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High-resolution solid-state 31P NMR spectra have been measured for AgI-Ag,O-P205 glasses using 
magic-angle sample spinning. Three types of PO4 units can be identified: isolated, end chain, and 
middle chain groups. Quantitative analysis has been carried out for the three groups, and the average 
length of the PO3 chain has been estimated. The NMR results have confirmed that the network 
structure is determined by the two components, Ag,O and P,05, and that AgI does not modify the 
network. 0 1989 Academic Press, Inc. 

Introduction 

Vitreous ionic conductors have attracted 
much interest in recent years (1,2). Glasses 
have advantages over crystalline electro- 
lytes in the following aspects: (a) Glasses 
are physically isotropic, and have no grain 
boundaries, (b) the composition can be var- 
ied continuously, and (c) their processing is 
relatively easy. Furthermore, conductivity 
higher than that of crystals has been re- 
ported for some systems (3-5). Among the 
vitreous ionic conductors, AgI-Ag,O-P205 
system has one of the highest ionic conduc- 
tivities. The system has the maximum ionic 
conductivity of the order of IO-* S cm-’ at 
25°C (3, 6), which is comparable with aque- 
ous solutions of electrolytes. 

Several structural models have been pro- 
posed to explain such high conductivity in 
vitreous electrolytes. One model is that 
clusters or microdomains of silver halides 
are embedded in the host glass matrix; it is 
termed the cluster model (7, 8). Another 
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model is that silver halide is dispersed into 
the glass network (9, 10). Which model is 
better to explain the glass structure has not 
yet been established. 

The structure of the AgI-Ag*O-P205 
glass has been studied by means of several 
methods: Raman scattering (7), quasielastic 
neutron scattering (II), infrared spectros- 
copy (12), thin-layer chromatography (12), 
X-ray diffraction (13), and so on. 

High-resolution solid-state NMR is a 
powerful tool to study the short-range or- 
der, and it is a nondestructive method (14). 
31P NMR can be expected to clarify the net- 
work structure composed of the PO4 units 
(15-20). In the present work, we measured 
high-resolution solid-state 31P NMR spectra 
and have elucidated the bonding structure 
of the glass network. 

Experimental 

Materials 
Glasses were prepared using the proce- 

dure described by Minami et al. (3). The 
starting materials were purchased from 
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commercial sources: AgI and AgzO from 
Nakarai Chemicals Co., Ltd. (Kyoto, Ja- 
pan), H3P04 from E. Merck (Darmstadt), 
and Ag,P04 and A&P20, from Soekawa 
Chemicals Co., Ltd. (Tokyo, Japan). After 
heating the mixture of raw materials in a 
Pyrex glass ampoule at 500°C for 21 hr, the 
melt was poured onto a stainless-steel 
plate. 

The compositions determined from the 
weight of the starting materials are listed in 
Table I and schematically shown in Fig. 1. 
The starting materials are different between 
the groups, as noted in Table I. 

The crystallinity was checked by X-ray 
diffraction using a Rigaku Geiger-Flex dif- 
fractometer with Cuba irradiation. A Ri- 
gaku 8230 thermal analyzer was used to de- 
termine the glass transition temperature, 
Tg. The sample temperature was increased 
at a rate of 5 K/min in air. The crystallinity 
and the observed Tg values are listed in Ta- 

TABLE I 

COMPOSITION, GLASS TRANSITION TEMPERATURE, 

AND CRYSTALLINITY OF THE GLASSES 

Group Sample 
No.” No. 

Composition 
(mole%) 

&I AgzO has 

I 

II 

III 

1 69.7 20.2 10.1 Unclear gc 
2 64.8 23.5 11.7 46 g 
3 60.0 26.7 13.3 58 g 
4 54.9 30.1 15.0 62 g 
5 49.8 33.4 16.7 65 g 
6 45.1 36.6 18.3 68 g 
ii 70.0 22.5 7.5 Unclear gc 

65.3 26.0 8.7 54 gc 
9 60.0 30.0 10.0 61 gc 

10 55.0 33.8 11.3 65 gc 
11 69.7 25.4 4.9 None cr 
12 64.9 25.1 10.0 Unclear gc 
13 60.0 25.0 15.0 55,w g 
14 54.9 25.1 20.0 61, 70= g 
15 49.8 25.3 24.9 64, 87’ g 
16 45.0 25.1 29.8 68, 87’ gs 
17 42.1 21.3 36.5 Unclear gc 

a Group I was prepared from AgI and A&P2@, Group II 
from AgI and AgaPO,, and Group III from AgI, Ag20, and 
H&Q. 

b g, glass; gs, glass with a small amount of crystal (less than 
10%); gc, mixture of glass and crystal; cr, crystal. 

c The second endothermic peak was observed. 
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FIG. 1. Composition of the glasses, expressed in 

mole%. 

ble I. The glass-forming region and Tg ob- 
tained in the present work agree with the 
literature values (3). 

NMR Measurements 

High-resolution solid-state 31P NMR 
spectra were measured using a JEOL FX- 
200 pulsed spectrometer equipped with ac- 
cessories for magic-angle sample spinning 
(MAS) (22, 22) at the resonance frequency 
of 80.76 MHz and at an ambient tempera- 
ture. The ordinary single-pulse sequence 
was used, in which a flip angle of the pulse 
was set at 7r/4 and the recycle time was 15 
sec. The samples were pulverized into fine 
powder, and then they were packed into a 
rotor made of Delrin. The rotor was spun at 
about 3.5 kHz. The shift value is given with 
respect to 85% H3P04 aqueous solution, 
with the higher frequency being positive. 

Results and Discussion 

3LP NMR Spectra 
Figure 2 shows 31P MAS NMR spectra of 

two samples, No. 4 and No. 13. The iso- 
tropic peaks can be identified by changing 
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No.4 

I . ., I .,,,I,,, 
50 0 -50 ppm 

No.13 n 

1 I,, I,, , , 
100 0 -100 ppm 

FIG. 2. “P MAS NMR spectra of the No. 4 and No. 
13 samples. Signals marked with * are spinning side- 
bands of the 3-ppm line, while those marked with + 
are of the - 15ppm line. 

the spinning rate of the sample. In the No. 4 
sample, two sets of peaks were observed. 
Their isotropic chemical shifts are 21.8 and 
3.1 ppm. In the No. 13 sample also, two 
sets of peaks were observed with their iso- 
tropic chemical shifts of 2.9 and -15.2 
ppm. Many spinning sidebands are ob- 
served on both sides of the isotropic peaks 
due to the large chemical shift anisotropy in 
the 31P nuclei. Similar spectra were ob- 
tained for other samples. Table II summa- 
rizes the isotropic chemical shift and inten- 
sity of all the samples studied. As is shown 
in the table, the glass samples have three 
types of peaks, whose isotropic chemical 
shifts are 21-23, 2-4, and -15 - 22 ppm, 
respectively. The No. 10 sample has a small 
shoulder at 16 ppm, which is considered to 
be included in the first group. The peaks in 
the crystalline part can be easily recog- 
nized, since their linewidth is much nar- 
rower than that of the glassy part. The -52- 
ppm peak in the No. 17 sample is out of the 
ranges of the above three groups, though it 
arises from the crystalline part. In the case 

where more than two sets of peaks are ob- 
served, the relative intensities are esti- 
mated except when they are not severely 
overlapped. The relative intensity can be 
estimated from the peak areas including 
sidebands, the results of which are shown 
in the parentheses in Table II. These inten- 
sities are proportional to the number of P 
atoms. 

To assign the observed lines to some 
structures, the 31P NMR spectra have been 
measured for crystalline compounds such 
as Ag3P04 and A&P207. Ag3P04 and 
Ag4P207 have the isotropic chemical shifts 
of 28.4 and 6.5 ppm, respectively. The 28.4- 
ppm peak can be ascribed to the isolated 
PO4 group (named QO>, while the 6.5-ppm 
peak can be ascribed to the end group of 
PO, chain (QJ. Although some fine struc- 
tures were observed in the spectra, they are 
not important in the present work and will 
be discussed elsewhere. The sharing of one 
oxygen atom between two PO4 units causes 

TABLE II 

SUMMARYOFTHE 31PNMRR~~~~~~ 

Group 
No. 

SZUltple 
No. 

Chemical Shift 

(mm) 

QO Ql 

Fraction (%) 

Q2 Q3 

I I 20.9(13) 2.7 (87) 
2 20.7 (II) 2.4 (89) 
3 22.0 ( 9) 2.3 (91) 
4 21.8 (11) 3.1 (89) 
5 22.5 ( 9) 3.9 (91) 
6 23.0 ( 9) 4.2 (91) 

II 7 21.4” 
20.5 

8 21.36 
9 21.Sb 

10 21.6a 
22 
16’ 

III 11 28.r 6.2a 
I2 2.8 (80) -16.3 (20) 
13 2.9 (74) -15.2 (26) 
14 2.4 (28) - 18.9 (72) 
15 3 (4) -19.6 (%) 
16 -20.6 
17 0.3’( I) -21.8 (97) -52’ (2) 

n Peaks in the crystalline part. 
6 Peaks in the glassy and crystalline parts are superposed. 
c Small shoulder. 
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the lower frequency shift of about 20 ppm. 
The same trend was observed in other 
phosphates (15, 26, 19). By analogy with 
these phosphates, the middle group of the 
PO4 chain (Q2) in the glass can be expected 
to be observed at about -20 ppm. 

Following the above discussion, the 
peaks observed in the glasses can be as- 
signed as follows: The 21- to 23-ppm peaks 
to the isolated PO4 group (Qo), the 2- to 4- 
ppm peak to the end PO4 group of the chain 
(Qr), and the -15- to -22-ppm peak to the 
middle PO, group in the chain (Qz). 

The observed chemical shift of QZ is de- 
pendent on the composition, while the de- 
pendence is small in the Q0 and Q, units. 
The chemical shift of QZ decreases as the 
P205 concentration increases. 

Structure of the Glass 

The PO4 groups are connected with each 
other sharing the oxygen atom to form the 
network structure of the glass. Ag ions are 
assumed to move in the network. 

In group I, the ratio of [Ag20]/[P205] is 2. 
It can be assumed that the structure of the 
PO4 group is P20:- ion (Qr - Q,) from the 
composition. Experimentally, the Q, units 
are dominant, but Q0 units are also present 
with a fraction of about 10%. A part of them 
comes from the starting material Ag4P207, 
which contains about 4% of Q0 units as im- 
purity, being checked by 31P NMR. The 
other part of the Q0 units is formed in the 
course of glass formation. 

In group II, the ratio of [Ag20]/[P205] is 
3. Only the Q0 units should be present in 
this composition. Experimentally, only the 
QO units are observed. 

In group III, the ratio of [Ag20]/[P205] is 
smaller than 2, except for the No. I1 and 
NO. 12 samples. Chains of PO4 groups are 
formed, whose average length can be pre- 
dicted from the composition and can be de- 
termined experimentally from the present 
results of 31P NMR. The average chain 
length can be expressed by the following 
equations, assuming that only linear chains 

are formed having the formula [Q,] - 
[Q21n-2 - [Qd. 
n(Composition) = 24R - 1) 

(1 < R 5 2) (1) 

4NMR) = NQ11 ([QII + [Q21 = 11, (2) 

where IZ is the average number of PO4 units 
in a chain, R is the ratio of [Ag20]/[P20s], 
and [Q,] is the fraction of Q, determined 
from the 31P NMR. Table III lists the esti- 
mated length. Good agreements are ob- 
served except for the No. 12 sample. The 
PO4 units are condensed up to the limit that 
the composition allows. This means that 
the ratio of [Ag20]/[PZ05] determines the 
average chain length and that AgI does not 
modify it. As for the No. 12 sample, the X- 
ray diffraction result demonstrates the pre- 
cipitation of AgI crystalline phase. The pre- 
cipitation of the crystal might cause the 
deviation, but the exact reason is ambigu- 
ous. 

The dependence of the chemical shift in 
Q2 on the composition can be related to the 
chain length. The chemical shift is plotted 
in Fig. 3 as a function of the average chain 
length determined by NMR. The Q2 peak 
shifts toward the lower frequency with the 
increase in the chain Iength. This trend pre- 
sumably arises from the fact that Q2 species 
nearer to the Qr endgroup have different 
chemical shift from interior Q2 species. 

TABLE III 

THE AVERAGE CHAIN LENGTH IN THE GROUP III 
GLASSES 

Sample 
No. 

12 
13 
14 
15 
16 
17 

From 
composition 

R n 

2.51 1.3 
1.67 3.0 
1.26 7.7 
1.02 50 
0.84 - 
0.58 - 

From NMR 

[Qtl n 

0.80 2.5 
0.74 2.7 
0.28 7.1 
0.04 50 
0.00 m 
0.00 m 
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Chain length 

FIG. 3. The dependence of the chemical shift of Q2 
species on the average chain length estimated from 31P 
NMR. The line in the figure is a guide to the eye. 

Amorphousness convolutes the signals of 
various Qz species, since it produces chem- 
ical shift dispersion which cannot be elimi- 
nated by the MAS technique. The scatter of 
the observed values shown in Fig. 3 comes 
from the broad linewidth. 

Equation (1) cannot be applied to the No. 
16 and No. I7 samples, where R < 1. The 
composition demands the formation of 
branched chains. In the No. 17 sample an 
extra line was observed at -52 ppm, which 
can be ascribed to Q3 locating at the 
branched position (15, 16), though it arises 
from the crystalline part. 

Conclusively, the network structure is 
determined by the two components, Ag,O 
and P205, and the third component, AgI, 
does not alter the network. 

Minami et ul. (12) have studied the struc- 
ture of the present system by means of in- 
frared spectroscopy (IR) and thin-layer 
chromatography (TLC). They concluded 
qualtitatively as follows: PO:- ion (QO> is 
dominant for R = 3 and P& ion (Qr - Qr) 
for R = 2, while linear chains of the PO, 
units are formed for R < 2. Malugani and 
Mercier (7) concluded from their Raman in- 
vestigations that the skeleton of the PO3 
chains is not modified by the presence of 
Ag,X (X = I, Br, and Cl). Musinu et al. (13) 
obtained similar results from an X-ray dif- 
fraction study. The present NMR results 

confirm the previous results quite straight- 
forwardly. 

The fact that the addition of a metal 
halide, MX, to a binary system is not asso- 
ciated with important modification of the 
network structure has been observed for 
other systems such as AgX-Ag*O-B203 
(23) and LiX-LizO-P20s (24) (X = I, Br, 
and Cl) as well. 

Roughly speaking, the ionic conductivity 
and Tg depend primarily on the AgI content 
(3). On the other hand, the PO4 network 
structure depends mainly on the ratio of 
[Ag,O]/[P20J. Thus the network structure 
is not the primary factor to determine the 
ionic conductivity and the glass transition 
temperature, but it can be the second fac- 
tor. Supposing that the AgI content is con- 
stant, the ionic conductivity increases and 
the glass transition temperature decreases 
as R decreases (3). The above changes in 
the conductivity and the glass transition 
temperature might be correlated with the 
formation of the PO4 chain. 
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