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Abstract Two glassy (LiF–B2O3) and (Li2O–B2O3) systems containing different content of CoO

dopants (0.05, 0.1, 0.15, 0.2 wt%) were prepared. UV/Vis optical absorption of base glasses reveals

a strong UV absorption bands attributed to unavoidable contaminated trace iron impurities. CoO-

doped glasses show extra three visible bands due to both octahedral and tetrahedral Co2+ ions

related to the little variation between energies of ligand field stabilization between the two coordi-

nation states. Fluoride containing glasses show limited variations in the spectral properties due to

the different ligand strength of the anions (F� and O2�). FTIR spectra display characteristic modes

of vibrations due to triangular and tetrahedral borate groups. It is assumed that LiF acts as Li2O in

promoting the formation of tetrahedral (BO3F) units which possess the same wavenumber position

for vibrations of (BO4) units in the range of 800–1200 cm�1. CoO causes no distinct variations in

number or position of characteristic IR vibrational bands due to their low dopant level (0.05–

0.2%). A new suggested trial has been utilized to calculate the percent of four coordinated borons

from both optical and FTIR spectra to give more insight on the role of CoO as dopant on these

spectral properties and on the calculated parameters.
� 2016 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is

an open access article under theCCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The combination of fluoride ions in various oxide glasses

introduces special oxyfluoride variety of vitreous materials that
gathered optical characters of fluorides with physical and
chemical characteristics of oxide glasses to obtain the best

properties of both constituents; the low phonon energy and
refractive index of fluorides and durability or stability toward
devitrification of the oxide glasses (Matthew, 1998; Gan,

1995).
Mixed phosphate and fluoride glasses often combine many

desirable properties of the pure fluoride as well as the
metaphosphate glasses such as a high transmission from ultra-

violet to infrared, a low partial dispersion good laser properties
and the capability to incorporate high concentration of transi-
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Figure 1 (a, b) Optical absorption spectra of CoO-doped LiF–

B2O3 and Li2O–B2O3 glasses.
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tion metals or rare earth ions (Ehrt et al., 2000; Moncke et al.,
2005).

Gressler and Shelby (1988, 1989) have extensively studied

mixed fluoroborate glasses and investigated their physical
properties. Alkali fluoroborate glasses that contain up to
45 mol% alkali fluoride (LiF, NaF or KF) showed properties

trends comparable to that of alkali oxide borate glasses.
(Shelby and Ortolanor, 1990; Shelby and Baker, 1998) have
suggested a structural model based NMR examinations of

sodium fluoroborate glasses the suggested model reveals a
replacement of BO3F tetrahedra instead of BO4 tetrahedra.

Doweidar et al. (2012) have studied the properties and
structure of binary CaF2-B2O3 glasses (30–45 mol% CaF2).

They have assumed that CaF2 partially modified B2O3 forming
(CaBO3F) units and the CaF2 considered to build an amor-
phous network of CaF4 tetrahedra. The IR spectra of the stud-

ied calcium fluoroborate glasses are similar to that published
by Kamitsos (2003) for alkali oxide borate and alkaline earth
oxide borate glasses in the presence of tetrahedral borate units

and trivalent borate units in their specific wavenumbers.
Cobalt like nickel belongs to 3d transition metals which can

dissolve in the form of its oxide (CoO) in glasses and their ions

exhibit brilliant distinctive colors and are known from ancient
Egyptian times to be used in colored glazes as well as glasses
(Bamford, 1997; Newton and Davison, 1989). These specific
cobalt and nickel ions are considered to be present mainly in

the divalent states in case of glasses melted under atmospheric
conditions with octahedral and tetrahedral coordination’s.
Co2+ is the only known ion from 3d TMs having the 3d7 con-

figuration. The familiar observation of both tetrahedral and
octahedral coordination’s of divalent cobalt ions in several
glasses is attributed to the little variation between energies of

ligand field stabilization between the two coordination states
(Doweidar et al., 2012; Kaewnuam et al., 2016). Optical
absorption spectra of glasses containing cobalt ions have been

interpreted in view of the equilibrium between the two possible
coordination states of Co2+ (Carvalho et al., 2010; Yusub
et al., 2016; Abdelghany et al., 2014), based on the nature of
glass under investigation, their nominal composition and con-

dition of melting.
The main goal of the present work is to compare collective

optical and FTIR spectral properties of prepared glassy sys-

tems (Li2O–B2O3), (LiF, B2O3) containing successive CoO
(0.05, 0.1, 0.15 or 0.2) to have brilliant colors which are suit-
able for UV–visible measurements. This study will enable to

make a correlation between the variations of the coordination
state of Co2+ ions in these two glass systems in relation to the
percent of four-coordinated borons and the role governing this
relation. Also, the present study is expected to specify the

specific effects of Li2O or LiF on the percent of tetrahedral
borate units formed.

2. Experimental

Glasses of the two systems with the basic composition
(Li2O-3B2O3) and (LiF-3B2O3) were prepared from pure

laboratory chemicals of orthoboric acid H3BO3 (99% purity
from Rayasan chemicals Co.) for B2O3, Li2CO3 for Li2O and
LiF (Riedel-De Haen AG) as such. Cobalt oxide was added

in these percents (0.05, 0.1, 0.15 and 0.2% CoO). The batches
were melted in platinum crucibles at 1050 �C for 120 min. with
continuous rotating of the melts at fixed intervals to stimulate
complete mixing and homogeneity. The melts were cast into
warmed stainless steel molds of the required dimensions. The

same prepared samples were annealed in a muffle furnace reg-
ulated at 380 �C and then cooled slowly to room temperature
inside the muffle. Optical absorption spectra of prepared sam-

ples with constant thickness (2 mm± 0.1 mm) were recorded
by spectrophotometer (JASCO 430, Japan) in the spectral
range of 200–1100 nm. FTIR spectra of the prepared samples

were recorded using spectrometer (Nicolet is10, USA) with the
KBr disk technique. Each sample was measured twice to con-
firm the accuracy of the positions of the vibrational bands.

3. Results

Fig. 1a and b shows the optical (UV/Visible) absorption spec-

tra of base undoped and CoO-doped LiF–B2O3 glasses (a) and
Li2O–B2O3 glasses (b).

The comparison of the optical spectra of the two systems
indicates some general resemblance of the spectral features



Figure 2 (a, b) FTIR spectra of CoO-doped LiF–B2O3 glasses

and Li2O–B2O3 glasses.

512 A.M. Abdelghany et al.
with the increase in CoO. However, the detailed optical (UV/
Vis) absorption of the two systems reveals some limited varia-
tions as can be outlined as follows:

3.1. UV/Vis optical absorption spectra of the system LiF–B2O3

The optical absorption spectrum of the base LiF–B2O3 glass

shows strong UV absorption consists of two diverse peaks at
�235 and 295 nm tailed by a curvature at 380 nm and a small
peak at 420 nm and with no further absorption bands in the

visible region till 1100 nm. On introducing 0.05% CoO, the
UV absorption spectrum remains almost unchanged with the
same two peaks while the visible region of spectrum shows a

broad and extended band from about 420–700 nm with three
peaks located at about 520, 575 and 620 nm with the middle
peak highest than the others. Further increase in CoO to
0.1% in the same UV absorption spectrum is retained and

the visible peak increases in intensity with nearly the same
position for the three peaks. The two last glasses containing
0.15 and 0.2% CoO exhibit the same UV spectrum as the pre-

vious samples but the visible spectra are very intense and
nearer to each other and the peaks are closer in intensity.

3.2. Optical spectra of Li2O–B2O3 glasses

The optical spectrum of the base Li2O–B2O3 glass reveals
nearly similar strong UV absorption spectrum but with the
two distinct peaks at 235 and 310 nm and with a slight curva-

ture at about 380 nm and without any further absorption
peaks to the end of measurement at 1100 nm. The glass con-
taining 0.05% CoO reveals nearly the same spectral character-

istics as that of LiF–B2O3 glass containing the same CoO
content except that the second UV peak shifts to about
295 nm. With progressive increasing of CoO content, the

broad visible band exhibits strong tri-split peaks and is
observed to increase continuously in intensity with the increase
in CoO content and with the highest peak shifts to reach

630 nm with the maximum content of CoO (0.2%).

3.3. FTIR absorption spectra

Fig. 2a and b illustrates the infrared absorption spectra of the

glasses from the two systems (LiF–B2O3) and (Li2O–B2O3).
The detailed spectral characteristics are summarized as
follows.

3.3.1. FTIR absorption spectra of LiF–B2O3 glasses

Fig. 2a shows the FTIR spectra of prepared glasses in the sys-
tem of basic composition (LiF–B2O3). FTIR spectrum of such

glass consists mainly of three small peaks in the far-IR region
at about 420, 465 and 515 cm�1. A strong and sharp peak is
observed at about 690 cm�1. A broad band in the region

800–1200 cm�1 resolved into four peaks located at 785, 925,
1030 and 1070 cm�1 which are observed in addition to a sec-
ond broad band in the region 1220 to 1650 cm�1 with four

resolved peaks at 1240, 1380, 1540 and 1650 cm�1. A near
IR broad band is observed to be centered at 3425 cm�1. The
introduction of CoO into the glassy matrix results in a decrease

of the intensity of the band at 690 cm�1, decrease of the inten-
sity of the second broad band especially within the spectral
region 1380–1550 cm�1 and finally a decrease of the intensity
of the near IR broad band.

3.3.2. FTIR spectra of Li2O–B2O3 glasses

The infrared spectra of the prepared glasses from this system
(Fig. 2b) include three successive connected far infrared peaks
at 420, 460 and 530 cm�1, medium band at 700 cm�1, a broad

and strong band extending from 780 to 1200 cm�1 with
rounded peak centered at 970 cm�1 and a curvature at
1080 cm�1, broad and strong band extended from 1250 to

1650 cm�1 with two rounded peaks at 1370 and 1520 cm�1 fol-
lowed by a curvature at about 1640 cm�1, and finally, a broad
near IR band is observed to be centered at 3426 cm�1.

3.4. A suggested specific method for calculation of N4 from

optical spectra

A suggested new method for calculating the most important
parameter in borate glass (N4) was introduced. N4 defined as



Figure 3 Selected example for UV/Vis data fitting for N4

calculations.

Figure 4 Variation of N4 for prepared samples.
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the fraction of 4-coordinated boron to the total amount of
boron [N4 = BO4/(BO3 + BO4)].

The spectrum was corrected for dark current noises and

bad signals taking into consideration the linear baseline and
normalized scale suitable for quantities analysis. The spectrum
was classified into three major sections concerning spectral
regions, region I with area AI related to the UV portion with

three peaks at about 199, 235 and 288 nm related to the basic
glassy matrix and their contamination even in ppm level. The
second region II starts from visible band with ascending lobe

in the range 490–560 nm with area AII. The last region III
attributed to the presence of Co ion in specified coordination
state around 610 nm with area AIII as shown in Fig. 3. This

method can be applied only for the doped glasses.
The effect of increasing CoO content on the IR spectra is

very limited. The number and position of the mentioned main

vibrational band observed within the base undoped glass
remain unchanged. The second broad band (1250–1650)
cm�1 is observed to be slightly higher in intensity than the first
broad band (800–1200) cm�1. Also, the near IR broad band at

3425 cm�1 is slightly decreased.
Fig. 4 illustrates the calculated variation of tetrahedral BO4

relative to total BO3 and BO4 (N4) with the increase in CoO.

The data indicate that for Li2O–B2O3 glass, the increase in
CoO from 0.05% to 0.10% causes nearly no variation in the
percent of N4 and after which further increase to 0.15 CoO

decreases the N4 percent and then attains stability with 0.2
CoO%. For the LiF–B2O3 glass, the N4 percent progressively
increases with CoO from 0.05% to 0.15% and then stabilizes
with further increase to 0.2% CoO.

3.5. Approximation for calculation of N4 from UV/Vis. optical

absorption data

Fig. 5a and b reveals fitted plot of both areas under the curve
in the visible region ascribed to the presence of Co ions in case
of LiF (a) and Li2O (b) combined with the calculated value of

N4 in both cases for triplicate samples. It is found that the
behavior is very similar to that calculated using FTIR spectra
as previously mentioned by Moncke et al. (2005) and Kamitsos
(2003). The calculated values are found to fall within the pre-
cise results and the extents of variations are within the exper-

imental errors.

4. Discussion

4.1. Interpretation of the UV absorption spectra from pristine
LiF–B2O3 and Li2O–B2O3 glass

Sigel and Ginther (1968) and Sigel (1977) have assumed that
some undoped commercial glasses exhibit UV charge transfer
absorption due to the presence of unavoidable trace iron impu-

rities (mainly Fe3+ ions). (Duffy, 2001) has classified charge
transfer spectra in glasses and he has also considered that cer-
tain transition metal (TM) ions (e.g. Cr6+, Fe3+) even if pre-

sent in the ppm level could produce strong UV absorption. He
has attributed the absorption to result from an electron trans-
fer mechanism including the transition of an electron from the

orbital of a coordinating oxygen atom to an orbital of the
metal ion.

Abdelghany et al. (2015) and Abdelghany and ElBatal
(2016) have recognized strong UV charge transfer absorption

bands in different undoped borate glasses. The existing
detected strong UV absorption bands can thus be ascribed to
the presence of trace iron impurities (mainly Fe3+ions) impu-

rities in the chemicals involved in the preparation process of
the two mentioned borate glasses.

4.2. Elucidation of the absorption spectra of CoO-doped glasses

The CoO-doped glasses exhibit distinct bluish color but with
slight variations between the glasses containing Li2O or LiF.

The absorption spectra of the two varieties of glasses show
the same strong UV absorption indicating the presence of trace
ferric ions impurities in both glasses. Also, the two types of
borate glasses show the appearance of distinct visible bands

that indicate the presence of cobalt ions in the divalent state
with two coordinations, namely, tetrahedral and octahedral
forms.



Figure 5 Calculated values of N4 and correlation with area

under visible band result from CoO both in case of LiF (a) and

Li2O (b).
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It can be assumed based on previous studies on CoO-doped
glasses (Bamford, 1997; Paul, 1990; Abdelghany et al., 2014;
Naresh et al., 2012): that

(a) The band at about 520 nm is attributed to octahedral
form of Co2+ ions through the transition
4T1g(F) ?

2T1g(H).
(b) The two other visible bands at about 575 and 620–

630 nm are related to the two transitions
4A2(4F) ?

4T1(4P) and
4A2(4F)?

4T1(4F) within tetra-
hedral coordination (Zaman et al., 2016a,b).

(c) The effect of replacing the oxygens by fluoride anions
reveals some limited changes in the optical spectra and

they can be explained in view of change in the ligand
field strength, and thus a shift in the position of the
absorption bands with no change in their number or rel-

ative positions. It is assumed that the ligand field
strength of the common anions decreases in the order
O2 > F� >Cl� >Br� > I�. Shelby and Baker (1998)

has pointed out that in many cases, the transition metals
appear to prefer to be associated with halide ions instead
of oxygen ions. This causes the color due to Co2+ ions

to change from a dark blue-purple to lighter green due
to a small shift in the absorption band position.

4.3. Interpretation of the FT infrared absorption spectra

The experimental FTIR absorption spectra can be realized and
interpreted on the following basis as seen in Table 1:

(a) The basic chemical composition of the two glass systems
contains high glass-forming oxide percent (75% B2O3)

and therefore, it is expected that the network structural
units within the glasses are mainly based on borate
groups with both triangular and tetrahedral

coordinations.
(b) The network backbone element is boron which has the

lightest mass in all traditional glass forming elements
and the vibrations of the constitutional groups are there-

fore identified within the mid region 600–1400 cm�1 and
are separated from the vibrations of modifier cations
which are generally active below 500 cm�1.

(c) The close similarity of the number and position of the
characteristic vibrational bands obtained from glasses
of the two systems (LiF–B2O3) and (Li2O–B2O3) with

only minor variations in the splitting or sharpness of
Table 1 FTIR vibrational modes and their assignments.

Vibrational mode Wavenumber

(cm�1)

Molecular water or BOH vibrations 3400

BO3 and BO4 (or BO3F) <600

B-O in BO3 or (BO2O
�) 1200–1600

B-O bond stretching vibrations of BO4 800–1200

Bending mode vibrations of various borate

units

670–690

Li+ ions 400–550
the first group and this behavior can be related to the

boron oxide constituting the main effective percent on
the IR spectra. The observed similarity is not affected
by the modifier oxide or fluoride.

(d) The IR results support and confirm the assumptions
advanced by several authors (Shelby and Baker, 1998;
Doweidar et al., 2012; Hager and El-Hofy, 2003) that

LiF modifies the B2O3 like Li2O and initiates the forma-
tion of tetrahedral borate groups of the suggested for-
mula (BO3F) and which possess the same vibrational
wavenumber like (BO4) within the range of 800–

1200 cm�1.
(e) The observed absorption broad band with several peaks

extending within the region 800–1200 cm�1 is related to

vibrations of tetrahedral (BO3F) or tetrahedral (BO4)
groups in the first and second system, respectively
(Shelby and Baker, 1998; Kamitsos, 2003).
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(f) The observed absorption broad band with several peaks

extending from 1250–1600 cm�1 can be related to
stretches of B-O bending in (BO3) or (BO2O

�) units
(Kamitsos, 2003).

(g) The absorption bands at about 700 cm�1 can be related
to bending vibrations of B-O in various borate groups
while the bands in the region 400–550 cm�1 can be
related to vibrations of modifier cations (Li+)

(Abdelghany et al., 2015; Abdelghany and ElBatal,
2016).

4.4. Interpretation of UV/Vis optical absorption data for N4

calculation

Recently many authors (Sabri et al., 2016; Dias et al., 2016;
Rao et al., 2016) have devoted their efforts to understand
the role of modifier oxide in the structural variations of glassy
matrix. They have calculated the ratio of N4 that specifies por-

tions of different boron coordination in glassy matrix and their
variation with structure. A new approach for N4 calculation
from UV/Vis was introduced taking into account different

valences of the modifier ion.
A semi-empirical equation for calculation of the N4 ratio

from previously explained data is introduced in terms of the

relative areas in the analyzed regions in Fig. 5 as follows;

N4 ¼ ðAI þAIIÞ
bðAI þAII þAIIIÞ

where b is a constant depending on the main matrix composi-
tion. The experimental data are found to be compatible and
confirm the values obtained using different techniques.

5. Conclusions

Optical absorption spectra of LiF–B2O3, Li2O–B2O3 glasses

reveal the appearance of two strong UV absorption related
to trace ferric ions contaminated within the chemicals used
for glass preparation. Co-doped glasses show additional dis-

tinct broad triply split connected bands, the first peak is related
to octahedral coordination of divalent cobalt ions while the
two other peaks are correlated with tetrahedral coordination

of Co2+ ions. The presence of the dual coordination’s is
related to the little variation in the stabilization energies of
the two coordination states. Infrared absorption spectra show
the appearance of combined triangular and tetrahedral borate

groups in their specific wavenumbers at 1200–1600 cm�1 and
800–1200 cm�1 respectively. The presence of fluoride anions
brings the formation of suggested tetrahedral (BO3F) groups

in the same wavenumber sites as familiar tetrahedral (BO4)
groups. Fraction of four coordinated borons was calculated
from FTIR Spectra and correlated to UV/Vis measurements.
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