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LOCAL STRUCTURE AND SPECTROSCOPY
OF METAL IONS IN GLASS

Efstratios 1. Kamitsos

Theoretical and Physical Chemistry Institute,
_ National Hellenic Research Foundation,
48 Vass. Constantinou Ave., Athens 116 35, Greece

ABSTRACT

This paper reviews far-infrared spectroscopy results regarding the nature of metal
ion sites in alkali and alkaline earth borate glasses. It was proposed that the far-infrared”
data can be understood in a unified way which is based on the presence of at least two-
types of site, i.e., singly- and doubly-occupied sites for metal ions. The study of Li borate .
glasses by molecular dynamics simulations helps to elucidate the nature of the local
borate units constituting the two types of site, and to correlate the type of sites with the Li-
ion-site vibrational response in the far-infrared. The distinction between different types of
site in glasses can be made on the basis on the number of non-bridging ‘oxygen atoms
involved in the coordination sphere of metal ion. Experimental results from UV probe ion
spectroscopy on sodium borate glasses were discussed in terms of the ‘two-site’ model. -
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1. INTRODUCTION

The short-range order structures of the glass network and the local.
environments which ‘host the modifier metal ions are very often discussed
independently. However, during glass formation a synergy develops between the
requirements of metal ions for the establishment of suitable coordination
environments/sites and the ability of the glass network to provide such anionic
sites. In the case of crystallisation, additional constraints are imposed by the need
to establish also long-range structural periodicity. As the glass state is approached,
thermodynamics drives the system towards the stable crystalline state but kinetics
prohibits it from reaching the crystalline structure. Therefore, although the natural
tendency for metal ions is to create in glass ‘crystal-like’ sites, i.e., sites similar to
those in the corresponding crystal, there is a strong possibility that additional sites
are created for metal ions because of the disordered nature of the glassy state. The
nature of metal ion sites and their spatial distribution are important factors
determining the physical properties of glass.

Current ideas about glass structure originate mainly from the continuous
random network (CRN) model developed by Zachariasen [1] and extended to
alkali silicate glasses by Warren and Biscoe [2]. The classical two-dimensional
representation of the Warren-Biscoe and Zachariasen model for a sodium silicate
glass is shown in Figure 1(a). In pure silica glass each silicon atom is coordinated
to four oxygen atoms in a three dimensional network of SiQ, tetrahedra, which are
connected to each other raridomly through Si-O-Si bridging bonds. The addition
of alkali metal oxide to pure SiO; breaks Si-O-Si bonds and forms two negatively
charged non-bridging oxygen (NBO) atoms for every oxygen atom of added
modifier metal oxide, with each NBO being compensated by an alkali metal ion.
Compared to the well defined Si-O coordination environment, the CRN model
does not impose any constraints on the environment of the alkali metal ions in
glass, which are considered to be homogeneously distributed in various voids/sites
of the disordered silicon-oxygen network [2].
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Figure 1. (a) Schematic two-dimensional representation of the structure of a sodium

silicate glass according to the continuous random network (CRN) model of Zachariasen .
[1] as extended to modified silicates by Warren and Biscoe {2]. (b) A two-dimensional

diagram of the modified random network (MRN) model proposed by Greaves [3] for the

structure of an oxide glass M>05-2G,0; (M = modifying cation, G,0; = glass forming

oxide). The shaded regions represent the unmodified part of the glass network, where

G-O covalent bonds are shown by double solid lines. The modifying metal cations (solid

circles) are microsegregated from the G-O network and are coordinated predominantly to

non-bridging oxygen atoms with ionic M-O bonds (dashed lines).

On the basis of extended X-ray absorption fine structure (EXAFS) studies
on sodium silicate glasses Greaves [3] has developed the ‘modified random
network’ (MRN) model. According to the MRN model for silicates, the
~continuous random network of -bridged SiQ4 tetrahedra in pure silica is
significantly altered by the modifying metal cations (e.g. Na*) which are not
spread uniformly throughout the glass. Instead, the metal ions are proposed to be
microsegregated between the bridged SiOy4 units to which they are linked through .
the NBO atoms, Figure 1(b). Thus, the key difference between MRN and the
earlier CRN model for silicates is the presence of the modifier metal ions within a
sublattice composed mainly of NBO’s. Greaves [3] argued that the formation of
regions rich in alkali/NBO leads to a more favourable alkali-NBO coordination
resembling the alkali-oxygen ordering in crystalline structures.

Considerable ordering in the coordination environment of modifier cations
in glass has been shown also by Gaskell et al. [4] on the basis of neutron
diffraction studies in a Ca-silicate glass. It was demonstrated that Ca’" ions are’
coordinated by six oxygen atoms, and that the Ca-O octahedra are interconnected
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by sharing edges in arrangements characteristic of the corresponding c-CaSiO;
crystal. In addition, molecular dynamics (MD) simulations [5] of alkali silicate
glasses showed nanoscale inhomogeneity of glass structure in accordance with the
MRN model. At low alkali metal concentrations alkali ions and NBO’s were
shown to be aggregated rather than being uniformly dispersed in the glass
structure. As the alkali content increases, the alkali/NBO rich regions grow in size
“and percolate through the bulk of the glass to form microchannels or pathways
suitable for ion conduction. In a recent study of alkali silicate glasses by
thermodynamics, MD simulations and neutron diffraction experiments,
Vedishcheva et al. [6] investigated the distribution of the silicate Si" species (with
n bridging oxygen, BO, atoms per Si) and of the network modifying cation
environments. They concluded that, contrary to what may be expected from the
MRN model, the Si* spemes do not tend to aggregate but rather to be more
uniformly distributed in the glass network. Similarly, recent solid state NMR
studies on alkali silicate glasses [7] suggest a near-uniform spatial distribution of
alkali ions. _

As presented above, the nature of metal ion sites and their spatial
distribution in glasses remain a matter of open discussion, while a good
knowledge of the complex environments of metal ions is important for
understanding the composition dependence of glass properties like optical
basicity, ion transport and viscosity. Valuable information about the nature of
metal ion sites in glass can be extracted from infrared spectra because the
vibrations of metal ions around their stable local sites give strong absorption
bands in the far-infrared region [8]. In most ionic oxide glasses, the analysis of the
asymmetric far-infrared profiles supports the existence of at least two distinct
distributions of metal ions sites [9, 10]. This ‘two-site’ model for modifying
cations was interpreted on the basis of the chemical versatility of the glass
- networks to provide sites for metal ions with variable coordination number and
anionic charge density [9, 10]. .

, In the present work we review far-infrared spectroscopy results on alkali

borate glasses and discuss the implications of the types of cation site on optical
basicity and ion transport properties of glasses. To shed light on the
microstructure of the metal ion sites, we discuss also molecular dynamics data on
Li-borate glasses with particular emphasis on the types of site occupied by Li
cations and their dynamic response,
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2 METAL*ION-SITE VIBRATIONS BY FAR-INFRARED
SPECTROSCOPY

Borate glasses can be considered as prototypes for applying far-infrared
spectroscopy to study metal ion-site interactions in glass. This is because boron
has the smallest mass compared to other network forming elements, and therefore
the mam vibrational modes associated with the glass network appear above ca.
500 cm™ and are well separated from the metal ion-site vibrational modes active
in the far-infrared region. Figure 2 shows far-infrared absorption spectra of
glasses having the triborate composition, M>0-3B;03, where M is an alkali metal.
All infrared data were collected using the specular reflectance technique, which
has the potential to yield high quality spectral data from the same sample form
and in a continuous frequency range (ca. 25 - 4000 cm™). The real and imaginary
parts of the complex refractive index of glasses were obtained by the Kramers-
Kronig transformation of the reflectance data, and were employed to calculate the
absorption coefficient spectra shown in Figure 2 (for experimental and
computational details see publications in refs. [9,10]).

The far-infrared spectra of Figure 2 show the typical asymmetric profiles
observed in earlier studies of alkali borate glasses by either reflectance [10] or
transmission [9,11] spectroscopy. To investigate the source of far-infrared
absorption in ionic glasses the spectral profiles have been deconvoluted into
Gaussian type bands, using standard non-linear least squares fitting with a
minimum number of bands {9,10]. The frequencies of the resulted component
bands, marked by H and L in Figure 2, are plotted in Figure 3 versus the square

root of the inverse metal ion mass, Mg"?. Frequency data for alkaline earth ions
in metaborate glasses, MO-B,03 with M = Mg, Ca, Sr and Ba, are plotted in the
same figure for comparison with the alkali borate system [12]. A good linear
dependence of vy and vi, on M"?has resulted for both glass systems suggesting

that bands L and H should be related to oscillatory modes which involve mainly
the motion of metal ion.
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Figure 2. Far-infrared absorption spectra of M,0-3B,0; glasses, M = Li, Na, K, Rb and
Cs, deconvoluted into Gaussian component bands.

The oscillatory motion of a metal jon relative to its site ‘'should be
compensated by an appropriate motion of oxygen atoms forming the site, so that
there is no net displacement of the center of mass of the metal ion/site complex.
~ Although the reduced mass of metal ion-site vibration, p, depends on the mass of
metal ion and oxygen atom in a way determined by the symmetry of the site
[9,10], Figure 3 shows that the metal ion has a predominant contribution on the
oscillation frequency. Therefore, we may approximate the reduced mass with the
metal ion mass, 1 ~ Mc, which implies that the cation vibrates against an infinitely
heavy and quite rigid anionic site. This approximation is appropriate because the
anionic sites consist of oxygen atoms which are connected to larger network
segments through B-O bonding.
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Figure 3. Metal ion-site vibration frequencies versus the square root of the inverse metal
ion mass, Mém, for alkali triborate (M = Li, Na, K, Rb and Cs) and alkaline earth

metaborate (M = Mg, Ca, Sr and Ba) glasses [13]. Frequencies denoted by vm.oq (2) and
vm.o (b) correspond to band maxima of components H and L, respectively, which were
obtained from fitting the far-infrared spectra (e.g. in Figure 2). Lines are least square
fittings. ]

As shown in Figure 3, the frequencies of vibration of alkaline earth ions
against their sites are higher compared to those of alkali ions of similar mass,
suggesting different force constants of the metal-oxygen bonding in the two
families of glasses. In order to explore the factors determining the force constant
of metal ion-site vibration in glass, a Born-Mayer-type potential was be employed
to model the cation-site interactions [9,13]. It was shown that the force constant of
cation-site vibration for a metal cation of charge qc occupying a site of anionic
charge ga is given by the expression: |

=29 s b9 - (1)
31 p
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where ry is the equilibrium metal ion-oxygen distance, p is the repulsion parameter
between charges at short distances, and a is the pseudo-Madelung constant in the
Born-Mayer-type potential. Thus, the charges of site and cation and the
equilibrium cation-oxygen distance are the key bonding parameters determining
the force constant of cation-oxygen (site) vibration.

On the basis of eq. 1 and the fact that the frequency of metal ion-site

* vibration, v,,_,, is proportional to (f/u)"*, we may now explain the observed

differences between the vibration frequencies of alkaline earth, v and alkali

M2+ -0 bl

metal cations, v, in their equilibrium sites. Assuming alkaline earth and

t_0°?
alkali metal ions of the same mass and of nominal charges +2 and +1,

respectively, and corresponding metal ion-site force constants f ,, jand f . /,
 we may write:
£ 172 172
Vo M**-0 Qe Diiee 2+
=| 2 ~ ~2 )
vM*-—O M*-0 qM+ qsit&’.:M+

It was assumed above that there is charge neutrality at the metal ion-site
level, i.e., the absolute value of the product of charges of metal ion and its site can
be approximated by the square of metal ion charge. The square roots of force
constants can be obtained directly from the linear fits of the frequency data in

Figure 3, and this leads to (f,._,/f,. )" being equal to 1.8 for the H-type

bands and 2.1 for the L-type bands. This is a very satisfactory resuit considering
all the approximations made.

- To highlight the strong influence of cation mass and charge on the metal
ion-site vibration frequency, we show in Figure 4 the same frequency data versus

the productqy M¢’?. It is very interesting to find that the H- and L-band

frequency data collapse on two different lines, with the one for vy showing the
larger slope. Although variation of the metal oxide content would lead to changes
in the metal ion-site vibration frequencies [9,10], the vy and v, frequency data
would still be grouped around two lines with different slopes in their dependence
on q, MZ"?. Therefore, in accordance with earlier reports [9,10] we may suggest

that H and L bands should originate from metal ion vibrations in two distributions
of anionic sites in glass. The question then concerns the difference of these two
type of anionic environments that leads to the appearance of two far-infrared
component bands. :
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Figure 4, Metal cation-site vibration frequencies, Vm.o, VErsus Mam , where gy and M¢ are
the charge and mass of metal ion in alkali, MyO-3B,0;, and alkaline earth, MO-B,03, borate
glasses [13). Nominal charges of metal ions and atomic ion masses were used. Filled and empty
symbols represent Vm.oey and vm.oq) frequencies, with squares and triangles corresponding to
alkaline earth and alkali metal ions, respectively. Lines are least square fits to frequency data.

To address this problem we have considered recently the possibility of
multiple occupancy around certain anionic sites [13]. Elliott and co-workers [14]
argued that the strength of the Coulomb repulsive forces between metal cations
coordinated to the same anionic site will most likely restrict the site occupancy to
two cations around a site. Treating the case of two metal cations vibrating at
opposite positions of an anidnic environment, we could demonstrate that the far-
infrared results in Figure 4 are compatible with attributing bands L and H to
singly- and doubly-occupied metal ion sites, respectively [13]. It is obvious that
sites with different cation occupancy will exhibit different anionic charge density,
and this would be reflected on glass properties sensitive to anionic charge
distribution. In the following section we discuss the consequences of metal ion
site distinction on the glass optical basicity.
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3. LOCAL OPTICAL BASICITY IN BORATE GLASSES

Anionic sites with different electron density are expected to exhibit different
electron donating ability, and, therefore, different basicity. Duffy and Ingram have
expressed the electron donating ability of a medium in terms of its optical
basicity, A [15]. This quantity is obtained experimentally from the frequency of
the 'Sy —°P; ultraviolet absorption band of probe ions with s* electronic
configuration, i.e., TI', Pb®*, Bi’", doped in the medium. In recent investigations
of alkali and alkaline earth borate glasses [16] we have established a simple
relationship between the metal ion-site vibration frequency and the optical
basicity of glass:

Vg =O0+P A (3)

where Ve represents the effective frequency of the metal ion-site vibration when
the cation occupies an “average” type of site in the glass. This effective frequency

~ is obtained in terms of vy and v, by:
Ver = (fyy Vi + 1, vi)'? ' 4)

where the weighting factors fy and fi. are approximated by fuw)= Anq)/ (Ant+AL);
with Ay and A being the integrated intensities of the H and L ion-site vibration
bands, respectively.

For glasses in the xNa;0-(1-x)B203 system, the analysis of the far-infrared
data have shown that a = -74 cm™ and B = 468 cm’’ [16). As indicated above, the
‘types of anionic sites hosting Na' jons (sites H and L) should have different
basicity. The local basicity of each site can be calculated from eq. (3) by
substituting vy and v for ver. The resulting values are denoted by Agcalc and
Apcac and are shown in Figure 5 as a function of the Na,O content [16]. It is
obvious that the two types of site have distinctly different local optical basicity,
especially at high sodium oxide contents. Figure 5 shows also the local basicities
(A, m and Ap ) obtained from the two components of the UV absorption band of
TI" praobe ions introduced in sodium borate glasses from their melt state [15]. It is
remarkable that the local basicities signalled by the UV probe ion (TI") are in very
good agreement with those obtained from the vibration frequencies of the far-
infrared probe ion (Na®). It is of interest to note that Hosono et al. [17] have also
iriterpreted their ESR spectra on a variety of Tl-doped ionic oxide glasses
(including borates, germanates and silicates) in terms of two distinct sites for the
thallous ions.
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Figure 5. Calculated optical basicities of the two types of site, AH,calc and Ay cale, VErsus.
the Na,O content in Na-borate glasses [16]. Optical basicities obtained from the UV of

TI' (Aum and ALm ) and Pb** (Apy) probe ions introduced in the glass from the molten
state are also shown. The points marked by ‘Tl" electrolysis experiment’ and ‘Pb**
electrolysis experiment’ are calculated from the UV spectra of TI' and Pb** ions
electrolysed in the corresponding Na-borate glass [18]. The theoretical optical basicity,
A, is calculated from the expression Ag = 1.15 [x/(3-2x)] + 0.439 [3(1-x)/(3-2x)], where
1.15 and 0.439 are the basicities of Na,O and B,0s, respectively [16].

Relevant to ion transport properties are the two experimental points in
Figure 5 labelled by “TI'/Pb* electrolysis experiment’. These points mark the
experimental UV optical basicities registered by TI'/Pb** probes introduced into
- sodium borate glasses by electrolysis experiments reported by Baucke and Duffy
[18]. The basicities indicated by both probes are very close to the high optical
basicity obtained from the vy frequency of Na' ions (Amcac), and considerably
higher than the ‘average’ or theoretical optical basicity of the glass, Aw. These
findings may be interpreted as indicating that the more mobile sodium ions, which
are presumably replaced by TI*/Pb*" jons during electrolysis, are mainly the Na*
ions occupying sites of high basicity (H-type sites). This point will be addressed
further in terms of the molecular dynamics results presented in the next section. .
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Finally, we note that Figure 5 shows that dipositive probe ions (Pb*")
introduced in Na-borate glasses from the molten state signal basicities different
from those of the unipositive ions (TI/Na* probes). The implications of such
results are discussed in details elsewhere [16].

4. METAL ION SITES BY MOLECULAR DYNAMICS SIMULATIONS

As presented above, far-infrared and UV probe ion spectroscopy show the
presence of two types of metal ion sites in borate glasses. In this section we
discuss the microstructure of these anionic sites hosting the metal ions on the
basis of recent results of a molecular dynamics (MD) study of lithium borate
glasses. This MD investigation of xLi;O-(1-x)B,0O3; glasses covers broad
composition (0.2 < x < 0.5) and temperature (300 to 1250 K) ranges [19], but the
present work focuses on characteristic results for the x = 0.3 composition. Details
on the potential employed and the computational and data analysis procedures are
- reported elsewhere [19].

The MD study showed that the short-range order (SRO) structure of the x = 0.3
glass consists of neutral borate triangles with all oxygen atoms being bridging,
B@; (@ = bridging oxygen, BO), charged borate triangles with two bridging and
one non-bridging oxygen, B&,0" (O = non-bridging oxygen, NBO), and charged
borate tetrahedra with four BO’s, B@,. These SRO structures of the glassy
network provide the sites which accommodate the metal ions. In equilibrium, the
Li* ions tend to reside in local minima of the potential energy surface associated

mainly with the negatively charged SRO structural units, such as B@, and B&,0".
Representative snapshots of the x = 0.3 glass structure generated from the atomic
coordinates at 300 K are shown in Figure 6 and demonstrate typical anionic sites
for the lithium ions.

Close examination of the simulated structure in Figure 6a shows that the Li
ion site is formed by eight nearest neighbour oxygen atoms within a radius of 3 A;
four of them are bridging oxygens belonging to two B@, units and the other four
are bridging oxygens from B@; units. Such sites where only bridging oxygen
atoms constitute the coordination sphere of the Li ion are de51gnated as bridging-
type (b-type) sites, and the Li ion occupying the site is labelled Li®. The typlcal
characteristic of b-type sites is that each BG4 unit has on the average one Li°
neighbour and each Li® is coordinated to oxygen atoms of two B®@; units.
Therefore, a b-type site can be regarded as a singly occupied site.
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Figure 6. Details of the simulated atomic-scale structure at 300 K of the 0.3Li,0-0.7B,0;
glass revealing the presence of (a) bridging-type, and (b) non-bridging-type coordination
environments for Li ions [13,19]. Distances between Li ions and oxygen atoms in the first
coordination shell within a radius of 3 A are included. Boron-oxygen bonds are shown by
double solid lines, B4 and B3 denote 4- and 3-fold coordinated boron atoms and BO and
NBO are for bridging and non-bridging oxygen atoms, respectively.

The segment of the structure shown in Figure 6b provides sites for three Li
ions. The two Li ions at the left are in sites which involve two NBO’s each and
three or four BO’s within a radius of 3A. Thus, six- and five-fold coordination
environments for Li ions are formed with average Li-O bonding distances of 2.2
and 2.3 A, for these particular sites. The site of Li ion in the right of Figure 6b
involves one NBO and six bridging oxygen atoms, three of which are bonded to a

B@4 unit. Therefore, all three Li ion sites in Figure 6b involve NBO atoms of

B@,0" units in addition to the bridging oxygen atoms. Such sites are denoted as
non-bridging type (nb-type) sites and the corresponding lithium ions are labelled
Li"™. The characteristic of nb-type sites in Figure 6b is that each NBO is
coordinated to two Li ions at a distance 1.9 to 2.0 A. In that respect, nb-type sites
can be considered as doubly occupied sites.

The structural differences between b-type and nb-type sites are reflected on
the Li-O partlal radial distribution functions (RDF). As shown elsewhere [13, 19],
the partial Li" b0 RDF peaks at 1.92 A and is better defined than the partial Li® -O
RDF at 2.12 A. This is reasonable smce the Li"-O RDF accounts for both Li™
BO and Li™-NBO bonding, whereas Li®>-O RDF involves only Li*-BO bondlng
Also, the coordination number, CN, of oxygen around Li™ is found to be about
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5.5 when a cut-off distance of 3.0 A is used, while CN = 8 is obtained for oxygen
around Li° and a cut-off distance of 3.3 A. These results show cIearIy that sites
hosting Li"™ ions are better defined compared to anionic sites of Li® 1ons

The differences in bonding characteristics of Li™ and Li® ions are
manifested in their short-time dynamics determining the lithium-oxygen
vibrational properties. We can now examine the vibrational properties of Li ions
in their b- and nb-type sites through the velocity autocorrelation function, ®(t):

=t

O(t) = <(1/ N) > ¥,(1)-¥ ,-(0)> (5)

where v ,(t)is the velocity of metal ion j at time t and N is the number of metal

ions [20]. The vibrational density of states, ®(w), which reflects the vibrational

properties of metal ions can be obtained directly from the Fourier transform of
@(t). This approach has been applied separately to Li" and Li® ions [19] and the

calculated ®(w) spectra are shown in Figure 7a for x = 0.3 and T = 300 K. The
calculated ®(w) spectra associated with Li"-site and Li’-site vibrations are in the |

far-infrared region, with both spectra being quite broad but well separated from
each other. A key finding is the fact that the spectrum of Li"™ ions appears at
higher frequencies compared to that of Li° jons. This is the case also with other
lithium borate glass compositions investigated by molecular dynamics [19].
These results are in full agreement with the nature of sites hosting lithium ions -
and the discussion in section 2 concerning the vibration frequencies of cations in
singly- and doubly-occupied anionic sites. Indeed, comparison with the
deconvoluted experimental spectrum in Figure 7b shows that bands L and H can
be associated mainly with the ®(w) spectrum of Li® and Li™ jons, respectively.

Thus, the MD results provide insights for the microscopic origin of component
band L and H in the experimental far-infrared spectra.

In addition to differences in their far-infrared response, Li®™ and Li° ions
were shown to exhibit distinct behaviour in their long-time dynamics, as well. In
particular, it was found that the mobility of Li ions in nb-type site environments is
considerably larger than that of Li ions residing in b-type sites. This result is in
good agreement with the response of Tl and Pb probe ions electrolysed in borate
glasses, which appear to have moved along sites of high optical basicity, i.c., H-
type or nb-type sites (see previous section). A complete account of the Li ion
dynamics on the basis of the MD investigation will be presented elsewhere [21].



LOCAL STRUCTURE AND SPECTROSCOPY OF METAL IONS IN GLASS 191

Infrared Absorption (arb. units)

1 i 1 'y 1 A 1 i 1 P 1

0 100 200 300 400 500 600 700

Wavenumbers (cm™)

Figure 7. (a) Calculated power spectra ®(w) of lithium ions residing in bridging-type
(Li") and non-bridging-type (Li™) environments in the 0.3Li,0-0.7B,0; glassat 300 K. A
linear combination of the two power spectra is shown for comparison with the
experimental far-infrared spectrum of the same glass. The experimental spectrum (b) has
been deconvoluted into Gaussian components L and H, which show close correspondence
with the power spectra of cations Li® and Li®, respectively [13,19].

Useful information about the distribution of cation sites and the cation-site
interaction energy in ionic solids and be obtained also by dielectric spectroscopy,
including the Complex Impedance Spectroscopy (CIS) and the Thermally
Stimulated Current (TSC) techniques. These approaches were employed recently
to study metal ion sites in silicate [22] and borate glasses [23] as an alternative
tool to far-infrared spectroscopy. Analysis of the dielectric data in the form of
energy distribution functions showed the presence of two major dipolar
reorientation responses, manifesting the distribution of metal ions over at least
two types of metal ion sites. This is in agreement with the results of far-infrared
and probe ion spectroscopy and molecular dynamics studies discussed in this
work. :
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5. CONCLUDING REMARKS

This paper reviews recent findings concerning the nature of sites hosting
metal ions in ionic glasses. Particular emphasis is placed on borate glasses
because they are the most suitable systems for far-infrared studies. It was shown
that the far-infrared response convolutes at least two contributions originating
from metal ion-site vibrations. The origin of these lower- (L) and higher- (H)
frequency contributions was discussed on the basis of a Born-Mayer-type
potential for the metal ion-site interactions, and it was suggested that the L and H
bands can be associated with oscillations of metal ions against their singly- and
doubly-occupied sites, respectively.

The conclusions drawn from far-infrared spectroscopy are in line with
findings of other experimental techniques such as dielectric and UV probe ion
spectroscopy. In particular, the local optical basicities (Ay, Ar) calculated from
the Na' ion-site (oxygen) vibration frequencies were found to be very similar to
those obtained by UV spectroscopy of TI" ions doped in the borate glass from the
melt. However, when the TI" and Pb** probes are introduced in the glass by
electrolysis they signal basicities -characteristic of high basicity (Ay) sites,
suggesting that such site environments facilitate ionic motion.

The structure of the short-range order borate units forming the anionic sites
of lithium ions was revealed by molecular dynamics simulations on Li-borate

glasses. It was found that bridging oxygen atoms from B@4 and B@; units
constitute the singly-occupied or bridging-type sites, whereas non-bridging
oxygen atoms of B@,0" units together with bridging oxygens are involved in the
establishment of doubly-occupied or non-bridging-type sites. The calculated
power spectra of Li ions in bridging- and non-bridging-type sites were found to
correspond very well to the experimental L- and H-component bands of the Li-site
vibrational activity in the far-infrared. The ‘two-site’ model for binary borate
glasses discussed in this work incorporates elements of the earlier continuous
random network and modified random network models.
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