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ABSTRACT

Superionic glasses in the system xAgl-(1-x)[Ag,0-2B,0;] were prepared from AgNO,, Agi and B,O3
and studied by infrared reflectance spectroscopy to investigate the structure of the borate network and
the nature of sites hosting silver ions. The analysis of the mid-infrared spectra showed that the network
building units are B&s and B@,0 triangles, as well as BZ, tetrahedra (@=oxygen atom bridging two
boron centres). The fractions of these units were obtained by spectral deconvolution and were found to
be related to the glass transition temperature, T;. In particular, it was shown that upon addition of Agl the

equilibrium B@4 ©, B@,O" shifts to the left, while T, decreases. This result illustrates the influence of Agl

on the short range structure of the borate network by lowering the temperature at which the structure of
the supercooled liquid is frozen into the glassy state. The analysis of the far-infrared profiles of glasses in
the diborate system indicates the formation of mxxed oxyiodide sites for silver ions, whereas glasses with
higher Ag,O/B,0, ratios are known to contain Ag’ ions in oxide and iodide sites. The fi indings of this work
are discussed in relation to results of other structure-sensitive techniques and models proposed for the
structure of Agl-containing superionic glasses.

INTRODUCTION

Among the variely of glasses classified as superionic, particular auentlon has been devoted to the
xAgl-(1-x}{Ag20O-nB,Os] ternary system, since its high conductivity (up te 102 Sem™ at room temperature)
is accompanied by relatively high glass transition temperatures and a wide glass forming region. As a
consequence, glasses in this system have been studied extensively by different experimental technigues
including NMR [1]. X-ray and neutron diffraction [2-4], EXAFS and Raman spectroscopy [5, 6] and
infrared reflectance and transmittance spectroscopy (1, 7, 8].

However, the conduction mechanism operating in these glasses remains debatable, since there is no
consensus on the existence or not of a distinct Agl phase in the glass. Thus, it has been proposed that
Agl is randomly dispersed in the host matrix {2-5}, or aggregated in Agl microdomains of a disordered
nature [6-8]. Theoretical models predict that the ionic conduction takes place either in a structurally
inhomogeneous [9] or in a homogeneous glass matrix [4, 10]. Furthermore, the influence of Agl on the
borate glass network, i.e. the Ag>0-2B,0s matrix, is not fully understood. Neutron scattering [4], NMR [1],
- X-ray [3, 4] and infrared [1, 8] studies concluded that Agi addition induces no modification to the binary
network, while other infrared spectroscopic data [7] suggested that Agl affects the local range order of
the borate network in a rather systematic way.

In view of the above, the present work aims at a better understanding of the structure of these glasses
and at the elucidation of the existing controversies, Along these lines, a series of XAgl-(1-x)[Ag;0-28504)
glasses has been prepared and studied by infrared reflectance spectroscopy. Appropriate analysis of the
measured spectra in the mid-IR range can yield information on the glass structure and its dependence an
Agl content. In addition, the complementary analysis of the far-IR spectra reveals the nature of the sites
hosting Ag* cations and provides useful information related to the various proposed models of the
conduction machanism,

Finally, the effect of the glass preparation method is discussed, since different results have been
reported depending on the way Ag.0 is incorporated into the glass melt. Thus, a previous IR specular
reflectance study of xAgl-(1-x)[Ag;0-nB,O4] glasses (n=3, 2, 1, 0.5), which were prepared using pure
Ag;Q as starting material, revealed a systematic change of the network structure upon Agl addition [7).



On the other hand, an analogous IR transmittance study of xAgl-(1-x}[Ag.0-2B,0s} glasses prepared
from AgNO; concluded that the network structure remained unmodified as the Agl content varied [8]. In
the present work the glasses studied were prepared by using AgNO; as the source of Ag,O.

EXPERIMENTAL

Stoichiometric amounts of reagent grade Agl, AgNO; and B,Os were mixed and heated in Pt
crucibles at 650°C until the NO, gas had dissipated. Then, the mixture was melted at 850-950°C for 25-
30 min depending on composition. Splat quenching the meil between two polished copper blocks yielded
bulk samiples with flat surfaces appropriate for specular reflectance measurements, Clear glasses were
obtained in the composition range 0 < x<065.

Infrared reflectance spectra were measured at rcom temperature in a quasi-normal incidence mode
(11°) on a Fourier-transform vacuum spectrometer (Bruker 113v) properly equ 1ppecl with sources,
detectors and beamsplitters to allow a continuous coverage in the 25-5000 cm™ range. Ahsorptlon
coefficient spectra were calculated through a Kramers-Kronig analysis of the reflectance data,
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The infrared absorption coefficient spectra, a, of XAgl-(1-x)[Ag20-2B,0s] glasses are shown in Fig.1
as a function of Agl content Three strong absorpt:on bands can be distinguished in the mid-IR regaon
centered at ca. 1350 cm™ (B-O and B-O° asymmetric strelchmg of B@, and B&,O units), 985 cm™' (B-O
asymmetric stretching of B&, units), and 630-750 cm’ (deformation modes of the borate network) [11].

The similarity of the spectral curves indicates that the appearance of new structural units upon Agl
addition should be excluded. However it is noted that Agl induces a change in the relative intensities of
the bands at ca. 1350 cm’' and 985 cm™ m favour of the latter, and a shift to lower frequencies
accompanied by narrowing of the 1350 cm™ band. The observed trends suggest the occurrence of
structural rearrangements between the B@;, B&,0 triangles and B, tetrahedra of the borate network

The calculation of the integrated absorptlon of the infrared envelopes between 780 and 1180 cm™

<A,>, and between 1180 and 1570 ocm™, <As>, permits the quantification of the structural changes
induced by Agl addition. The dependence of the <A >/<Az> ratio on Agl content is reported in Fig. 2 and
shows quite convincingly that this ratlo is affected by the Agl content. This result illustrates the subtle but
clear influence of Agl on the borate network structure of the binary glass.

DISCUSSION
The network struclure and the role of Agi

As noted above, addition of Agl to the binary glassy matrix does not cause the appearance of new
structural units. Thus, the network structure of xAgl-(1-x)[Ag.0-2B,04] glasses is similar to that of



Ag,0-2B,0, glass, i.e. contains B@; and BP0 triangles and B@y tetrahedra [12]. Denoting the
corresponding fractions of these units by X5, X3 and X, respectively, mass and charge balance require
that:

, K+ Xg + %=1 (M
X5 + X4=0.5 2)

These equations result in X3=0.5, i.e. the fraction of the B@s units is constant.
The evaluation of the Xy and X, fractions requires
{0l 0-30Agl0.70[Ag,028,0] deconvolution of the absorption coefficient spectra into
companent bands. It was found that the characteristic range of
the stretching vibrational modes of the borate network (800-1600
cm") is best fitted with six Gaussian components; three of them
are in the range of boron triangles (1430-1450 cm™', 1325-1350
em™', 1220-1245 cm™), while the remaining bands are in the
range of boron tetrahedra (1070-1085 cm™, 980-995 em” and
880-905 cm™). A typical example of deconvolution is shown in
Fig.3 for x=0.3.
in order to assign these component bands to specific units, a
{1}  preliminary group theory approach was made. The B@: unit (D,
symmetry} exhibits six normal modes of vibration:
Mp,,=AT'R+2E(RR)+A2"(R) with R and IR denoting
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£ et R Raman and infrared actlivity, respectively. Thus, the B-@
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spectrum of the x=0.3 glass. (A4, By) corresponding to IR active asymmetric stretching boron-
oxygen vibrations. Thus, creation of a non-bridging oxygen in
B@, triangles causes the splitting of the E' mode into two
components of symmetry A, and B, and the weak activation in the infrared of the symmetric streching
mode, A4. Indeed, crystalline Li;O-2B,0Q4 which consists of diborate units, and thus contains only the 8@

unit besides the B@4 tetrahedra, presents a very strong infrared feature at ca. 1390 em', while
crysialline a-Li»G-B;0a consisting of metaborate chains of B@,0™ units exhibits two strong IR bands at
ca. 1445 and 1260 cm™ and a shoulder at ca. 1510 ocm™ [11]. On these grounds, it seems reasonable to
attribute the 1325-1350 cm’! band to the B-@ asymmetlvic stretching vibration of B&; units (band 2 in
Fig.3), while the two remaining bands at 1220-1245 cm™ and 1430-1450 om™ (bands 3 and 1 in Fig.3)
can be assigned to the asymmelric stretching vibrations of B@,O" units with C,, symmetry. For the
analysis presented in this work it is not essential to assign in details the bands in the spectral range of
tetrahedra (800-1200 cm™, bands 4, 5 and 6 in Fig.3).

Denoting by A, the integrated intensity of the i-th component band nermatized by the total integrated
intensity in the 800-1600 cm’? spectral range, with i ranging from 1 to 6 in descending order of frequency
(Fig.3) and following the assignments made above the fractions X5 and X, are given by:

abs. coetf. (10°cm ™)

X3 =Aq /0y X3 = AS faz Ag = (A4 +Ag +A6)lﬂ4 3)

where a, and a; are the normalized absorption coefficients of the corresponding modes of the B&,0
units and ay is the normalized absorption coefficient of the B@," tetrahedra. Considering Eqs.(2) and (3) it
is obvious that there are five unknown parameters (Xs', X4, 04, @3 and a,) and four equations.

Assuming now that a,, a; and o, do not change with Agl addition, we obtain the ratios F5' and F’ from
the deconvolution parameters of the absorption coefficient spectra of two different samples i and j:
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The fractions Xs and X4 for glasses i and j can be obtained new by combining Egs.(4) and (5) with Eq.(2)

(one for each glass composition}.
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The calculated fractions X5 and X are plotted in Fig.4 versus
Agl content. The results strongly support the notion of a
structural rearrangement in the borate network between the
isomeric B&,O and B@,; units upon adding Agl, as expressed
by the following chemical equilibrium:

B@&, : B3,0" (6)
The data in Fig.4 indicate that addition of Agl to the glass shifts

the above equilibrium to the left. This effect can be quantified in
terms of the equilibrium constant, K4, at constant pressure:

X3

Keq=x_4 (7)

It is found that K, decreases systematically as the Agl content

increases. Since the present glasses were prepared under
identical quenching conditions, Kgq will depend on the fictive

temperature at which the structure of the supercooled liquid was
"frozen" into the glassy state. Fictive temperatures are not
available, but it is was found that the glass transition
temperature of these glasses decreases upon addition of Agi [1}.
From the change of K4 with Ty we can estimate the enthalpy

change for reaction (6) according to:
A4 4S

NKgg=——~

= 8
°q RT; R ©

where AH is the enthalpy change, AS is the entropy change and
R is the gas constant. From the least square fitting of the
In Kgqvs. 1/T; data (Fig. 5) we estimate 4H to be AH=(32 t 5) kJ

mol”. The value obtained is close to the one reported for a

similar equilibrium belween silicate species in silicate glasses [13]. These findings are in agreement with
previous works on the effects of Agl on the network structure of glasses based on diverse glass formers
such as B,0s3, P,Os and MoO; [7]. Also, the role of Cul in the glasses xCul-(1-x)Cu;MeO. is very similar

to that of Agl [14].

. The above resulls show clearly that addition of a relatively inert metal halide salt to an aiready
modified binary glass matrix affects the network structure in a rather indirect way; i.e. it results in a
decrease of T; and presumably in a decrease of the fictive temperature at which the structure of the



supercooled liquid is arrested into the glassy state. This temperature decrease affects directly the value
of the constant for the chemical equilibrium that describes the particular oxyanion matrix in the liquid
state. The final result is a reamwangement between the structural units which participate in the
corresponding chemical equilibrium. _

Qur findings are consistent with the resulis of statistical mechanical calculations of Araujo [15] for the
fraction of boron tetrahedra (X,) in alkall borate glasses as a function of temperature and composition.
For the same glass composition, Araujo finds that X, decreases with increasing temperature, and
therefore glasses with different fictive temperatures are expected to result in different structures. In this
work, it was found that the decrease in T;, and most probably in the fictive temperature, causes an
increase in X, in agreement with the statistical machanical model,

Conceming the existing controversies for the effect of Agl on the network structure, we note that the
NMR resuits for variations in the fractions of four-coordinated baron atoms, Nj, as a function of Agl
content are of the order of the experimental error {7%) {1]. As shown in Fig.4, the X, values obtained in
this work vary from 0.34 (x=0} t0 0.39 (x=0.65) with an experimental eror estimated to be about 5%.
This increase of X4 by adding Agl (~15%) is well oulside our experimental error in determining X..

In a recent infrared transmittance study of xAgl-(1-x)[Ag,0-2B,0s] glasses, Hudgens and Martin [8]
find that the <As>/<A;> ratio is independent of the Agl content. Considering the relatively large film
thickness used (~10-100 um) and the large absorption coefficients for the streching modes of horon-
oxygen triangles and tetrahedra this resuft may have arisen from saturation effects. To the contary.
infrared specular reflectivily data are free from such effects. Indeed, the X, value obtained in this study
for the binary glass (x=0, X4=0.34} is in very good agreement with the NMR result (N,=0.35) reported by
Kim & Bray [16].

The vibrations of silver cations in their sites

o o Characteristic far-IR profiles are shown in Fig.8
A5,0.28,0, 0.30A0H.TO[AD,0-28,0 ) for Agl contents spanning the whole glass forming
range. The far-IR spectra of the temary glasses
present no remarkable differences compared to the
one of the binary Ag,0-2B,0; glass. In previous
_studies such profiles were deconvoluted into
Gaussian components and attributed to vibrations of
Ag' cations in their anionic hosting sites and network
vibrational modes {7, 8]. The same deconvolution
procedure has been followed in this work. The far-IR
spectrum of the Ag,0-2B,O: glass has been
deconvoluted into three component bands centred at
01020 900A0,0-28,0.) La0AG0.407A5,0.28,0,) 52 cm™ (v}, 145 cm™ (v) and 275 cm™. The last
10} component can be attributed to a borate network
mode, while the ones designated by v, and v, are
oaf attributed to vibrations of Ag” ions in two distributions
of oxygen-like anionic environments [12]. The
f ) spectra of ternary glasses could be also fitted with
; A oa} /} N three Gaussian components: the ones at 40-50 em’™
ol B L F P (v0) and 128-147 cm’™' (v,) are assigned to vibrations
Fi AN I 4141 _,zf.,' of Ag” ions in mixed oxyiodide sites and the one at
N AT DR AN ca. 275 om™ to a network mode. It was found that v,
050 100 150 200 260 300 O 60 100 150 200 250 00 and v decrease upon increasing Agl content in the
WAVENUMBERS (cm”)  WAVENUMBERS (cm™) glasses, while the frequency of the third component
remains practically fixed. The progressive decrease
. _ of vy and v, with x js attributed to an increase of the
Figure 6. Typical far-[R deconvoluted profiles of effective mass of the vibration caused by the

XABL-(1-x)| Agr0-2B20;] glasses. progressive substitution of oxygen by icdide ions.
This far-IR study suggests that Agl is dispersed in
the glassy network of xAgl-(1-x)[Ag.0-28,0;] glasses in agreement with the results of neutron and X-ray
investigation of the same system [2-4]. R Is noted though that our previous investigation of borate glass
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families with higher Ag.O contents, xAgl (1-X)[quo nB20;] n=1, 0.5, showed the presence of an
additional component band in the far-IR at ca. 100 cm™, which was attributed to vibrations of Ag” ions in
Agl-like microdomains [7]. Thus, whether or not a separate Agl-like phase is present in xAgl-(1-
x}[Ag.0-nB,03] glasses is strongly dependent on the Ag;O content. in order to further investigate this
point, new measurements on xAgl-(1-x)[Ag.0-0.5B,04] glasses prepared from AgNO; are currently in
progress. The preliminary results seem to indicate the presence of silver ions in both oxide and iodide
sites. A full report of this work will be published later.

CONCLUSIONS

Superionic glasses xAgl-(1-x)[Ag,0-2B,0;] have been studied by infrared reflectance spectroscopy to
investigate the network structure and its dependence on Agl content, as well as the nature of sites
hosting Ag” ions. It was found that the network consists of B@,0", B@; triangles and B2, tefrahedra. The
fractions of B@, and B&,0" units were found to depend on the Agl content, suggesting that a structurai
rearrangement occurs between these units. These modifications were correlated with the effect of Agl on
the glass transition and fictive temperature at which the supercooled liquid is frozen into the glassy state.
it was concluded that the relatively inert Agl influences the network structure in a rather indirect way. The
far-|R analysis indicated the presence of mixed oxyiodide sites in this family of Agl-containing diborate
glasses.
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