 and 128.38 MHz, respectively. 
Short pulses of 1.0 ps, MAS frequencies of 14 and 
13 kHz, 16 k data points, and 10 s recycle time were 
used. About 1000 scans for the glass samples and for 
the recrystallized material were accumulated. The 
sweep width was again 2.5 MHz. Both on resonance 
and off-resonance (800 and 400 kHz) experiments 
were carried out and data processed as described for 
the 27A1 NMR spectra. The n B chemical shift is refer­
enced against 1 molar H3B 03. The lineshape simula­
tions have been described in detail in [16].

3. Results
3.1. Physical Chemical Properties

3.1.1. Na20-Al20 3-P 20 5 glasses

As described earlier the P2Os content of all three 
glasses was constant at 70 mole%. The compositions

Table 2. Summary of the properties of the NAB glasses. For 
more details see text.

ai2o 3
NazO
B2o 5
"e
V.
Q (g/cm3)

NAB 10 NAB 15 NAB 20
(mole%) (mole%) (mole%)

10 15 20
20 15 10
70 70 70
1.4946 1.4940 crystal phases

59.9 59.5 (X-ray)
2.166 2.148 9A120 3-2B20

2A120 3 B20 3

are summarized in Table 1. For all three compositions 
stable glasses were obtained without spontaneous 
crystallization. Table 1 also contains the values of the 
refractive index ne and of the Abbe number ve, of the 
density and of the crystal phases after thermal treat­
ment of the glasses at 650 °C for 24 hours. The glass 
transition temperatures are 450 ... 490 °C and the 
temperature for the maxium of the crystallization rate 
is between 600 and 650 °C.

3.1.2. Na20-Al20 3-B20 3 glasses

The sample compositions are listed in Table 2. In 
contrast to the NAP glasses the melt with the lowest 
Na20/Al20 3 ratio or vice versa the highest Al2Oa 
content of 20 mole% crystallized spontaneously. Us­
ing X-ray diffraction crystalline aluminium borate
9 A120 3 • 2 B20 3 (orthorhombic, ASTM 32-2) has been 
determined as main crystal phase. Also orthorhombic 
2A120 3 B20 3 has been found as a minor crystal 
phase (ASTM 9-158). This phase is also found in the 
other glasses after tempering at 650 °C for 24 hours.

In Table 2 selected properties of these glasses are 
summarized. The values for Tg were 430-470 C. The 
maximum of the crystallization rate was found be­
tween 560 and 680 °C.

3.2. NMR Results

3.2.1. Na20-Al20 3-P 20 5 glasses

31P-NMR spectra of the glass samples are shown in 
Figure 1. All NMR spectra of these glasses show a 
broad featureless MAS center band. The isotropic 
value of the chemical shift remains relatively constant 
at about 35 ppm irrespective of the glass composition 
with a half width at half height of about 20 ppm. 
However, there is a change in the intensities of the 
spinning sidebands. But this is not characteristic as
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Fig. 1. 31P MAS spectra of glass samples (a) NAP 10, (b) 
NAP 15 and (c) NAP 20. The NMR data and peak assign­
ment are summarized in Table 3.
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Fig. 2. 31P MAS spectrum of the tempered sample NAP 10 
at 9.4 T (a)-(g) assign the different sites in both the glass and 
the crystal phases. The chemical shift parameters and assign­
ments are listed in Table 4.

Table 3. 31P chemical shift parameters of the amorphous 
NAP samples. Chemical shifts are referenced against 85% 
solution of H3P04.

<5iso Av A Ö 1 //Aota. Com­
[ppm] [ppm] [ppm] [%] ments

NAP 10 -36.0 22.0 -267 0.35 100 Q2
NAP 15 -31.0 20.0 -272 0.26 100 Q
NAP 20 -35.0 20.0 -232 0.24 100 Q

function of the composition. Hence, we conclude that 
Q2 groups dominate the 31P MAS spectra in all three 
glasses. In order to prove a possible presence of Q3 
groups (at least for NAP 10) we repeated the experi­
ments with extremely short (100 ms) and long (10 min) 
repetition times in order to exploit possible differences 
in the spin-lattice relaxation times of those units. But 
no change in the MAS sideband pattern was observed 
Also, a difference spectrum between the glasses 
NAP 10 and NAP 20 did not bring a significant hint 
for the presence of Q3 groups. The chemical shift 
parameters extracted from a Herzfeld/Berger analysis 
[34] are listed in Table 3.

Additionally, we investigated tempered samples of 
NAP 10 as well as of NAP 20 (24 hours at 650 °C, 
maximum of crystallization rate). The 31P spectrum of 
NAP 10 shows a complex structure (Figure 2). The 
central peaks are labeled with asterisks and the re­
maining peaks are the spinning sidebands (SSB). We 
can then distinguish seven different phosphorus sites. 
Three recrystallized phases with isotropic chemical 
shift values at — 51, — 45, and — 41 ppm possess the 
typical SSB-behaviour of metaphosphates (sites, a, b, c, 
respectively). Site a) can clearly be assigned to alu­

minium metaphosphate [35]. Because of the X-ray 
data where a second A1(P03)3 modification (hexago­
nal besides cubic) is detected, we assign site b) to the 
hexagonal modification. The assignment of the peak 
at about — 41 ppm is not yet clear. Since the isotropic 
chemical shift of N aP 03 is more positiv with about
— 23 ppm [35, 36], we attribute this line to a 
metaphosphate with mixed cations Al3+ and Na+, 
but a definite assignment is not possible at the mo­
ment and requires further investigations. Besides this, 
two further narrow resonances are found without 
spinning sidebands (e,f) at —10.3 and + 0.4 ppm 
which can be assigned to Q° units, obviously with 
mixed cations Na+ and Al3+ for the line at
— 10.3 ppm and H3P 0 4. The occurrence of phospho­
ric acid is possible because of the extremely hygro­
scopic behaviour of the powdered glass sample with 
the lowest A120 3 content. The line width at half height 
of these five resonances is about 1-2 ppm. Further­
more, two more resonances are observed with 
isotropic chemical shifts at — 32 and — 22.9 ppm and 
line widths of 27 and 7 ppm, respectively, which are 
certainly amorphous metaphosphates. The peak at 
about 23 ppm can be assigned to N aP03 [35, 36]; the
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other one corresponds to the NMR signal of the 
glassy matrix. For the tempered NAP 20 glass (in­
creased A120 3 content) only four 31P resonances are 
found. Besides the aluminium metaphosphate peak at 
about — 51 ppm and the broad resonance of the glass 
at — 36 ppm, the two cristobalite- and trydimite-like 
A1P04 modifications [35, 37, 39] are found in agree­
ment with the X-ray data. All chemical shift parame­
ters of the tempered samples are listed in Table 4.

The 2 7Al MAS spectra of all glass samples are 
shown in Figure 3. In the upper part the central tran­
sition (CT) MAS patterns are shown, whereas at the 
bottom several expanded ST MAS sidebands are pre­
sented for comparison in the same frequency scale. 
This clearly shows the improved resolution as ex­
plained in the Introduction. The isotropic value of the

Table 4. 31P chemical shift parameters of the tempered 
glasses NAP 10 and NAP 20.

Line Av A<5 1 Comments
[ppm] [ppm] [ppm] [%]

10-a) -51.0 2.0 -180 0.50 27.4 A14(P40 12) [35]
b) -45.1 1.5 -174 0.38 6.3 Al(P03)3-h [35]
c) -41.2 1.5 -143 0.08 2.0 Q2, presumably

error: ± to ±0.1 mixed cations
g) -32.9 27.0 ? ? 44.9 glass matrix
d) -22.9 7.0 -242 0.50 17.2 NaP03 [35, 36, 38]

amorphous
e) -10.3 1.5 ? ? 0.8 Q° with mixed cations

Na+ and Al3 +
f) +0.4 1.0 ? 7 1.4 'H3P04'
20-a) -51.2 2.0 -182 0.52 26.1 A14(P40 12)3 [35]
b) -31.3 1.5 ? 7 3.6 Al(POJ-T [35, 39]
c) -28.3 1.5 ? ? 3.5 A1(P04)-C [35, 37, 39]
d) -36.0 17.0 ? ? 66.8 glass matrix

chemical shift was determined by comparing the CT 
and ST MAS patterns.

The NAP 10 spectrum is dominated by a peak at 
about — 20 ppm with a correct isotropic shift value of 
— 10.8 ppm due to octahedrally coordinated Al with 
phosphorus in the second coordination shell [40-43]. 
Additionally, there is a small but broad peak left from 
the CT signal at about + 4 ppm. Because of the 
isotropic chemical shift this line can be assigned to 
pentacoordinated Al with phosphorus in the second 
coordination shell. With increasing Al2Oa content 
(NAP 15) a third resonance is found at about 0 ppm. 
It can be recognized in both the CT pattern (the right 
of the two small peaks) but more clearly as a distinct 
shoulder in the ST MAS sidebands which clearly 
shows the advantages of ST spectroscopy. The chem­
ical shifts are + 2.2 and +14.4 ppm and the lines are 
assigned to Al(OAl)6 and Al(OP)5, respectively. All 
parameters (chemical shift and quadrupole ineraction) 
are listed in Table 5. The values in parentheses should 
be considered with some caution since they are based 
on the CT analysis alone because of the low intensities 
of those lines. Both, the large line width of the signal 
at 2.2 ppm in NAP 10 and the comparison of that 
resonance with the CT of NAP 15 support the as­
sumption, that in NAP 10 and NAP 15 this small res­
onance pattern is caused by the same two sites but 
with less Al(OAl)6 as in NAP 10.

Finally, the Al20 3-richest sample NAP 20 shows 
three clearly resolved lines with the correct chemical 
shifts at — 11.2, + 13.1 and + 43.0 ppm. They belong 
to 4-, 5-, and 6-coordinated aluminium with phospho­
rus in the second coordination shell.

a) \ b) j c)

"l""|H"l""tmi|H"l' I" 1 1 I" 1 11 " I I I n I I 11 H 111 M 111 11 H) H 11) U 11 j I H 11111111111111II | M I
100 0 [ppm] 100 0 [ppm] 100 0 [ppm]

Fig. 3. 27A1 MAS spectra of glass samples (a) NAP 10, (b) 
NAP 15 and (c) NAP 20. The top part of the figure shows the 
CT region, whereas some ST MAS spinning sidebands are 
shown in the bottom part. 1) and 2) assign Al(OAl)6 and 
Al(OP)s units, respectively.

3.2.2. Na20-B 20 3-Al20 3 glasses

The 27A1 MAS NMR spectra for the CT area are 
shown in Figure 4. As described earlier NAB 10 and 
15 are completely amorphous whereas NAB 20 is 
spontaneously crystallized having 9 A120 3 • 2B20 3 as 
main crystal phase. The lineshape analysis is shown, 
too for the various resonances of the amorphous net­
work parts. For NAB 10 mainly tetrahedrally coordi­
nated Al is found with boron in the second coordina­
tion shell. In contrast to this 4-, 5- and 6-coordinated 
Al is detected in NAB 15 with dominating A1(0B)4. 
The results (chemical shifts and quadrupole parame­
ters) and assignments of the resonances are sum­
marized in Table 6(a) and (b). The lineshape anal­
ysis of the partially crystallized sample NAB 20 is

j
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Table 5. 27A1 NMR results and peak assignment of NAP glasses. Shifts are referenced against aqueous solution of A1C13.

<5*0 
[ppm]

Av 
[Hz] [&z]

AvQ 
[kHz]

1 ///total 
[%]

Comment [40,41]

NAP 10 -10.8 545 418 208 0.97 96.5 Al(OP)6
Al[(OP)s-OAll]

( + 4.0) (1840) (307) (156) (0.80) 3.5 Al(OAl)6/Al(OP)5
NAP 15 -10.7 601 380 290 0.89 83.3 Al(OP)6

Al[(OP)s-OAl]
+ 2.2 (1160) (655) (271) (0.30) 7.2 Al(OAl)6
4-14.4 (1140) (640) (271) (0.40) 9.5 Al(OP)5

NAP 20 -11.2 573 514 292 0.49 51.9 Al(OP)6
Al[(OP)5-OAl]

+ 13.1 898 606 490 0.35 32.0 Al(OP)5
+ 43.0 598 448 (400) (0.71) 16.1 Al(OP)4

Table 6. Summary of the 27A1 ST simulation parameters of NAB glasses.

<5iso[ppm]
Av 
[Hz] [&z]

AvQ 
[kHz]

1 ///t ota. 
[%1

Comments [17, 42]

NAB 10 64.5 1080 770 195 0.50 93.6 Al(OB)4
Al[(OB3)-OAl]

37.1 750 902 431 0.43 6.4 Al(OB)5
NAB 15 63.5 1225 773 235 0.51 71.6 Al(OB)4

Al[(OB3)-OAl]
37.1 828 903 431 0.26 25.1 Al(OB)5
11.3 508 792 104 0.44 3.3 al(OB)6

NAB 20 70.0 1360 0 0.43 10.3 a io 4
9 A120 3 52.0 1080 0 0.00 11.9 a io 5(1)
2B20 3 43.0 1420 0 0.49 11.4 A105(2)

8.0 910 0 0.44 18.1 a io 6
glass matrix 61.1 1159 621 50 0.55 28.3 Al(OB)4

Al[(OB3)-OAl]
38.1 * 855 645 50 0.25 15.6 al(OB)5
12.5 1175 550 50 0.22 4.4 al(OB)6

easy. Recently, we have investigated polycrystalline 
9 A120 3 • 2B20 3 by 27A1 MAS NMR spectroscopy 
[17]. The corresponding NMR spectrum is also shown 
in Fig. 4 c for comparison with the 27A1 NMR spec­
trum of NAB 20. It is clear from this comparison, that 
only a part of the Al is contained in the crystal phase 
9A120 3 -2B20 3. Neglecting the minor crystal phase 
2 A120 3 • B20 3, the 27A1 NMR spectrum of the re­
maining glassy matrix can be obtained simply by sub­
tracting the 9A120 3 -2B20 3 lineshape from the ex­
perimental 27Al MAS spectrum of NAB 20. The 
difference spectrum is shown in Figure 4d. There are 
several conclusions. First of all nearly 50% of the 
total Al content is now in the crystal phase, whereas 
the second half of the Al is 4-, 5- and 6-coordinated in 
the glassy matrix. Actually, the difference lineshape

resembles the 27AI NMR spectrum of NAB 15. The 
numbers for the Al content of the various structural 
units and the chemical shifts and quadrupole parame­
ters are listed in Table 6 including the numbers for the 
crystal phase 9 A120 3 • 2B20 3.

Finally, Fig. 5 shows the 1 *B ST MAS spectra of (a) 
NAB 10, (b) NAB 15 and (c) NAB 20 around the CT 
region. First of all it is important to note, that the B04 
and BO 3 ST resonances are completely resolved. 
There is no overlap between both because of the dif­
ferent quadrupole shift [12, 31]. Besides this, there are 
only a few MAS ST sidebands for B04 reflecting the 
small coupling constant and a rather large distribu­
tion width. Contrary, the ST MAS spinning sidebands 
for BO 3 can be observed over a frequency range of 
more than 1.3 MHz on both sides of the CT (Fig-
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Fig. 4. Comparison between the experimental and analyzed 
27A1 CT MAS spectra of (a) NAB 10 and (b) NAB 15 at 
B0 = 11.7 T. The experimental spectrum of NAB 20 at 9.4 T 
is compared in (c) with the Al spectrum of polycrystalline 
9A120 3-2B20 3 (bottom spectrum, [17]). The difference of 
both spectra yields straightforward the NMR lineshape of 
the remaining glassy matrix. The results of a lineshape fit is 
shown in (d). 1), 2), and 3) assign Al(OB)4, Al(OB)s, and 
Al(OB)6 for all samples, respectively.

50' ' ' 0 [ppm]

Table 7. Summary of the UB ST NMR parameters and as­
signment of the lines in the NAB glasses.

<5iso Av VQ Avq 1 o,a. Comment
[ppm] [Hz] [kHz] [kHz] [%]

NAB 10 15.9 350 (1290) 100 (0.29) 82.3 bo3
+ 0.3 300 140 80 1.00 17.7 bo4

NAB 15 14.1 350 1310 50 0.34 86.6 bo3
-1.7 300 165 100 0.50 13.4 bo4

NAB 20 13.6 350 1310 50 0.34 87.6 bo3
non-ring [33]

-2.2 300 160 120 0.50 12.4 bo4

ure 5d). The results of the ST sideband analysis are 
summarized in Table 7 and Figure 6. With increasing 
A120 3 content B04 units are converted to B03 as to 
be expected. No significant change in the quadrupole 
interaction parameters is observed, but small changes 
in the chemical shifts as reported earlier [31]. We 
would like to mention explicitly, that the analysis of 
the envelope of the ST MAS sidebands for B 03 is 
extremely sensitive. Hence, the mean quadrupole 
frequency can be estimated with an accuracy of 
± 50 kHz, the distribution width with ± 25 kHz and 
the asymmetry parameter within + 0.03. We assign

1200 800 400 [kHz]
Fig. 5. Experimental n B MAS NMR spectra of (a) NAB 10, 
(b) NAB 15 and (c) partially crystallized NAB 20 around the 
CT region. Note the decrease of the amount of B04 between 
NAB 10 and NAB 15. The left half of the complete ST MAS 
spectrum is shown for NAB 15 (d). There is a sharp cut off of 
the spinning sidebands of the ST at about 1.3 MHz, clearly 
proving a well ordered BOa structure. For more details see 
text.

the BO 3 resonance (<5iso = 14 ppm, uQ = 1.31 MHz) to 
a symmetric unit with three bridging oxygens. There 
is no hint for asymmetric sites.

Interestingly enough, the distribution width for 
BO3 is extremely small compared to the mean value. 
This is obvious from the ST MAS spinning sideband 
envelopes. Whereas one observes a continuous de­
crease of the ST MAS spinning sidebands for B04 
(vQ = 160 kHz, Avq = 80-120 kHz), the singularities 
of the powder pattern are still observable in the B03 
ST MAS envelope (Figure 5d). This means that the 
B04 units are more distorted than the B 03 groups. 
The lineshape simulation for NAB 20 is shown in Fig­
ure 6. The ST MAS spinning sidebands between the 
CT and -I-1.1 MHz are shown on the right-hand side 
in Fig. 6, whereas some of the ST MAS sidebands are
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[kHz]

420

[kHz] 720 700 1000 800 600 400 [kHz]
Fig. 6. Comparison of the experimental UB MAS spectrum 
and the lineshape simulation of NAB 20. On the right hand 
side the ST MAS spectrum between the CT region and 
+ 1.1 MHz is shown. On the left hand side few ST MAS 
spinning sidebands taken a different frequencies are shown. 
The broader lines are the B03 resonances, the narrow lines 
thoses of BO 4 (a), (b), (c), and (d) denote the experimental 
spectrum, the simulation, the B03 and B04 resonances in 
the ST respectively. There is clearly only one B03 unit pres­
ent. See also Results and Outlook sections.

plotted on the left-hand side taken at different offsets. 
The letters a, b, c and d denote the experimental spec­
trum, the total simulation, the lineshape for B 03 and 
B04, respectively. The parameters are listed in 
Table 7. There is clearly only a single type of B 03 
units present. The sharp cut-off of the ST MAS side­
bands at about 1.3 MHz (see Fig. 5 d) and the obvious 
presence of the singularities in the MAS spectra 
around 500 kHz clearly prove the extremely small dis­
tribution width of the quadrupole interaction and the 
rather constant asymmetry. This is in fact very inter­
esting. Obviously there is only a minor distortion of 
the BO 3 units in the glass. We conclude, that the 
network distortions are present mainly in the B04, 
A10x, and NaOx polyhedra, but not in the dominat­
ing BO3 units.

4. Discussion

Phosphate and borate glasses without Si02 are in­
teresting for many applications, especially because of 
their optical properties. Pure P20 5 and B20 3 can 
form glasses, but they have low melting points and 
low Tg. Moreover, these glasses are hygroscopic and 
contain between 0.05 and 10 wt.% water. Binary

b)

• j * i 
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1 — .-' '
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A

565 550 [kHz]

__' /_v.......... / \

1000 985 970 [kHz]
Fig. 7. n B ST MAS lineshape simulation for the two differ­
ent B03 units of vitreous B20 3 for a resonance frequency of 
160.46 MHz and an MAS frequency of 14 kHz. The quadru­
pole and chemical shift data are [32]: 1) vQ = 1.28 MHz, 
rj = 0.23, Avq = 100 kHz, c)iso = 13.1 ppm, (non-ring boron 
trioxide units); 2) vQ = 1.34 MHz, q = 0.21, AvQ = 50 kHz, 
(5iso = 18.1 ppm; 3) Superposition of the two sites in the ratio 
1:1. The distribution widths were chosen according to our 
experimental results in the ternary glass systems.

Na20 - P 20 5 and Na20 -B 20 3 systems form glasses 
with higher chemical and mechanical stability. But 
they are not stable enough for practical applications. 
Adding A120 3 as third component, the stability of 
these ternary systems increases considerably. A120 3 
in combination with P20 5 forms very stable glasses 
but with high melting points (e.g. A1(P03)3 with 
Tm > 1490 °C). However glasses of the binary system 
A120 3-B 20 3 are not known.

Our aim is to investigate the influence of A120 3 
on the glass structure in the two ternary systems 
Na20 -A l20 3-P 20 5 and Na20 -A l20 3-B 20 3. For 
our investigations we have chosen a high but constant 
content of either P20 5 or B20 3 (70 mole%). The 
Na20/A l20 3 ratio was 2, 1, and 1/2.
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is 9 A120 3 • 2B20 3 as detected by X-ray diffraction. 
This can be quantified by line deconvolution of the 
NMR spectrum. Nearly 50% of the Al remains in an 
amorphous phase which mainly contains 4- and 5-co- 
ordinated Al units.

b)

c)

1200 1000 800 600 400 200 [kHz]
Fig. 8. Simulation of the envelope of the 1XB ST MAS 
lineshape for the two different B03 units differing only in the 
asymmetry parameters (a) rj = 0.20, b) rj = 0.60 with a 
quadrupole frequency of vQ = 1.30 MHz [10] and a distribu­
tion width of 50 kHz in order to simulate the glassy structure, 
c) is the superposition of the two patterns with a ratio 1:1. 
Even for identical quadrupole frequencies and chemical 
shifts of both units a separation via the envelope is possible.

In the phosphate glasses we observe a change in the 
Al coordination number from almost exclusively 6 in 
NAP 10 to 4, 5, and 6 for the glass NAP 20. But the 
octahedral coordination of Al still dominates. How­
ever, the 27A1 MAS spectra also show some minor 
pentacoordinated Al with phosphorus and octahe­
drally coordinated Al with Al in NAP 10 and NAP 15. 
There is no considerable change in the 31P chemical 
shift, suggesting mainly Q2 units with possibly differ­
ent (even mixed) cations. The phosphate based glasses 
become more stable with decreasing Na20/Al20  ra­
tio. The glass sample NAP 20 could theoretically be 
N aP 03 • 2 A1(P03)3, which means a polyphosphate 
glass with dominating A1(P03)3 (Q2 units) or mixed 
cation (Na + Al3+)(P03)4 structure.

In the borate system we observe a change in the 
boron coordination number with increasing A120 3 
content; more BOa units are formed on the expense of 
B 04. According to our NMR data (<5iso = 14 ppm, 
vQ = 1.31 MHz), we suggest that these BOa units are 
symmetric, i.e. they have three bridging oxygens. The 
reasons will be discussed in the next section. Simulta­
neously, the Al coordination number changes rapidly 
from 4 (NAB 10) to 4, 5, and 6 for the other glasses. As 
mentioned earlier, the NAB 20 sample crystallized 
spontaneously during melting. The main crystal phase

5. Outlook: 11B ST Spectroscopy

In this section we want to discuss new aspects and 
opportunities of UB ST Spectroscopy. As pointed out 
in the introduction UB NMR has been applied to 
glasses already many years ago. Bray and coworkers 
have found differences in the quadrupole coupling 
constants and asymmetry values of the electric field 
gradient tensors for B 03 units with only bridging ox­
ygen atoms (symmetric sites, rj = 0, vQ = 1.3 MHz) 
and with one or two terminal oxygen atoms (rj = 0.6, 
vQ = 1.3 MHz) [10] using UB continuous wave NMR. 
These findings have been verified recently by NQR 
[e.g. 33]. Furthermore, 2D DAS NMR spectroscopy 
has revealed two different BOa sites in vitreous B20 3 
[32] with a difference of 5 ppm in the chemical shifts of 
boroxol rings and non-ring boron trioxide units by 
NMR techniques for the first time.

Here we propose UB ST Spectroscopy as an alter­
native and simpler technique to tackle this problem. 
Our approach uses both the ST MAS spectrum ob­
tained at high field (160.46 MHz resonance frequency, 
B0 = 11.4 T) and high speed MAS (10 ... 15 kHz). 
There are several reasons for using the high magnetic 
field strength. Most importantly, the second order 
quadrupolar broadening of the B 03 resonances is fur­
ther suppressed and, simultaneously, the reported 
chemical shift difference (e.g. 5 ppm [32]) will shift the 
ST MAS lines of these different B 03 units against each 
other. Thus, the difference in the chemical shifts is 
exploited if various BOa sites are present, but the 
quadrupole interaction can be again recovered from 
the ST MAS sidebands. In Fig. 7 we compare the 
positions of the ST MAS lines for the two BOa units 
of vitreous B20 3 using the quadrupole and chemical 
shift data as reported by Youngman and Zwanziger 
[32], Obviously, a careful data acquisition should give 
evidence for the presence of these different units in 
glasses. For the lineshape calculation we have used 
distribution widths for the quadrupole interaction as 
found in our glasses. The straightforward conclusion 
is, that if chemical shift differences of about 5 ppm are 
present, different sites can be distinguished simply by 
inspecting the lineshape of single ST MAS patterns
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provided the highest available B0 field is used. On the 
other hand one might ask the question what will hap­
pen if there are no such large chemical shift differences. 
So, if only the asymmetry values are different for the 
two sites, then the ST MAS sideband patterns are 
quite different even in glasses (see Figure 8). This is 
due to our astonishing experimental finding, that the 
distribution width of the quadrupole interaction is 
rather small (see Result section). Hence even in that 
case the envelope of the ST MAS sidebands will allow 
to distinguish between those sites. This is of course the 
MAS equivalency to cw NMR and certainly, this can 
be found both in NQR and 2D DAS NMR as well.

The advantages o f1*B ST Spectroscopy are straight­
forward. There are no limitations because of short

spin-lattice relaxation nor a necessity to dilute the 11B 
nuclei which is essential for 2D DAS NMR. With a 
single experiment at only one B0 field all relevant 
parameters can be obtained.
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