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So far only a handful of publications have been concerned with the study of the mixed alkali effect in
borate glasses containing three types of alkali ions. In the present work, the mixed alkali effect (MAE)
has been investigated in the glass system (40—x)Li, O-xNa;0-10K,0-50B,03. (0 < x <40 mol%) through
density and modulated DSC studies. The density and glass transition temperature of the present glasses
varies non-linearly exhibiting mixed alkali effect. The glass stability is observed to be less which may be
important for the present glasses as promising material for non-optical applications. We report, for the

f\(/l"’i{( vev((:l)radl‘;(:ali offect first time, the mixed alkali effect in the present glasses through optical properties. From the absorption
Density edge studies, the values of indirect optical band gap (Eopt), direct optical band gap and Urbach energy (AE)

have been evaluated. The values of Eq,: and AE show non-linear behavior with compositional parameter
showing the mixed alkali effect. The average electronic polarizability of oxide ions ¢ .-, optical basicity
A, and Yamashita-Kurosawa'’s interaction parameter A have been examined to check the correlations
among them and bonding character. Based on good correlation among electronic polarizability of oxide
ions, optical basicity and interaction parameter, the present Li,O-Na;0-K;0-B,03 glasses are classified

Glass transition temperature
Optical absorption

Band gap energy

Glasses

as normal ionic (basic) oxides.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

A glass exhibits non-linear variation in its properties that
include density, viscosity, glass transition temperature and con-
ductivity when one alkali component in a multi component glass
is systematically replaced by another species [1-3]. Besides the
glasses containing only alkali ions, this non-linear behavior is
exhibited by certain mixed alkali-alkaline earth oxide glasses also
[4]. This phenomenon is referred to as ‘mixed alkali effect’ and is
useful in manufacturing low loss electrical glass [1]. To study the
mixed alkali phenomenon, borate glasses proved to be promising
hosts to investigate the influence of chemical environment, struc-
tural diversity of ligand groups and spectroscopic properties of the
materials [5]. In spite of numerous investigations, there appears
to be no universally accepted mechanism for various mixed alkali
effects.

Recently, Belostotsky [6] reported a new defect model for the
mixed alkali effect. The essential physical concept involved is that
simultaneous migration of two unlike alkali ions in mixed ionic
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glass accompanied by an expansion or contraction of the guest
occupied sites with distortion of the surrounding glass matrix
[7].

Far infrared spectroscopy has been employed to probe the effect
of alkali mixing on the interactions between alkali ions and local
sites in mixed alkali glasses [8,9]. Maass et al. [10] developed the
dynamic structure model to explain the mixed alkali effect. The
essential feature of this model is that the ionic mobility is drastically
reduced because conduction pathways are effectively blocked due
to the mismatch of the unlike cation sites. Many features of the MAE
discussed by Ingram et al. [11] can be understood in terms of the
glass network-mediated coupling between motions of dissimilar
alkali ions and this indicates the maximum in the activation volume
for ion transport.

Many investigations have been reported on mixed alkali effect
in phosphate, borate, tellurite, bismuthate and silicate glasses
which contain alkali and/or alkaline earth oxides [12-19]. More
recently, Venkateswarlu et al. [20] presents the optical absorption
and emission properties of Pr3* and Nd3* doped mixed alkali
chloroborate glasses. The variation of Judd-Ofelt parameters, total
radiative transition probabilities, radiative lifetimes and emission
cross-sections with alkali contents in the glass matrix were dis-
cussed. The mixed alkali effect in the population of spin levels in
Li;0-Cs,0-B,03 glasses doped with Cr3* ions was reported [21]


dx.doi.org/10.1016/j.jallcom.2010.12.039
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:syedrahman848@yahoo.co.in
dx.doi.org/10.1016/j.jallcom.2010.12.039

3184 M.A. Samee et al. / Journal of Alloys and Compounds 509 (2011) 3183-3189

by studying electron paramagnetic resonance, optical absorption
and luminescence techniques.

In our previous papers [22-24] we reported the mixed alkali
effect in density, glass transition temperature, optical absorption
and electron paramagnetic resonance of the mixed alkali boroarse-
nate and borobismuthate glasses.

Most technical glasses containing a variety of different cations,
but almost all studies on mixed alkali effects are focused on glasses
with only two kinds of ions. Therefore, it is very important to study
ion dynamics of glasses with three or more types of alkali ions.
To the best of our knowledge dynamic conductivity spectra of few
Li-Na-K-containing borate glasses have been reported [25-27].
More recently, Kim et al. [28] reported the results of the compo-
sition dependence of the ionic conductivity in borate glasses with
three types of mixed alkali cations.

In the present study, we investigate the mixed alkali effect
in (40—x)Li;0-xNa;0-10K,0-50B,03 (0 < x <40 mol%) glasses by
measuring density and glass transition temperature as a function
of compositional parameter Ry, which is defined as Ry, =NayO
(mol%)/(Nay0 + Li O)(mol%) which takes the values 0,0.25,0.5,0.75
and 1. Further, optical studies have also been performed on glass
samples.

2. Experimental
2.1. Glass preparation

In the present study, the glass samples of composition
(40—x)Li,0-xNa,0-10K,0-50B,03; were prepared by melt quench technique.
Starting materials for the glass preparation were Li;CO3, NayCO3 K»COs, (all GR
grade, Merck) and boric acid (GR grade). Glasses were prepared by mixing the
required proportions of the reagents in an electrical furnace using silica crucible.
The furnace temperature was varied from 950 to 1050°C depending on the glass
composition. The liquids were agitated for 1h to ensure homogeneous mixture. In
this technique, the clear liquid (free of bubbles) is quickly cast in a stainless steel
mould kept at 200°C and pressed with another steel disc maintained at the same
temperature. All the glass samples were then annealed at 200°C for a duration
of about 12 h. For samples taken from different regions of the bulk specimen, the
absence of any Bragg peaks in the X-ray diffraction pattern confirmed that they are
amorphous.

2.2. Density

Density (p) measurements were carried out at room temperature using
Archimedes method with Xylene (density =0.86 g/cc) as an immersion liquid. The
uncertainty in density measurement is + 0.001. Molar volume (Vi) = M/p, where M
is the molecular weight of the glass expressed as the mole fractions of the oxides
multiplied by their molecular weights. From the density data oxygen packing density
were carried out using the formula:

Oxygen packing density = (p/M)* number of oxygen atoms per formula unit.

2.3. Glass transition temperature

The thermal behavior of the glass samples was investigated using a modulated
differential scanning calorimeter (TA Instruments model 2910). Samples in the form
of powder weighing about 15 mg were sealed in aluminum pans and scanned with
a heating rate of 10°C/min. During all runs the sample chamber was purged with
dry nitrogen. The uncertainty in glass transition temperature is+1°C.

2.4. Optical absorption
The room temperature optical absorption spectra for all the polished glass
samples were recorded on a PerkinElmer (Lambda 950) UV-vis spectrometer in

wavelength region of 200-1000 nm. The band position is measured with an accu-
racy =1 nm.
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Fig. 1. Density  as function of
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3. Results and discussion

Fig. 1 presents the room temperature density of mixed
alkali (40—x)Li;0-xNa,0-10K,0-50B,05 glasses measured by
Archimedes method as a function of compositional parameter Rys.
From the above figure, it is clear that the density varies non-linearly.
The composition-dependent density appears to be ‘waveshaped’,
featuring two maxima and one minima. This non-linear behavior is
a consequence of mixed alkali effect. The average molecular weight,
density, molar volume and oxygen packing density parameters of
the present glasses are presented in Table 1. In the present glass
system, the molar volume of the glasses increases where as oxygen
packing density decreases as the concentration of Na,O increases,
showing no MAE. The oxygen packing density is a measure of the
tightness of packing of oxide network. This result indicates that the
glass structure becomes loosely packed. Similar observations were
found in Li; 0-K;0-CdO/Zn0O-B, 053 glasses [29].

Modulated differential scanning calorimetry (MDSC) is used to
characterize the glass and to determine thermodynamical param-
eters. The MDSC thermograms of all the glass samples are shown
in Fig. 2. The thermodynamical parameters such as glass transition
temperature (Tg), crystallization temperature (T¢), glass stability
parameter (S) and specific heat capacity difference (ACp), were
determined and are given in Table 2. Fig. 3 plots the variation of
glass transition temperature as a function of compositional param-
eter Rya. The glass transition temperature varies non-linearly and
exhibited negative deviation indicating the presence of mixed alkali
effect in glass transformation temperature. The glass stability S[30]
which is defined as the difference between crystallization temper-
ature and glass transition temperature is observed to be less, which
may be important for the present glasses as promising material for
non-optical applications.

The glass transition temperature of borate glasses is linked with
the atomic arrangements present in the glass system. Shelby [31]

Composition of the glass system, average molecular weight, density (o), molar volume (Vi) and oxygen packing density (OPD).

Glass Composition Avg. mol. wt. (g/mol)

40Li; 0-10K,0-50B,03 56.81
30Li0-10Na;0 10K, 0-50B,03 59.3
20Li;0-20Na,0 10K,0-50B,03 62.6
10Li 0-30Na;0 10K, 0-50B,03 65.8

40Na,0 10K;0-50B,03 69.0

p (g[cc)+0.001 Vm (cc/mol) OPD (g-atm/1)
2.570 21.851 91.528
2.600 22.842 87.558
2.515 22.890 87.374
2.530 26.010 76.890
2.520 27.388 73.024
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Fig. 2. MDSC thermograms of (40—x)Li, O-xNa, 0-10K,0-50B,05 glasses.

Table 2

Glass transition temperature (Tg), crystallization temperature (T¢), glass stability (S)
and specific heat capacity difference (ACp) of present glasses.

Glass Composition Ty (°C) Tc (°C)  S(°0) AG, (J/mol°C)
40Li; 0-10K,0-50B,03 415 437 22 3.61
30Li,0-10Na,0 10K,0-50B,05 388 414 26 4,52
20Li;0-20Na, 0 10K,0-50B,05 395 426 31 4.76
10Li; 0-30Na,0 10K,0-50B,03 365 388 23 2.00
40Na,0- 10K,0-50B,03 392 417 25 1.86

Glass stability S=T. — Ty

and Button et al. [32] linked the decrease in Tz with non-bridging
oxygens in high alkali region. The negative deviation in glass tran-
sition temperature is explained due to the decrease in cross link
density, hence decrease in Ty when compared with the end mem-
bers. The Li* and Na* ion disturb the structural arrangement of the
planar BO4 units considerably and favors the formation of non-
bridging oxygen in glass system. The formation of non-bridging
oxygen units cause the depolymerization of the oxide network. The
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Fig. 4. Optical absorption spectra of (40—x)Li O-xNa;0-10K;0-50B,05 (x=10 and
20 mol%) glasses.

decrease in Tg when compared with end members is attributed to
the formation of non-bridging oxygen BOs5 units in present glass
system.

The optical absorption spectra of the present glasses is shown in
Fig. 4. Other glass samples in the present series also shows similar
spectral behavior. The optical absorption co-efficient «(v), near the
fundamental absorption edge of the curve in Fig. 4 was determined
from the relation

= (3) s (1)

where Iy and I; are the intensities of the incident and transmitted
beams, respectively, and d is thickness of the glass sample. The fac-
tor log(lp/I;) corresponds to absorbance. Davis and Mott [33] and
Tauc and Menth [34] relate this data to the optical band gap, Eopt
through the following general relation proposed for amorphous
materials.

_ B(h\) — Eopt)n
- hv

where B is a constant and hv is incident photon energy. The index
n=1/2 fordirect allowed transitions and n = 2 for indirect transition.
By plotting (ahv)!/2 and (whv)? as a function of photon energy hv,
one can find the optical energy band gap Eqpt for indirect and direct
transitions, respectively. The respective values of Eqp are obtained
by extrapolating to (a«hv)!/2 = 0 for indirect transition and («hv)? =0
for direct transition. Fig. 5 represents the Tauc’s plots {(ahv)!/2 vs
hv} for different glass samples. Similar behavior was also observed
by other workers [35,36]. The values of the indirect optical energy
gap, Eopt, thus obtained from the extrapolation of the linear region
of Tauc’s plots are presented in Table 3. The direct optical energy
gap was also determined are presented in Table 3.

a(v)

Fig. 3. Glass transition
present glasses.

Compositional parameter R,

temperature as function of compositional parameter in

Table 3

Optical parameters of (40 — x)Li, O-xNa, 0-10K,0-50B, 03 present glasses.
Optical parameters x=0 x=10 x=20 x=30 x=40
Cut-off wavelength (nm) (£1) 329 349 370 334 356
Indirect optical band gap (eV) (+0.05) 3.76 355 335 371 3.48
Direct optical band gap (eV) (+0.05) 3.77 3.61 340 3.72 350
Urbach energy AE (eV) (£0.01) 022 019 026 0.09 0.11
Electronic polarisabilty o> (Eo) (A3) 236 251 256 280 3.01
Theoretical optical basicity (A ) (£0.001) 0.750 0.765 0.78 0.795 0.81
Optical basicity A(E,) (£0.001) 0.962 1.005 1.016 1.072 1.115
Interaction parameter A(E,) (+0.001) 0.080 0.067 0.063 0.047 0.035
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Fig. 5. Tauc’s plots for the (40—x)Li, O-xNa,;0-10K,0-50B,03 (x=0, 20 and 40 mol%) glass system.

The main feature of the absorption edge of amorphous mate-
rials is an exponential increase of absorption coefficient o(v) with
photon energy hv and is given by Urbach rule [37]

a(v) =C exp (%)

where C is a constant and AE is the Urbach energy which is a
measure of band tailing. Fig. 6 plots the variation of In(«) as func-
tion of photon energy hv. The values of Urbach energy (AE) were
determined by taking the reciprocals of slopes of the linear portion
of In(a) vs hv curves. The Urbach energy values of the present glass
samples are presented in Table 3. The compositional dependence
of indirect optical band gap energy, Eopt, and Urbach energy AE is
illustrated in Fig. 7. It is observed that the non-linear variation of
band gap energy and Urbach energy with compositional parameter
indicates the existence of mixed alkali effect in present glasses.

The electronic polarizability of the oxide ions («2- ) as originally
proposed by Dimitrov and Sakka [38] can be calculated on the basis

of energy gap data using following equations.

e (Eo) = l(z‘/gz) (1 _ \/g> ‘Zaf] (Nor )"

where Vi, is the molar volume, > «; denotes molar cation polar-
izability, N>~ denotes the number of oxide ions in the chemical
formula and E, is the optical band gap energy. For a typical glass
composition 10Li, 0-30Na,;0-10K,0-50B, 03, the value of Zai is
given by 2[(0.10) ¢; +(0.30) arpng +(0.10) e +(0.50) aeg]. The values
of ay;=0.029 A3, ang =0.179 A3, a =0.083 A3 and o =0.002 A3 are
used. The value of N>- is equal to 2. The calculated values of «2-
forenergy gap data, designated as « .- (E,) are presented in Table 3.
Itis seen that the electronic polarizability increases with increasing
sodium content.

An intrinsic relationship proposed by Duffy [39] exists between
electronic polarizability of the oxide ions > and optical basicity



M.A. Samee et al. / Journal of Alloys and Compounds 509 (2011) 3183-3189

3187

4.6 3.3
45 x=0 " 1x=20 n
-~ .I 32 - /
8 - d
4.4+ ! 3.1 /
» N
n . /
4.3 ' 3.0 "
f - h
£ 421 / 2.9 u
! - "
4.1 y 2.8 m
d ] /
I [ |
4.0 2.7 1 /
. [ |
[ |
3.9 1~ /
""q., 2.6 l....”
T T
3.8_ 2.5 L) I L) I L) I L)
15 36 37 38 3o 32 33 34 35
hv (eV) hv (eV)
3.4
x=40
/
32- J
.
/
J
3.0 |
3 _/.
c [
2.8- _/"-
J
/
2.6 '\\\Y./'
2.4 : .
3.3 3.4 35 3.6
hv (eV)

Fig. 6. Plots corresponding In(«) vs hv for (40—x)Li, 0-xNa, 0-10K,0-50B,05 (x=0, 20 and 40 mol%) glasses.

of the oxide medium A and is given by

A=1.67 (1 — ! )
05027

This relation presents a general trend towards an increase in
the oxide ion polarizability with increasing optical basicity. The
calculated values of optical basicity for energy gap data, des-
ignated as A(E,) are presented in Table 3. The optical basicity
A(E,) values increase linearly with increase in sodium con-
tent. On the other hand the so-called theoretical optical basicity
(Agp), for the present glasses is calculated using the following
equation which is based on the approach proposed by Duffy

(39]

At = X1i,0 ALi,0 + XNay0 ANa,0 + XK,0 AK,0 + XB,0, AB,0,

where xLi, 0, xNa, 0, xK,0 and xB, 03 are the contents of individual
oxides in mol%. Ay, o, Ana,0, Ak,0 and Ap,o, are the theoretical
optical basicity values assigned to oxides present in the glass. The
values Ayj,0 = 1, Anay0 = 1.15, Ag,0 = 1.4, Ap,0, = 0.42 are used
in the present study [38]. The theoretical optical basicity Ay, values
calculated using above equation for the mixed alkali borate glasses
are presented in Table 3. It is found that the theoretical optical
basicity increases slightly with increasing Na,O content. The vari-
ation in glass transition temperature Ty as a function of optical
basicity parameter shown in Fig. 8 is non-linear exhibiting the
mixed alkali effect.

The interaction parameter is a quantitative measure for the inter
ionic interaction of negative ions such as F~ and 02~ with the
nearest neighbors. Dimitrov and Komatsu [40,41] applied the inter-
action parameter A proposed by Yamashita and Kurosawa [42] to
describe the polarizability state of an average oxide ion in numer-
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ous simple oxides and its ability to form an ionic covalent bond
with the cation. The optical energy based interaction parameter
A(E,) can be expressed as a sum of the parts each cation with the
given oxide ion contributes to the total interaction for an averaged
cation anion pair in the glass matrix

(o5 o)

2 (ozm + ozf*) (i +@g2-)

(¢~ )

2 (aNa+ + Oljf) (anar +ag2-)

1\

—7r1 r T -1 11 1T T 117
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Fig. 8. Variation of Ty as a function of optical basicity in Li;0-Na;0-K;0-B;03
glasses.

(o5 )

2 (aK+ + Olf_) (aK+ + 01027)

(Olf — 01027)
2 <a83+ + af‘) (a33+ + aozf)

where o = 3.921 A3, the electronic polarizability of the free oxide

ion is used, taking into account the value of ionic refraction of 0%~
theoretically determined by Pauling [43] and ¢z~ corresponds to
aq2-(Eo). The energy gap based interaction parameter A(E, ) deter-
mined from the above equation are presented in Table 3.

It has been established that the Yamashita-Kurosawa interac-
tion parameter A is closely related to the oxide ion polarizability and

+ Xk,0

+ X3203
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Fig. 9. Relationship between optical basicity A(E,) and interaction parameter A(E,)
in the present glasses.
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optical basicity of oxide glasses. That is, larger the oxide ion polariz-
ability and optical basicity, the smaller is the interaction parameter.
The correlation between interaction parameter A and optical basic-
ity A(Eg) of the present glasses is shown in Fig. 9, indicating a linear
distribution of the optical basicity with respect to the interaction
parameter and this can be used as the optical basicity scale for oxide
glasses. Based on good correlation among electronic polarizability
of oxide ions (e 2- ), optical basicity (A) and interaction parameter
(A), the present Li, O-Na,0-K,0-B,03 mixed alkali glasses can be
classified as normal ionic (basic) oxides. In general the normal ionic
oxides posses intermediate electronic polarizability of oxide ions in
the range 2-3 A3, optical basicity close to unity and intermediate
interaction parameter in the range 0.02-0.08.

4. Conclusions

In this paper, we report, for the first time, the mixed alkali effect
in optical studies in borate glasses containing three types of alkali
ions. The composition-dependent density appears to be ‘wave-
shaped’, featuring two maxima and one minima. This non-linear
behavior is a consequence of mixed alkali effect. The molar volume
of the glasses increases where as oxygen packing density decreases
as Na, O content increases, showing no MAE. The glass transition
temperature Tg also varies non-linearly, indicating the mixed alkali
effect. The indirect optical band gap energy and the Urbach energy
in the present glass system varies non-linearly with compositional
parameter. Based on good correlation among electronic polariz-
ability of oxide ions, optical basicity and interaction parameter, the
present Li; O-Na,0-K,0-B, 05 glasses were categorized as normal
ionic (basic) oxides. The glass transition temperature varies non-
linearly with optical basicity exhibiting the mixed alkali effect.
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