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Abstract
A glass system of composition [(50-x) B2O3-25ZnO-25Na2O-xCr2O3], where (x = 0.0, 0.1, 
0.3, 0.5 mol.%) was synthesized applying traditional melt quenching technique. The amor-
phous nature of the samples was proved using X-ray diffraction. The effect of Cr ion con-
tent and γ ray irradiation on the optical, ESR, and FTIR spectra were studied. The optical 
absorption spectra were carried out and a ligand field theory analysis was studied, utilizing 
the resulting data. Through the analysis, the crystal field energy (10Dq), Racah parameters 
(B and C), and nephelauxetic function (h) were calculated. The results reveal that a strong 
crystal field strength around chromium ions. The obtained ESR signals pointed to both 
Cr6+ and Cr3+ states are present in the host borate glass. FTIR spectra showed a minor 
variation in the intensities of some absorption peaks after radiation. It can be connected 
to either some limited changes in the bond angles or bond lengths within the borate glass 
matrix. The effect of the γ irradiation on the structural properties of prepared samples has 
no remarkable change, so the obtained samples are more stables against γ irradiation.
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1  Introduction

Because of the unique properties of glasses (e.g. hardness, good strength, transparency, and 
excellent corrosion), there is an increasing interest in glasses. Borate glasses are character-
ized by their particular structure and physical features, as well as being inorganic hosts 
for transition materials; therefore, borate glasses are receiving special attention. In the last 
years, technological applications have initiated great concern in the oxide glasses studies, 
which contain transition metal ions (Hassan et al. 2018; Ahmad and Nabhan 2019; Farouk 
et  al. 2020; Pal et  al. 2011; Singh et  al. 2004). Studies reveal nonlinear behavior, offer-
ing applications in solid-state devices, electro-optic switches, electric and electro-optical 
devices, and nonlinear optical parametric converters (Nazabal et al. 2001). Because of the 
highly sensitive response of transition metal ions to the changes in the surrounding cati-
ons and their ability to have more than one valance state, transition metal ions are known 
to impact the optical, electrical, and magnetic properties of glasses. These ions can also 
be a broad radial distribution of outer d-orbital electron functions and they have a highly 
sensitive response to the surrounding cations (Pascuta et al. 2008; Ravikumar et al. 2003). 
To characterize the local structure of glasses, transition metal ions are incorporated into 
glasses as spectroscopic probes. These studies involve many aspects, for example, the 
glasses network geometry of structural units, the chemical bonds character in glasses as 
well as the transition metal ions coordination local symmetry and its change with the glass 
composition (Ravikumar et al. 2003). Chromium is particularly a paramagnetic ion, as it 
exists in various oxidation states (Cr2+, Cr3+, Cr4+, Cr5+, and Cr6+). Eventually, a mixed-
valence like this is, can be connected to its role, by being either a glass former or modifier 
(Mohan et al. 2008; Silva et al. 2013; Kesavulu et al. 2010; Pisarski et al. 2009; Meejit-
paisan et al. 2012; Giridhar et al. 2011; Terczynska-Madej et al. 2011; Kanth et al. 2005; 
Hassan et al. 2012). Chromium ions dissolved in glasses; color these glasses, and they also 
have a strong effect on the insulating character and optical transmission of these glasses as 
well. Currently, remarkable attention has been given to the study of oxide glasses doped 
with transition metal ions (TMI) due to their attractive combination of physical and chemi-
cal properties. TMI doped borate glasses have several applications in different fields such 
as microelectronics, optical glasses, and solid-state laser (Kesavulu et  al. 2010; Pisarski 
et al. 2009; Meejitpaisan et al. 2012; Murth et al. 2000). The present work aims to obtain 
a new family of borate glasses containing Cr ions to be more stable against γ-radiation 
and confirm their ability to shield γ radiation. Additionally, the effects of adding Cr2O3 on 
borate glasses and the ligand field are presented.

2 � Experimental details

Conventional melt quenching technique has been used to prepare a borate glassy sys-
tem of composition (50-x) B2O3-25ZnO-25Na2O-xCr2O3 where (x = 0.0, 0.1, 0.3, 
0.5 mol.%). The raw materials used to prepare the glasses of present work are H3BO3, 
ZnO, Cr2O3, and Na2CO3 with 99.9% of purity. The composition of each sample was 
heated in an electric furnace at (700  °C) for 10  min to liberate the gases from the 
molten. The temperature of the furnace has been raised to (950  °C) for 40  min. The 
molten was then poured between two polished copper blocks. These two polished cop-
per blocks were preserved at room temperature to produce the homogeneous glasses. 
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X-ray diffraction (XRD) measurements are performed using (Philips–PW3719) diffrac-
tometer with Cu-Kα X-ray beam with a wavelength of 1.542 Å. X-ray diffraction pat-
terns were recorded in 2θ ranging between 4 to 90° with a scanning rate 2 degrees/min. 
The prepared samples density was measured by applying Archimedes principle using 
carbon tetrachloride (density 1.592 g/cm3) as an immersion liquid. The Fourier-Trans-
form infrared absorption spectra were recorded using (FT-IR Perkin Elmer) in the range 
1600–400  cm−1, using the KBr pellet technique. For FITR measurements the powder-
samples were mixed with high purity KBr and pressed into discs. The sample-to-KBr 
ratio was kept at ~ 3% for all samples. Irradiation of the glass samples was performed 
using a 60Co gamma source (Gamma chamber 4000 A, manufactured by Atomic Energy 
Agency of Egypt). The dose rate for irradiation was ranging from 2.4787 to 2.279 kGy/
hr. The glass samples were irradiated for the necessary time interval to achieve the 
desired overall dose. The optical absorption spectra of the samples were recorded at 
room temperature using a UV–Vis spectrophotometer, JENWAY 6405 UV/Vis in the 
range from 250 to 850 nm. The glass flakes used in the measurements were larger than 
(10 × 10) mm2 and have a thickness of ~ 0.5 mm. ESR spectra were measured on an ESR 
spectrometer (EMX Bruker) operating in X-band frequency at room temperature for all 
the samples. The magnetic field was scanned from 75 to 6000 Gauss.

3 � Results and discussion

3.1 � X‑Ray diffraction

The obtained glass samples were firstly checked by X-Ray diffraction. The X-ray charts of 
the prepared glasses in the powder form are shown in Fig. 1. The diffraction charts show 
no sharp peaks indicating (non-crystalline nature) of the prepared samples (Hassan 2013). 
Moreover, the patterns exhibit abroad hump at (2θ ~ 30°), which is a typical feature of 
borate glasses (Ahmad 2014).

3.2 � Density and molar volume

Both the density and molar volume are intrinsic properties that are related directly to other 
properties such as thermal expansion, heat capacity, compactness, crosslink densities, geo-
metrical configuration, and interstitial spaces dimensions of the glass. As a result, when 
the light elements are replaced by other heavy elements in any glass, this in turn, increases 
the density that has a linear dependence on doping content. The dependence of the den-
sity obtained results, as well as the calculated molar volume VM on Cr2O3 content for the 
samples, are illustrated in Fig. 2. These results have revealed; that as the chromium oxide 
ratio increased, the density increased. This is most probably due to the replacement of 
B2O3 (atomic mass 69.62 g/mol.) by Cr2O3 (atomic mass 151.99 g/mol.). It has also been 
declared that the molar volume has been decreased with increasing the Cr2O3 content; this 
indicates the existence of a compact structure with less polymerization due to the short-
ened chain which confirmed that the glass network became compactable. The glass density 
and its molar volume follow the normal behavior trend, which can be considered as an 
opposite one (Uma et al. 2006; Singh et al. 2011).



	 A. I. Ismail et al.

1 3

  168   Page 4 of 15

Fig. 1   X-Ray diffraction pattern of the investigated samples

Fig. 2   The dependence of density and molar volume on (Cr2O3) content
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3.3 � Oxygen packing density

The density of oxygen packing (OPD) which can be defined as a measure of the tightness 
of the oxide network packing, is calculated using molecular weight (Mw) of the glass sam-
ples and their density (ρ) according to the relation mentioned below (Farouk et al. 2013):

where n represents the oxygen atoms number per formula unit. The estimated values of 
oxygen packing density are found to be 77.23, 77.39, 77.61 and 77.79 mol./l for x = 0.0, 
0.1, 0.3, 0.5  mol. %, respectively. Such an increase indicates to the structure becomes 
highly packed. It confirms the formation of non-bridging oxygen NBOs with increasing 
Cr2O3 content, which agrees with FTIR measurements later (Moustafa et al. 2014).

3.4 � UV–Vis spectroscopy

Figure 3 describes the optical absorption spectra of Cr ions doped glasses before and 
after irradiation. It can be observed that the absorption edge is not sharp which confirms 
that the prepared compositions are glassy in nature and is in agreement with the XRD 
measurements. There is no disappeared or added band after irradiation related to some 
shielding effect of Cr ions where it causes the blocking of the free transit or transfer of 
the loosed electrons during the irradiation process. The slight increase in absorption 

(1)O =
(

�∕Mw

)

n

Fig. 3   Optical absorption spectra of the investigated samples before and after radiation



	 A. I. Ismail et al.

1 3

  168   Page 6 of 15

bands intensity of irradiated samples may be due to photochemical reactions between 
the 3d Cr ions. γ irradiation produced electrons and/or positive holes during irradiation. 
Cr ions can absorb the excited electrons or pick up the liberated holes and subsequently 
are changed to lower or higher valence states (Cr3+, Cr6+), respectively. Therefore, they 
share in the shielding process (El et  al. 2020; El Batal et  al. 2014; Abdelghany et  al. 
2012).

On the other hand, the researches of optical absorption glasses doped with transition 
metals lead to the ligand field of absorption energies, which in turn reflect the octahe-
dral and tetrahedral coordination distortion. The samples spectrum exhibits two main 
absorption bands at ~ 598 (υ1) and 426 (υ2) nm; that can be determined due to the con-
ventional transitions of Cr3+ ions (Kesavulu et al. 2010; Batal et al. 2008). The spectra 
have been analyzed and the bands have also been assigned as well to 4A2g → 4T2g and 
4A2g → 4T1g transitions respectively, which in turn refer to d–d transition of Cr3+ ion. 
The colors of the prepared samples are yellow-green indicating a trivalent chromium 
oxidation state (Pisarski et al. 2009). Furthermore, Cr6+ ion is identified by the absorp-
tion of the charge transfer in the UV range around ~ 390 and 348 nm which is attributed 
to 4A2g → 2A1g and 4A2g → 2T1g (P) transition, respectively. The average sum of the chro-
mium hexavalent bands position is represented by (υ3). This is most probably caused by 
the contribution of the chromium ions in a higher valence state (Cr6+), which is not d–d 
transition (Hassan et  al. 2018; Flower et  al. 2007). The intensity of absorption bands 
increases with increasing Cr2O3 content.

The ligand field parameters, as crystal field strength (10Dq) which represents the 
crystal field splitting energy, and the Racah parameters (B and C) that measure the inter-
electronic repulsion among the 3d electrons of chromium ion, has been calculated from 
the spectral band absorption positions (υ1, υ 2, υ 3 in cm−1) using the relations (Hassan 
et al. 2012):

Figure 4 illustrates the ligand field parameters values (Dq, B, C, and Dq/B) that have been 
got before and after irradiation. It is obvious that the crystal field Dq increases with the 
increase in Cr2O3 content. On the other hand, the Racah parameters B and C values fol-
low the opposite trend. The data here propose that the environment of the chromium ion is 
more covalence, and larger numbers of electrons are delocalized on the d-shell (Kesavulu 
et al. 2010; Rao and Veeraiah 2002). The ratio Dq/B describes crystal-field strength. It was 
found that the value of Dq/B was more than 2.3 in the strong crystal-field sites, much less 
than 2.3 in the weak field, and finally close to 2.3 in the intermediate fields (Pisarski et al. 
2009). The acquired value of the ratio Dq/B reflects the strong crystal field strength around 
chromium ions. The relation between Racah parameters (C/B ratio), namely C = 4B, is 
acceptably satisfied (i.e., C = 3.9 B ± 0.4) as shown in Table  1. Additionally, the Racah 
parameters are used in defining the degree of ionicity of the ligand bonding, the bond-
ing formation (or nephelauxetic ratio h) was also evaluated using the following formula 
(Ahmad 2014):

(2)10Dq = �1

(3)B =
(2�1 − �2)(�2 − �1)

(27�1 − 15�2)

(4)C =
�3 − 4B − �1

3



The effect of radiation on the structure and ligand field of borate…

1 3

Page 7 of 15    168 

where Bfree = 918  cm−1 is the value of the free (gaseous) Cr3+ ion, the central metal ion, 
where its value is kCr

3+  = 0.21. The obtained values of h for all the investigated glasses 
before and after radiation show the same behavior as Dq (Table  1). The nephelauxetic 
function h values became higher with the increase of Cr2O3 content, which suggests the 
raise in covalent bond in the glass matrix. The increment of h values refers to a decrease in 
the d-electrons localization, which can be related to the d orbitals overlapping with ligand 
orbitals (Ahmad and Nabhan 2019).

The study of the fundamental absorption edge in the UV region is a useful method for 
the investigation of optical transitions and their correlation with the electronic band struc-
ture in amorphous materials. The optical band gap energy values Eg were obtained accord-
ing to equation (Hassan et al. 2018; El-Fattah et al. 2017; Ahmad et al. 2014):

where n = 2 for indirect allowed band transition model for the glassy samples. The plots 
of (αhν)1/2 as a function of photon energy hν are shown in Fig. 5. The figure presents an 
example for such linear regions defining the absorption edges and the corresponding linear 
fittings applied to the before radiation samples for an accurate estimation of the optical 
band gap. The gap size is estimated from the straight-line portion of this plot, as shown in 
the inset. From the spectra in Fig. 5, it is clear that the absorption edge shifted towards a 

(5)h =
[(Bfree − B)∕Bfree]

KCr3+

(6)�h� = A (h� − Eg)
n

Fig. 4   The ligand field parameters values (Dq, B, C and Dq/B) before and after irradiation as a function of 
(Cr2O3) content
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higher wavelength with increasing of Cr2O3 content. The obtained values of Eg before and 
after radiation represented in Table1, decrease with the increasing of the Cr2O3 content.

The Urbach energy Et can be evaluated from the relation (El-Fattah et al. 2017; Ahmad 
et al. 2014):

Urbach energy is used to characterize the degree of disorder in glassy systems as dangling 
bonds and non-bridging oxygens NBOs. The Et values of the present samples are increas-
ing (Table 1).

The decrease in Eg and increase in Et values with increasing of Cr2O3 content is possi-
bly attributed to the presence of chromium ions in the state of Cr3+ which acts as modifiers, 
yield increase in the degree of disorder and NBOs concentration in the glass matrix, which 
agrees with FTIR measurements later (Ravikumar et al. 2003; Hassan et al. 2012). While 
after irradiation it may be due to an increased number of defects upon γ irradiation by 
breaking bonds and or/ making some atomic displacements (El et al. 2020; Moustafa et al. 
2013; Sallam et al. 2020). Effect of γ-radiation on the calculated optical parameters of the 
glasses sample appears good stability accompanying with small variations.

3.5 � ESR spectroscopy

Figure 6 represents ESR spectra for the investigated glass system doped with Cr2O3 before 
and after radiation dose (4 Mrad). The undoped sample (x = 0%) reveals observed signal at 
1677 G (g ~ 4.11) are related to the presence of inevitable trace Fe3+ ions impurities within 

(7)� (�) = �o exp (h�∕Et)

Fig. 5   (αhν)1/2 as a function of photon energy hν applied to the experimental data before radiation. The 
upper inset highlights the respective straight-line portions
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the raw materials used for the preparation of investigated glasses (Giridhar et al. 2011; El 
Batal et al. 2014). In samples containing Cr ions, the resonance line at a low magnetic field 
at 1431 G (g ~ 4.82) is attributed to isolated Cr3+ ions in distorted octahedral sites subjected 
to strong crystal field effects (Hassan et al. 2018; Narendrudu et al. 2017; Krishna et al. 
2007). The resonance contributes intense absorption line (g ~ 4.11) is referred to Cr3+, even 
though Fe3+ impurities may be at the source of this band (Hassan et al. 2019). Likewise, 
a broad resonance line with g ~ 2.21 is observed which has been assigned to exchange-
coupled pairs or large clusters of Cr3+ (Hassan et al. 2018; Singh et al. 2009).

All spectra exhibit a strong signal located at g ~ 1.93, which is due to the presence of 
Cr5+ ions which exist naturally and produced after the charge transfer between Cr6+ and 
O2−) (Hassan et  al. 2018; Flower et  al. 2007; Madej et  al. 2010). The large intensity of 
this resonance signal indicates higher concentrations of Cr6+ ions in this glass network. 
The intensity of Cr6+ signal was improved noticeably after irradiation, which agrees with 
optical measurements. ESR spectra reveal that host glasses favor the presence of Cr ions in 
higher valence states (network former) due to increase the bonding defects (El Batal et al. 
2014; Abdelghany et al. 2012).

3.6 � FTIR studies

The IR spectra have been widely used to get information about the local symmetry 
of different materials and structural units in glassy systems. Figure  7 represents the 
IR absorption spectrum of samples before and after radiation dose (4 Mrad). It was 

Fig. 6   ESR spectra for the investigated samples before and after radiation dose (4 Mrad)
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assumed that an absorption band in IR spectra may be due to the vibration of either 
atomic vibration or function group in the network. This concept was successfully 
applied in many studies concerning glassy materials (Dimitriev et  al. 1979; Dimitrov 
and Dimitriev 1990). The borate network vibration modes are mainly active in three IR 
spectral regions. These three regions can be classified as follows: (i) the first one from 
1200 to1600 cm−1, (ii) the second; from 800 to1200 cm−1, and (iii) the third from 600 
to 800 cm−1. The region which, is attributed to the stretching and relaxation of the B-O 
bond of the trigonal BO3 units is the first band. On the other side, the second region 
is attributed to BO4 units, while the third one is caused by the bending of B-O-B link-
ages in the borate network (Samir et  al. 2019; Reddy and Veeraiah 2000). Under the 
presence of Zn–O tetrahedral bending vibrations of ZnO4 units, the observed shoulder 
at ~ 550  cm−1 (El-Zaiat et  al. 2016; Raju et  al. 2006). Absorption band is observed at 
less than ~ 460  cm−1 (marked by #) may be related to Na+ modifying site vibrations 
(Farouk et al. 2019). A weak absorption band is observed at ~ 460  cm−1 (marked by*) 
at higher content of Cr2O3, which may due to the presence of Cr ions in hexavalent 
state Cr6+ (tetrahedral coordination) (Hassan et al. 2018). Also, the IR spectra of radi-
ated samples under the study have revealed almost the same spectral features as those 
before irradiation with minor variations in the intensities of some absorption peaks. It 
can be connected to either some limited changes in the bond angles or bond lengths in 
borate units arrangement (Moustafa et al. 2013; Sallam et al. 2020; El Batal et al. 2009). 
The observed maintenance of the main vibrational bands features which, is due to both 
triangular and tetrahedral borate groups upon γ irradiation, could be attributed to the 

Fig. 7   The IR spectra of the investigated samples before and after radiation dose (4 Mrad)
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stability of those constitutional building units as being uninfluenced by irradiation. To 
get information of the unit’s formation in the borate structure, the bands were studied 
by deconvoluted for the spectra of the samples (Pascuta et al. 2009). The broad bands 
are most probably a result of the overlapping of individual bands. The deconvolution for 
the IR spectrum bands was done by using Gaussian line shapes. As a result, N4 can be 
defined as the ratio of the BO4 units to the total (BO3 + BO4) units (Pascuta et al. 2008; 
Kuang et al. 2017; Saddeek et al. 2008; Moustafa et al. 1996). The values of N4 plot-
ted against Cr ions concentration before and after irradiation dose (4 Mrad) as shown 
in Fig. 8. It is clear that N4 ratio shows a tendency to decrease with increasing the Cr 
ions concentration. This allows us to assume that increasing Cr2O3 ions cause changes 
in the structural units and formation of NBO in the glass matrix. It may be due to the 
increase of Cr3+ ions that act as modifiers (octahedral coordination). The observed lim-
ited decrease in N4 after irradiation may be due to the generation of induced structural 
defects in the glass matrix by breaking bonds (Moustafa et al. 2013; Sallam et al. 2020).

4 � Conclusions

The investigated samples of borate glasses containing Cr ions are amorphous as confirmed 
by X-ray diffraction. It is observed that the density increase by the increase of Cr content, 
on the contrary, the molar volume follows the opposite behavior. Dq increases with the 
increase of Cr2O3 content. While both of the Racah parameters B and C values follow a 

Fig. 8   Variation of N4 ratio before and after radiation dose (4 Mrad)
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reverse behavior. The environment of the chromium ion is more covalence, and larger num-
bers of electrons are delocalized on the d-shell. Optical and ESR spectra confirm that the 
present hexavalent and trivalent Cr ions within the host glass matrix. The FTIR absorption 
spectra showed almost no change in the position of most absorption bands. So the obtained 
samples are more stables against γ irradiation.
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