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It is shown that 3’P nuclear magnetic resonance (NMR) spectroscopy with magic angle spinning (MAS) 
discriminates among different types of PO4 units occurring in borophosphate glasses. The isotropic 3iP 
chemical shift of the PO4 increases by nearly 70 ppm in going from the “branching unit,” neutral and 
covalently bonded, to the “monomeric unit,” which carries a -3 nominal charge. By using both 
stationary and MAS 3’P spectra, we also obtain the average values, and distribution widths, for 
chemical shift anisotropy and the asymmetry factor of PO4 units occurring in vitreous borophosphates. 
Analysis of these NMR spectra provides detailed information about the short-range order in these 
glasses. It is also shown that the “P-NMR-MAS technique may contribute significantly to phase 

. separation and crystallization studies of phosphorus-contammg glasses. o 1987 Academic press, IK. 

In the traditional sense, phosphates are 
compounds in which the P atoms are coor- 
dinated to four oxygen atoms (phosphate 
units) (I). High-resolution 31P-NMR stud- 
ies, both in the liquid and in the solid state, 
have greatly contributed to our knowledge 
of the coordination of the phosphate units 
in phosphate esters (2) and in substances of 
biological interest (3,4). On the other hand, 
NMR studies of condensed phosphates are 
relatively scarce (5), since an understand- 
ing of the complex 31P spectra requires ap- 
plication of magic angle spinning (MAS) 
techniques. Grimmer and Haubenreisser 
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(6) have characterized the chemical shift 
tensor of phosphorus in crystalline potas- 
sium phosphates, while Duncan and 
Douglass (7) have analyzed the spectra of 
sodium and aluminum phosphates and of a 
phosphosilicate glass. We have recently ap- 
plied the 31P-NMR-MAS technique (8) in 
structural studies of fast ion-conducting 
borophosphate glasses. We will show that, 
in these glasses, this technique may provide 
information about chemical composition, 
as well as about phase separation and crys- 
tallization phenomena. We will also give 
the results of an analysis of the stationary 
3*P-NMR spectra of these glasses, which 
provides, for several phosphate units, char- 
acteristic values of chemical shift anisot- 
ropy and asymmetry factor. 
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The spectra have been collected at room 
temperature with Nicolet spectrometers 
and two Nalorac superconducting magnets, 
energized at 3.6 and 8.5 Tesla, respectively. 
The home-built spinner, of the Andrew- 
Beams type, was made of Delrin. In the 
MAS experiments, the sidebands were 
identified by comparing spectra with differ- 
ent spinning rates, between 1500 and 5000 
Hz. All 31P spectra will be referenced to 
85% H3P04. 

The MAS spectrum of a commercial Gra- 
ham’s salt (9) can be decomposed into three 
components (Fig. 1). The main peak, A, is 
certainly due to the middle units Na+PO: 
(or -0-NaP02-0-). Peak C occurs at 1 
ppm, which suggests its assignment to the 
end unit -0-Na2P03. In fact, the signals of 
end units in crystalline sodium phosphates 
apparently occur in the (+4.8, -2.4) ppm 
interval (7, 10). By the way, in our experi- 
ence, the average shift of the end unit is 
strongly dependent on the cation: in lithium 
phosphate glasses it occurs around -5 
ppm, while in silver phosphates it is ob- 
served at 7 ppm. We have analyzed a com- 
mercial sample of hydrated HP03, in which 
the end signal occurs at -7 ppm (II). Since 
position of peak B (-5 ppm) of Fig. 1 is 
intermediate between that of Na+-bonded 
and H+-bonded end units, it is suggested 
that it is primarily due to end units of the 
type -0-NaHP03, or to end units coordi- 
nated to both Na+ and H+. Within +0.5% 
the relative intensities of peaks A, B, and C 
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FIG. 1. The full curve is the “P-MAS spectrum of 
sodium metaphosphate powder. The curves represent 
the decomposition of the spectrum into Gaussian com- 
ponents (see text). 
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FIG. 2. Stationary spectrum of the Ag,O . (0.71)PzOs 
glass (solid line), which is decomposed into a pattern 
of middle units (dashed line) and end units (dotted line) 
through comparison of spectra with different [end 
unit]/[middle unit] ratios. Circles represent the simula- 
tion of the middle unit component with the parameters 
given in Table I. 

are 80, 10, and lo%, respectively. If our 
assignments are correct, it follows that the 
actual composition of this Graham’s salt is 
(20)NaPOj * Na20 * H20, the phosphate 
chain is 10 units long (in fair agreement with 
the length corresponding to the nominal 
composition), and the water content is 
about 0.8 wt%. This figure should be com- 
pared with the 0.4 wt% of water found by 
Gray and Klein in the driest form of sodium 
metaphosphate they were able to obtain 
(12). 

Figure 2 (solid line) shows the stationary 
spectrum of a phosphate glass with 60% of 
phosphorus belonging to middle units, and 
the remaining 40% belonging to end units. 
After proper normalization of the intensi- 
ties, we subtracted from this spectrum the 
stationary signal of vitreous AgP03 (dashed 
curve, middle units) and obtained the dot- 
ted curve (end unit). This subtraction pro- 
cedure postulates that, with changing glass 
composition, the powder pattern of a phos- 
phate remains essentially the same. Fur- 
thermore, for the glasses that we are com- 
paring, we should be able to determine 
accurately, through MAS experiments, the 
fractions of the different phosphate units. 
While a MAS peak yields directly the distri- 
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bution of the isotropic shift s, rough aver- 
age values for the tensor principal compo- 
nents, S1 , i&, and &, can be obtained from 
the peaks and shoulders of a stationary 
spectrum. We have simulated the station- 
ary spectra by assuming that the aniso- 
tropic shift, A6 = $(S, - S), has a Gaussian 
distribution, independent of that of 6. The 
agreement between experimental and simu- 
lated spectra improves substantially when 
the pattern due to chemical shift effects is 
convoluted with a Gaussian broadening 
function. The full width at half height 
(FWHH) of such a function was in the kilo- 
hertz range, which is consistent with an or- 
der-of-magnitude evaluation of the dipolar 
broadening and the results of Duncan and 
Douglass (7). We have to mention that, in 
several cases, we were unable to obtain a 
decent fit of the “experimental” spectrum, 
the possible reason being the inadequacy of 
the subtraction procedure, or a non-Gaus- 
sian distribution of the chemical shift com- 
ponents. No standard routine to optimize 
the fit has been used. Rather, we wrote an 
interactive graphic program which displays 
simulated and experimental spectra and 

narrowed their differences by trial and 
error. 

With the procedure outlined above, we 
succeeded in characterizing the chemical 
shift tensor of several units occurring in the 
borophosphate glasses. Table I lists our 
results. Here, we give the average values 
(( )) of s, A6, and the asymmetry parame- 
ter r), together with their standard devia- 
tions (+. The unit designated MB1 is ob- 
served in the borophosphate glasses and is 
believed to consist of a metaphosphate unit 
with one of the bridging oxygens bonded to 
a borate unit: P-[0-PO?-01-B. The exis- 
tence of this unit has been suggested by the 
behavior of the 31P spectra when boron ox- 
ide is progressively substituted to phos- 
phorus oxide in a Ag20 . P205 glass. Up to a 
boron fraction y = B/(B + P) = 0.4, the MAS 
spectrum has a dominant peak (intensity 
30%) in the middle region, which under- 
goes some changes in width and position 
(from - -18 to - -16 ppm) as the boron 
content increases. The changes of the sta- 
tionary spectrum caused by boron addition 
are more substantial. In particular, the in- 
tensity of the shoulder around -170 ppm 

TABLE I 

CHEMICAL SHIFT TENSORS OF PHOSPHATE UNITS 

Unit Cation 

Branching 
Middle 
Middle 
End 
End 
MB1 
MB2 
EB 
Monomerb ’ 
Monomer 
BPOdC 

Li 
Ag 
Li 
& 
Li 
& 
& 
Ag 
& 
Li 

-42 5 
-17.9 4.5 
-23.9 4.7 

6.7 2.4 
-4.1 3.3 

-16.5 6.9 
-- 2 -4 

-12 -3 
28.5 0.6 

8 1.5 
-30.6 1.2 

-155 10 
-138 10 

90 5 
95 7 

-100 14 
-a 

-0 

0.56 0.05 
0.54 0.06 
0.07 0.04 
0.05 0.04 
0.85 0.16 
-0 

-d -0 

-0 -0 -0 -0 
-” -a 

40 2.5 0.9 0.07 

a Not determined. 
b Partially crystallized. 
C Crystalline. 
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(-&) (Fig. 2), which is a high-field feature 
characteristic of the phosphate middle units 
(7), reduces rapidly and has completely dis- 
appeared when y = 0.4. In glasses with a 
boron content >0.4, position and width of 
the MAS peak in the middle region no 
longer change, confirming that the phos- 
phate middle units have been fully con- 
verted into another unit, with 6 in the mid- 
dle region, but with values of A6 and 7) 
substantially different from those of the 
phosphate middle unit (see Table I). 

By analyzing the MAS spectra of many 
silver borophosphates, we found that addi- 
tion of boron causes the appearance of two 
well-resolved peaks near -2 and + 12 ppm, 
which are assigned to an MB2 unit (B- 
AgPOd-B) B-[0-POT-01-B and to an EB 
unit (B-Ag,P04), respectively. These units 
are listed in Table I, but a determination of 
their chemical shift anisotropy and asym- 
metry has not been attempted, since it re- 
quired repeated application of the subtrac- 
tion procedure to stationary spectra. 

When the 31P-MAS spectra are broad and 
featureless, like those of the lithium 
borophosphate glasses reported in Fig. 3, a 
decomposition procedure is difficult, or 
meaningless. With reference to Fig. 3, we 
can generically say that, with increasing bo- 
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FIG. 3. MAS spectra of the (0.5)Li20 . (y)B20, . (1 - 
y)PzOs glasses, with y = 0.4, y = 0.6, and y = 0.8. 

ron content, the spectrum shifts downfield 
because of a progressive conversion of 
middle and branching phosphate units into 
MBl-MB2 units and EB units. However, 
the spectrum of the glass with a ratio B/B + 
P = 0.6 is asymmetric enough to allow iso- 
lation of a contribution (dashed line in Fig. 
3) which occurs at the position of the signal 
in the LIP03 glass. Such a spectral feature 
cannot be isolated in either the glass richer 
in boron ( y = 0.8) or the one richer in phos- 
phorus (y = 0.4). This fact could be ex- 
plained if, in the y = 0.6 glass, a phase- 
separated lithium metaphosphate existed. 
The Raman spectra of the glass withy = 0.6 
has a peak at 775 cm-l, typical of the 
boroxol rings, which is absent in the y = 0.4 
and y = 0.6 glasses (8). Thus, both 31P- 
NMR and Raman spectroscopies suggest 
that lithium borophosphates with [B + P]/ 
[Lil = 2 are partially immiscible near y = 
0.6. 

The 3’P-MAS peaks of vitreous phos- 
phates have typical FWHH values in the 
-lO-ppm range, which is attributed to the 
spread of chemical shifts induced by the 
disorder. In partially crystalline phos- 
phates, such as the BP04 compound (13), 
the widths of the 31P-MAS lines are sub- 
stantially smaller (see the column in Table 
I). It follows that the 31P resonance is well 
suited to investigate crystallization phe- 
nomena in glasses. As a matter of fact, the 
sharpest peak in Fig. 4, which is due to the 
Ag3P04 species (monomeric unit), has been 
obtained in a silver borophosphate glass 
where no Bragg peaks are seen by X-ray 
diffraction. This assignment is supported 
by the MAS spectra of partially crystallized 
samples where the presence of silver ortho- 
phosphate has been confirmed,by X rays. 

In conclusion, the chemical shift compo- 
nents of the phosphate units in glasses have 
characteristic average values and distribu- 
tion widths and a combined use of 31P sta- 
tionary and spinning spectra often allows 
unambiguous identification of the “finger- 
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FIG. 4. MAS spectrum of the Ag,O . (l.6)BzO3 . 
(0.4)P205 glass. The leftmost peak is due to crystal- 
lized silver orthophosphate (MO = monomeric unit). 
The vertical bars are proportional to the intensites of 
the Gaussian components into which the MAS spec- 
trum is decomposed. 

prints” of these units. We have given 
chemical shift data on lithium and silver 
phosphate units, which compare well with 
the values reported in the literature for so- 
dium and potassium phosphates (6, 7, ZO), 
and have identified the spectral contribu- 
tion of phosphate units bonded to borons. 
Attention has been called to the potential 
applications of 3rP-NMR techniques to ana- 
lytical characterization of condensed phos- 
phates and to phase separation and crystal- 
lization studies. 
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