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Structure and disorder of phosphates in Ag&O-AgI-P&05 glasses
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We directly probe the microstructure of the diferent phosphates in several glasses in the Ag20-
AgI-P205 system, by means of variable angle correlation NMR spectroscopy. This two-dimensional
experiment separates the chemical-shift powder patterns of the phosphorus sites according to their
isotropic chemical shifts. We have thus determined all chemical-shift tensor elements for each chem-
ically distinct phosphorus site in these glasses, and their variation within each site. Our results yield
a precise description of the phosphate types and geometries in these glasses.

Silver phosphate doped with silver iodide forms glasses
with exceptionally high ionic conductivity at certain
compositions. Ionic conductors of this general type, con-
sisting of a glass former, a network modifier, and a dop-
ing salt (here P&O&, Ag&O, and AgI, respectively) are
promising for industrial applications, due to their elec-
tronic properties and ease of fabrication. However, dis-
covering the mechanism of ionic conduction and the re-
lated problem of finding the relationship between the
glass structure and the ion mobility have proven to be
difficult tasks (see Ref. 2 and references therein). The
temperature and frequency dependent dynamics of the
silver iodide —silver phosphate system have been studied
with a wide variety of methods. ' The structure of the
glass matrix has been investigated as well, 5 7 as has the
interaction of the salt with the glass. These investiga-
tions have shown that the silver iodide does not greatly
modify the network glass structure, and that the network
itself consists of a variety of different phosphates.

As part of an effort to determine precisely how the
mobile silver cations interact with the phosphate glass
and the silver iodide, we have studied the microstruc-
ture of the phosphate sites using a recently developed
NMR method. The experiment, variable angle corre-
lation spectroscopy (VACSY), separates the anisotropic
chemical-shift powder patterns according to the isotropic
chemical shifts, using a second spectral dimension. We
are thus able to characterize unambiguously the different
phosphate units in these glasses. Additionally, we can in-
vestigate the chemical shift changes within the disorder-
broadened peaks arising from different phosphate types,
and from them determine quantitatively the different
bonding geometries that exist in the glass. We have
thus arrived at a much more detailed description of the
glassy matrix in these ionic conductors than was pre-
viously possible. Our results show as well that this
method has great potential for revealing structural de-
tails in other disordered systems.

In this paper we discuss three com-
positions: (Ag20)4q(AgI)39(P20s)20 (sample 1);
(Ag20) ss (AgI) 44 (P20s) 2~ (sample 2); and
(AgqO)q2(Agl)44(P20s)q4 (sample 3). These composi-
tions were chosen as representative of the different lo-
cal phosphate structures attributed to this system. 7 The
samples were prepared by heating weighed amounts of
AgNOs, AgI, and (NH4)qHPO4 together in a porcelain

crucible over a Bunsen burner. The molten samples were
heated for an additional 20 min after cessation of gas
evolution, and quenched by pouring onto a stainless steel
plate. The samples were crushed to powders in order to
perform sample-spinning NMR experiments; all sample
handling was carried out in a darkroom. The powdered
samples were checked for crystallinity with powder x-ray
diffraction —sample 3 was partially crystalline, the oth-
ers were amorphous, in agreement with previous work on
these compositions.

All NMR spectra were acquired at 80.99 MHz un-
der ambient conditions. The VACSY experiment has
been described in detail by Prydman et cl. Briefly,
it utilizes the fact that for isolated spin-1/2 nuclei un-
der fast sample spinning conditions, the contribution of
the anisotropic part of the chemical shift to the evolu-
tion scales with P2(cos P), where P is the angle between
the sample spinning axis and the applied magnetic field
and P2 is the second I egendre polynomial. A set of
free-induction decays (FID's) recorded at different spin-
ning angles is used to interpolate onto the points of a
square lattice, constructed such that one time dimen-
sion includes only evolution due to the isotropic part
of the shift tensor, and the other dimension, only the
anisotropic part. For the VACSY spectra in this paper,
32 sample spinning angles were used, covering the range
—0.48 & P2(cosP) & 0.48. The sample spinning fre-
quency was typically 7 kHz. The 32 FID's, each consist-
ing of 512 complex points, were phased and normalized
to their first points, interpolated onto a 512 x 512 array,
smoothed with an exponential decay of 5 ppm spectral
width, and Fourier transformed. The spectra are dis-
played in magnitude mode.

Figure l(a) shows the VACSY spectrum of sample 1,
along with one-dimensional spectra of the sample under
static [Fig. 1(b)j and magic angle spinning (MAS) con-
ditions [Fig. 1(c)]. The MAS spectrum shows two peaks,
indicating that this sample contains two types of phos-
phate groups. The powder patterns due to these groups
overlap in the static spectrum, and it would be difFicult
to deconvolute that pattern into its components, espe-
cially since each component is broadened by the disorder
in the glass (detectable in the MAS spectrum, though
in a highly averaged way). In contrast, in the VACSY
spectrum one clearly sees the separation of the powder
patterns arising from the different phosphorus sites. The
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FIG. l. (a) P-31 VACSY NMR spectrum of
(Ag20)4~(Agl)39(P20s)gp (sample 1), with the projection on
the isotropic axis at the left edge; (b) static P-31 NMR spec-
trum of sample 1; (c) magic angle spinning P-31 NMR spec-
trum of sample 1; the peaks at +90 ppm are spinning side-
bands. Here and throughout the paper, chemical shifts are
reported relative to 85% aqueous H3PO4.

FIG. 2. (a) Contour plot of the P-31 VACSY NMR
spectrum of (Ag20)41(Agl)39(F205)2Q (sample 1); (b) slice
through the VACSY spectrum at isotropic shift 23.6 ppm; (c)
the same, at 8.1 ppm; (d) same, at 3.3 ppm; (e) same, at
—7.3 ppm. All slices are shown scaled to the intensity of slice
(d)

width and shape of the contours of the VACSY spectra
[Figs. 2(a) and 3(a)] contain information about the disor-
der within each site. We display these variations by show-
ing slices through the spectra at different isotropic shifts
[Figs. 2(b)—2(d) and 3(b)—3(d)]. The chemical-shift data
are summarized in Table I. The uncertainties reported
there arise from several factors. These include residual
dipolar coupling between the phosphorus atoms, smooth-
ing of the data and presentation in magnitude mode, and
the disorder of the glass. We estimate that in our ex-
periments the residual dipolar coupling is no more than
about 4 ppm, and generally less due to the scaling fac-
tor P2(cosP). Due to the smoothing and the mode of
data presentation, then, we consider changes in the ten-
sor elements of more than 7—10 ppm as significant, and
attribute them to changes in the local phosphorus envi-
ronment.

Both the isotropic and anisotropic chemical-shift ten-
sor elements of phosphorus in phosphates reHect the local
electronic charge density around the phosphorus atom
involved. Figure 4 shows typical phosphorus oxoanions
and their characteristic chemical-shift powder patterns. 3

The local symmetry of the phosphorus environment con-
fers a characteristic shape on the associated powder pat-
tern, which can include both anisotropy (positive or neg-
ative) and asymmetry. ~4 The isotropic chemical shifts
of phosphorus in these glasses have been used to assign

the local chemical structure, by comparing the observed
shifts to those in model compounds. That work sug-
gested that peaks with isotropic shifts near 20 ppm are
due to orthophosphate (PO4 s ), those with shifts near
0 ppm, to pyrophosphate (P207 ), and upfield shifts
near —15 ppm, to nonterminal phosphates in polyphos-
phate.

The MAS spectrum of sample 1 shows a strong peak at
3.3 ppm, and a weak peak (5%%uo as intense) at 23.6 ppm.
With VACSY, we can study the full powder pattern of
each of these sites independently of the others. The slice
at an isotropic shift of 3.3 ppm is shown in Fig. 2(d). The
shape of the pattern shows a large positive anisotropy but
no asymmetry. The anisotropic shift tensor elements can
be obtained directly from the spectrum as 73 + 7 pprn,
—37 + 7 ppm, and —37 + 7 ppm. These values and the
shape are typical of pyrophosphate [cf. Fig. 4(b)], as is
the average isotropic shift for this site, thus confirming
the earlier assignment7 of this resonance. The detailed
structure of these pyrophosphates can be extracted by
using the empirical correlation between anisotropy and
bond length in POXs compounds. ~s Using our measured
chemical-shift tensor elements, we determine a distance
of 1.7 A between the phosphorus atom and the bridging
oxygen. This length is characteristic of a phosphorus-
oxygen single bond, from which one may conclude that
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FIG. 3. (a) Contour plot of the P-31 VACSY NMR
spectrum of (Ag20)35(AgI)44(P205)2i (sample 2); (b) slice
through the VACSY spectrum at isotropic shift 8.1 ppm;
(c) same, at 3.3 ppm; (d) same, at —1.5 ppm; (e) same, at
—20 ppm. The intensities are scaled to slice (c), except for
(e), which is magnified by a factor of 2.

the excess charge in these pyrophosphate units is local-
ized on the bonds to the terminal oxygen.

The pyrophosphate peak retains a residual width of
several ppm due to the disorder in the glass. We
can probe the nature of this disorder directly with
the VACSY experiment, as we show in Figs. 2(c)—2(e).
There, slices at diferent isotropic shifts are shown, all
within the pyrophosphate peak. We see from the slices
that in fact the chemical shift tensor is diferent at dif-
ferent points in the resonance, changing from a shape
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typical of pyrophosphate, with zero asymmetry, at an
isotropic shift of 8.1 ppm [Fig. 2(c)), to a different shape,
with nonzero asymmetry g = 0.6 + 0.1, at a point shifted
upfield to —7.3 ppm [Fig. 2(e)j. The downfield slice
[Fig. 2(c)] has a smaller anisotropy than the slice at
the isotropic average, discussed above. This reduction
in anisotropy suggests a shortening of the bond to the

15bridging oxygen and an increase in ~-bond character
in other words, the phosphates of these pyrophosphate
units are more symmetrical, thus resembling orthophos-
phate (for which the P-0 bond order is 1.5). This inter-
pretation is in accord with the fact that this slice is on the
downfield edge of the peak (that is, shifted towards the
usual location of orthophosphate). The appearance of
nonzero asymmetry in the upfield part of the pyrophos-
phate peak suggests that in a portion of the pyrophos-
phate units the local C3 symmetry has been distorted,
though the positive, rather than negative, anisotropy in-
dicates that it is not distorted so much as in the polyphos-
phate fragments. Furthermore, the upheld shift of the
isotropic frequency suggests that in these fragments the
net charge localized near the phosphorus has been re-
duced. We thus hypothesize that these phosphates have
near-neighbor cations which are nearer to one or two of
the three nonbridging oxygen atoms of the phosphate.
Such a cation might be Ag+ in AgI. We are currently
performing this experiment on Ag-109 in order to inves-
tigate such a possibility.

Figure 2(b) shows a slice through the VACSY spec-
trum of sample 1, at an isotropic shift of 23.6 ppm. This
shift corresponds to the Inaximum of the smaller peak

Composition Species
(Ag20)4i (AgI) 39 (P205) 2p ortho

(sample 1) pyro

(Ag20) 35 (AgI) 44(P205) 2i pyro
(sample 2)

poly
(Ag20)» (AgI) 44 (P205) i4 ortho

(sample 3) pyro

&isa &ZZ &X'Ã

23.6
8.1
3.3

—7.3
8.1
3.3

—1.5
—20.0

21.7
3.3

0 0
58 —34
73 —37
74 —67
47 —33
71 —37
66 —33

—87 53
0 0

70 —40

0
—34
—37
—22
—33
—37
—33

16
0

—40

TABLE I. Chemical shift tensor elements as a function of
isotropic chemical shift. Only the anisotropic parts of the shift
tensor elements are reported, that is, o,, —o;,~. All shifts are
given in units of ppm, and the anisotropic elements have an
uncertainty of +7 ppm.
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FIG. 4. Structure and typical powder pattern for phos-
phorus in (a) an orthophosphate unit, PO4, show'ing nei-

ther anisotropy nor asymmetry; (b) pyrophosphate, 2 7P 0
showing positive anisotropy and zero asymmetry; and (c)' a
nonterminal phosphate in polyphosphate, showing negative
anisotropy and nonzero asymmetry.
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in the MAS spectrum. The powder pattern has tensor
elements o,, —o;, = 0 + 7 ppm, i = X, Y; Z. From the
symmetric shape we conclude that the phosphorus site
from which it arises is of locally tetrahedral symmetry,
and that fact, combined with the isotropic shift, confirms
the assignment of the site to orthophosphate. Especially
for a relatively weak site such as this, it is significant
that we obtain the line shape with no interference from
neighboring sites.

In sample 2 the proportion of network modifier (Ag20)
is reduced, compared to sample 1. The MAS spectrum
shows again a peak at 3.3 ppm, and a weaker peak (10'Fo
as intense) at —20 ppm. Figure 3 shows the VACSY spec-
trum of sample 2. Again, slices at isotropic shift values
allow us to assign the anisotropic chemical shift tensor
values for each type of site. In this sample there is again
the pyrophosphate structure, at an average isotropic shift
of 3.3 ppm [Fig. 3(c)]. The anisotropy again suggests that
the bond to the bridging oxygen is a single bond. Ad-
ditionally, the downfield slice [Fig. 3(b)] shows a small
reduction in anisotropy and consequently bond length.
The upfield slice [Fig. 3(d)], in contrast to sample 1,
shows no asymmetric character, but rather resembles the
other pyrophosphate units. In sample 2 there is addi-
tionally a small peak at an isotropic shift of —20 ppm.
This peak has been previously assigned to nonterminal
phosphate in polyphosphate chains, by correlating up-
field shifts with reduction in charge localized near the
phosphorus. 7 We can see from VACSY [Fig. 3(e)] that
the powder pattern of the upfield site shows substantial
asymmetry (q = 0.4 + 0.1) and a negative anisotropy,
both of which are signatures of nonterminal phosphate
in polyphosphate [Fig. 4(c)]. These direct observations
render the assignment unambiguous. In the static spec-
trum the powder pattern for this site is unobservable,
since it is covered by the broad, more intense pat;tern of
the pyrophosphate. Finally, in this sample we see no in-
dication of orthophosphat, e, in accord with the reduction
in network modifier concentration.

In sample 3 the proportion of glass former (PqOs) is
reduced, and this sample is partially crystalline. Our
VACSY results yield a narrow powder pattern at an
isotropic shift of 21.7 ppm, which we assign to orthophos-
phate based on the line shape and shift. We see addition-

ally a weak (10' as intense) isotropic peak at 3.3 pprn,
the powder pattern of which is typical of pyrophosphate.
The tensor elements (Table I) show that these units are
similar to those found at 3.3 ppm in the other composi-
tions. Prom the line shapes it appears that the phosphate
in the glassy portion of the sample does not take con-
formations grossly diferent from that in the crystalline
portion.

To summarize, we have studied the phosphate mi-
crostructure in several glasses in the Ag20-AgI-P~O5 sys-
tem with the two-dimensional NMR experiment VACSY.
The advantage of this experiment is that it separates the
anisotropic chemical-shift powder patterns according to
their isotropic shifts, thus permitting study of the struc-
tural variations within a chemical species. Our results
substantially extend the general picture of the structure
of these glasses. Based on the shapes of the powder pat-
terns, we have determined the different types of phos-
phate units present, finding chain phosphates (pyrophos-
phate and polyphosphate) at low network modifier con-
centration, and increasing orthophosphate concentration
as the proportion of network modifier to glass former
is increased. We have also directly probed the disorder
within the pyrophosphate in our glassy samples, finding
that it can contain a fraction distorted from local C3
symmetry, and with less net charge, and also a portion
with more nearly equivalent bonds, approaching tetrahe-
dral symmetry. We are currently working to extend these
results to include estimates of bond angles in the phos-
phates, and to use the relative intensities to extract site
populations in the diferent local environments within
each chemical type. We are also applying this method
to the silver nuclei, to complete the picture of the struc-
ture and its inHuence on the dynamics.
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