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 Alkali-borate-glasses containing fixed ratio of aluminum fluoride and cobalt oxide (90-

X)Li2B4O7-XNa2B4O7-9.5AlF3-0.5CO where X = 0, 22.5, 45, 67.5 and 90 mol% were 

prepared using conventional melt-quenching technique. All samples exhibit blue color, 

indicating that mostly Co ions are acted upon by tetrahedral ligand field. Density had 

increased with increasing Na ions ratio. FTIR indicated an increase in Al corporation as 

glass former, while non-bridging oxygen indicator (N4) showed nonlinear behavior. 

Optical energy gap of the system has been calculated. The larger value of energy gap 

was, at X = 67.5, and the lower at the sample X = 90. Racah parameter and Dq values 

were estimated. Rakah parameter was decreased as Na ion increase while Dq value 

showed nonlinear behavior. ESR spectra shows a dramatic change in the intensity of the 

resonance lines by replacing alkali ions.  

 

INTRODUCTION 
 

Many investigations were interested in alkali-borate glasses because its wide usage in technological 

applications, such as low temperature sealing components, fast ion conducting solid-state lithium batteries, 

radioactive waste immobilization, luminescent materials optical waveguides, thermoluminesence dosimetry 

devices  and in biomedical application due to its bone binding ability. The wide diversity of applications is due 

its ease in preparation and its desirable physical properties such as transparency, high hardness, relatively light-

weight in addition to low-cost raw materials involved. Borate glasses are excellent host for transition and 

lanthanides ions such as Cr+3, Co+2, Eu+3 and Dy+3 to obtain pretty colored glasses which have big traditional 

attention (Jia-li Cai et al., 2012), while heat treatment for some of it lead to participation of nanocrytals.  

It is now well-known these glasses containing more than one alkali ion exhibit nonlinear variation of 

various properties with the alkali contents, and this phenomenon is known as a mixed-alkali effect. The 
nonlinearities are rather pronounced in transport properties, but are observed in other physical properties 

(Ulagaraj Selvaraj et al., 1984). Boron may be unique as a network former because of the ease of transition 

between 3- and 4-coordinated boron ions with variations in composition, temperature, and pressure (Jingshi Wu 

et al., 2010). In alkali aluminoborate glasses there is a systematic increase in both Al coordination and 

microhardness. The increase in Al coordination results from competition between the modifier cation and Al for 

short, i.e. strong, bonds to oxygen. Highly charged modifiers are better able to secure short, strong bonds to 

oxygen, forcing Al into higher coordination (Elizabeth I. Morin et al., 2016). 

The transitions between the electronic energy levels in specific energy ranges account for a variety of 

physical properties of transition ions and host materials. Understanding these properties and predicting 

characteristics suitable for potential applications that require accurate interpretation of experimental spectra and 

modeling of parameters involved (C. Rudowicz et al., 2010). In this regard, optical absorption spectroscopy 
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techniques provide useful information on the transitions between the crystal field energy levels and hence the 

corresponding spectroscopic properties of transition and rare earth ions in glass (C. Rudowicz et al., 2004). In 

this work we studied the effect of different alkali Li, Na and its mix on the solubility of AlF3 inside colored 

borate glass using Fourier transform infrared spectroscopy (FTIR), and the changes that occurred for optical 

parameters (optical energy gap Eopt, refractive index n, Racah parameter B, and crystal field parameter Dq).  

Electron paramagnetic resonance (ESR) is a powerful spectroscopic technique which can yield detailed 
information about the properties of solids on an atomic scale. ESR spectra for the samples under investigation 

shows a dramatic change in the intensity of the resonance lines by replacing alkali ions in glassy matrix. 

 

Experimental procedure: 

Alkali aluminoborate glasses with composition  (90-X)Li2B4O7-XNa2B4O7-9.5AlF3-0.5CO where X = 0, 

22.5, 45, 67.5 and 90 mol% { Li, Na22, Mix, Na67 Na notations will be used for the five samples respectably} 

were prepared by melt quenching technique. Appropriate quantities of chemicals AlF3, Li2B4O7, Na2B4O7 and 

CoO were weighted, mixed thoroughly, and ground finely in an agate mortar to achieve homogeneity. The 

batches were placed in porcelain crucibles and melted in an electrical furnace at 1000oC for 1h. The melts were 

stirred after 30min of heating process and packed into furnace for another 30min. The melt was quenched at 

room temperature in air between two well polished copper plates to obtain forming glass pellets. It was also 

ensured that the forming pellets was free from any gas bubbles. All prepared  glasses presented clear blue color.  
Fourier transform infrared absorption spectra were obtained using FTIR (Perkin Elmer) in range (2200–400 

cm-1). The sample powder was mixed with KBr of high purity. All measurements curried out at room 

temperature. Optical absorption spectra of glasses were carried out using UV–VIS spectrophotometer (Jasco V-

670 Spectrophotometer) in range 190–2500 nm. Densities of different samples were measured by weighting 

samples in air and liquid (the used immersion liquid was carbon tetrachloride) and applying Archimedes 

principle to calculate density values.  

ESR spectra are recorded using an EMX-Bruker ESR spectrometer operating in X-band frequency, having 

100 kHz field modulation, the microwave power used was 10 mW, and a powdered glass sample was putted in a 

quartz tube. 

 

RESULTS AND DISCUSSION 

 

IR: 

For many investigations interested in borate glasses FTIR spectroscopy are the most useful technique to 

recognize its structure and the changes that take place according to different borate glass compositions 

(Chandkiram Gautam et al., 2012). Modifier additions, like alkali, to borate glass convert some of the planer 

BO3 into tetrahedral BO4 leading to the formation of non-bridging oxygen (Subhashini et al., 2016). The 

spectra of borate is characterized by three bands located at (600-800) cm-1 , (800-1200) cm-1 and (1200-1600) 

cm-1. The first and third bands belong to BO3 as B-O-B and B-O vibrations respectively, while the second 

region resulted from stretching vibrations of BO4(Parvinder Kaur et al., 2016; K. El-Egili, 2003). IR spectra of 

the samples are shown in Fig. (1), where the three bands of borate appeared clearly in the five samples. The 

absorption peak centered around (700-709) cm-1 is due to bending vibrations of B-O-B, and it was accompanied 

with a small shoulder at its left side (532-570) cm-1 resulting from borate deformation modes (Subhashini et al., 
2016). The peak centered around (964-987) cm-1 is assigned to B-O stretching of tetrahedral boron.  

Peaks of Al-O associated with AlO6 groups should appear at 702 cm-1 (K. El-Egili, 2003). This is  not 

recognized in the present systems, due to the existence of B-O-B band at this region. Likewise, the peaks of   

Al-O of AlO4 should appear around 490, 725, 915 and 1124 cm-1 (K. El-Egili, 2003; J. D. M. Dias1 et al., 2016; 

Danmian Wang et al., 2016; Michalina Walas et al., 2016). These peaks could not noticed at the spectra of Li, 

Na22, Mix, Na67 samples as B-O-B band and B-O of BO4 have the greatest contributions at this regions.  
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Fig. 1: FTIR spectra of all investigated samples. 

 

But a small two shoulders appeared around 900 and 1090 cm-1 for the Na sample, and are attributed to 

contribution of Al-O vibrations of AlO4 as network former (K. El-Egili, 2003; Michalina Walas et al., 2016). 

This result is compatible with the existence of small peak in spectra of Li and Na22 samples around 470 cm-1 

assigned to Al-F vibrations (H. G. Schngckel, 1987), whereas this small peak disappear in the other samples. In 

order to analyze the mid-FTIR absorption spectra of our glasses in more details, we have attempted to 

deconvolute them using a number of Gaussian bands. An example of FTIR spectra deconvolution shown in 

fig(2) for Li sample. The fraction of four-coordination boron atoms (N4) was calculated and enlisted in table (1). 

The resulting values showed that Na sample have the lowest N4 value indicating a decrease in the non-bridging 
oxygen associated with the corporation of Al in glass network (Arun K. Varshneya, 1994). 
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Fig. 2:  FTIR spectra deconvolution for Li sample. 
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Density: 

Density of the Li, mix and Na samples was measured and plotted, as function of Na ion content, in Fig (3).  

Calculated density also obtained and compared with the measured ones in the same figure. An increase in 

density with increasing Na ion content was observed because Na density is larger than that Li. Moreover, the 

addition of Na2O leads the creation of five-fold coordinated aluminum species form and the network 

connectivity increases and becomes more densely packed, giving rise to an increased density (Kacper Januchta 
et al., 2017). Molecular volume that related to both measured and calculated density was estimated using the 

relation Vm= M/ , where Vm is molar volume, M is molar weight and  is the density. The relation between 
molar volume and Na content is shown in Fig. (4). By fitting the two straight lines we found that the rate of 

increase in molecular volume is 50% larger than the theoretical values, which is may be due to formation of 

AlO4 as Al ionic radii is much larger than B in BO4 (Database of Ionic Radii). This cause charge-balancing 

preference of Na towards AlO4 site leading to decrease in non-bridging oxygen.   

 

                            
Fig. 3: Calculated and experimental densities values as a function of Na2B4O7mol% content. 

 

                             
Fig. 4: Calculated and experimental molar volumes values  as a function of Na2B4O7mol% content. 

 

Optical properties 
Racah parameter B measures the interelectronic repulsion among the electrons in the d-orbitals. The 

decrease in the value of the interelectronic repulsion parameter, B leads to formation of partially covalent 

bonding (S. Lakshmi Reddy et al., 2012). For Co ions the following equations are used to determine values of 
Dq and B from the experimental transition. 

 

0Dq = [() / 3] – 5B 
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Optical absorption spectra as a function of wave length for the samples under investigation are shown in 

Fig. (5). The two bands that characterize Co2+ were clearly appeared. The first band positioned at ( 400-720 nm ) 

is due to 4A2(
4F) 4T1(

4P) transitions, from which the 3 values are estimated. Splitting in the first band 

may be caused by lowering symmetry around Co2+ ions.  While the values of 2 are estimated from the second 
band located at (900-1800 nm) and corresponding to 

4
A2  

4
T1g(

4
F) (F. Ahmad et al., 2014). Myrtille 

O.J.Y. Hunault et al. conclude that when increasing the alkali content, the speciation of Co2+ changes from 

octahedra-based clusters into [5]Co2+ and eventually to isolated [4]Co2+ connected to the boron network(Myrtille 

O.J.Y. Hunault et al., 2016). The obtained values of parameters Dq and B are tabulated in table (1). Racah 

parameter B values decreased as Na content increase. This behavior may be because the cobalt ions are more 
covalence and more d-shell electrons are delocalized (G. Giridhar et al., 2011). It was expected that Dq values 

increase following the decreased values of Racah parameter. But by carful estimation it was found that Dq also 

decrease with increasing Na ion content. These unexpected results may be due to the corporation of aluminum  

ions in glass matrix as a former with increasing Na content, in good agreements with FTIR results.  Therefore, 

flourine ions occupy the interstitial positions to form bonds with Co ions, cause an increase in the covalency of 

Co with decreasing the interaction between d-shell electrons, which is expressed by the decrease in Racah 

parameter. When decreasing the size of the alkali, as Li size is less than Na, the Co-species geometries spread 

over more distorted local environments with almost no tetrahedral Co2+ formed (Myrtille O.J.Y. Hunault et al., 

2016). Also aluminum  ions corporation in glassy matrix causes a decrease in crack defects  (Arun K. 

Varshneya, 1994), resulting in lowered stresses in the glass which may decrease the field strength around Co, 

giving raise to decrease in values of Dq with increasing Na content.              
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Fig. 5: Optical absorption spectra of all investigated glassy samples. 

 

Optical energy gap Eopt can be obtained using the relation; 

h = B(h – Eopt)
n 

 

Where B is tailing parameter and n is an index that depend on type of transition, which in the case of 

indirect transition n= 2 for amorphous materials (M. A. Hassan, 2013). Relation between (h and photon 

energy (h) is shown in Fig. (6), where only the linear region were concerned. From this plots Eopt were 
calculated and its values are displayed in table (1).  Amorphous materials are characterized by a leaking tail of 

the density of states as extension at the bottom of conduction band due the lack of crystalline long-range order. 
Leaking tail is called ‘‘Urbach tail’’ and is an indicator of the defect levels in the forbidden band gap (Danmian 

Wang et al., 2016). Also, valuable information on the degree of disorder can be yielded. The tail band width is 
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given by the following relation. Absorption coefficient ) near the absorption band edge related to the photon 

energy (h) and obeys the empirical relation given by Urbach.   

() = 0exp(h/Et) 

0 is constant and Et is band tail, ln() as a function of the photon energy (h)  was plotted, only linear region 
were concerned. Et were calculated for all samles and its values are displayed in table (1). The highest Et value 

was at Na sample opposite to Eopt which have the lowest value for Na sample. Energy gap value in glass matrix 

depends on the overlap between wave functions of boron, oxygen and the modifier (alkali ions) forming 

occupied and unoccupied molecular orbits (Yoshiyuki Kowada et al., 1998), where shorter oxygen bonds led to 

higher energy gap. From density results the higher molar volume of Na means longer oxygen bond and this may 

explain the lower Eopt of Na sample. Alternatively, this may be due to the higher electronegativity of Li ions 

than Na ions causing stronger overlapping between 2s electron configuration of Li ions and the conduction band 

of glass network.  
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Fig. 6: (h as a function h

Broadening of the optical absorption edge that arise from exciton–phonon interaction or electron–phonon is 

recognized by Steepness parameter S calculated from the relation 

S = KBT/Et 

 where T is room temperature (in Kelvin) and KB is Boltzmann constant. Refractive index (n) was 

calculated using values of (Eopt) according to the relation 

(n2-1)/(n2+2) = 1- (Eg/20)1/2 

 
Table 1: Measured and calculated physical parameters of the investigated glasses, deduced from FTIR and optical spectra. 

Composition. N4 Eopt (eV) Et (eV) n S     B (cm
-1

)      Dq (cm-1) 

Li 0.3368 3.3086 0.3174 2.3186 0.006245 966.40 3325.0 

Na22 0.3524 3.3272 0.3517 2.3141 0.005635 961.62 3336.8 

Mix 0.3718 3.3216 0.3564 2.3155 0.005561 951.50 3310.6 

Na67 0.3463 3.6498 0.3214 2.2411 0.006166 940.63 3300.8 

Na 0.321 3.1396 0.5659 2.3605 0.003502 935.18 3297.3 

 

Calculated values of Steepness parameter S and n are displayed in table (1). The higher refractive index was 

found at Na sample. 

 

ESR: 

Fig. (7) shows the ESR absorption spectra as a function of magnetic field recorded at room temperature for 

Li, Mix and Na samples. It is clear that all spectra exhibit a strong signal located at g = 4.25 attributed to Co 2+ 
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ions in tetrahedral surroundings (Jiro Matsuda et al., 1989). Moreover, an additional small signal appears 

distinctly near g = 2.14 are due to a random distribution of distortions (B. Sreedhar et al., 1996). 
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Fig. 7: ESR spectra of all investigated glassy samples. 

 

It was noticed that as Na ions concentration increases in the host glass, by replacing Li ions, the intensity of 

the resonance lines decreases significantly spatially at Na sample. These behavior may be due to the increase in  

corporation of Al ions in glassy matrix as former. In addition to existence of  Na ions with larger radii than that 

of  Li ions, which decreasing the glass network disruption (J.E. Garbarczyk et al., 2000) and lowering the 

symmetry around Co2+ centers. 
 

Conclusion: 

Corporation of Al ions in glass matrix, as a former, increases with Na compositions leading to lower (N4). 

Density trend did not show any irregular trend, while the molar volume showed large increase with Na glasses 

due to increase of AlO4 at the expense of BO4. Mix sample have the largest values of Eg and Dq as nonlinear 

behavior with Na content. This behavior is known as mixed alkali effect (Ulagaraj Selvaraj et al., 1984). 

According to ESR symmetry around Co2+ centers is highly affected by Na ions than Li ions.       
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