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ABSTRACT. The vitreous system xFe2O3·(70-x)B2O3·15ZnO·15CaO with 
0 ≤ x ≤ 25 mol% was prepared using the rapid melt quenching method. 
The effect of Fe2O3 on the borate glass structure was investigated by IR 
spectroscopy and illustrated by Density Functional Theory (DFT) method. The 
boron atoms are situated in trigonal [BO3] and tetragonal [BO4] groups and 
their ratio depends on Fe2O3 content. Two structural models were built, using 
DFT method, in agreement with IR experimental data, one for base glass 
70B2O3·15ZnO·15CaO (x = 0 mol%) and another for the highest iron content 
in sample 25Fe2O3·45B2O3·15ZnO·15CaO (x = 25 mol%). Calculations with 
DFT method show that the addition of iron determines the breaking of B-O 
bonds in borate network and increases the number of [BO3] groups. 
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INTRODUCTION 

Boron glass network has been investigated and the main structural 
units highlighted by different techniques, one of the most important being the 
infrared spectroscopy [1]. The borate glass network is built from trigonal [BO3] 
units, where every boron atom is situated at the centre of a triangle of oxygen 
atoms, and boroxol rings (B3O3Ø3)0, which are six-membered planar and 
regular B3O3 rings, connected by three bridging oxygens Ø atoms [1,2]. 

The addition of oxides (CaO, ZnO or Fe2O3) in the borate glass network 
determines the formation of new structural units such as pentaborate 
(B5O6Ø4)-, diborate (B4O5Ø4)2-, triborate (B3O4Ø4)- and ditriborate (B3O5Ø4)2- 
units. These new structural units, containing four-coordinated boron [BO4] 
sites, can be revealed by nuclear magnetic resonance [2]. 
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One can obtain in the binary (100-x)Fe2O3·xB2O3 system [3], various 
crystalline phases such as: FeBO3, FeBO3-Fe3BO6, α-Fe2O3-Fe3BO6, depending 
on preparation condition and compounds ratio. This item of information, 
about crystalline phases is rather important as it is used in Density Functional 
Theory (DFT) simulations. 

Fe2O3 is not a glass network former and this feature makes relatively 
difficult to prepare glasses containing a high iron oxide content, but for low 
concentration it acts like a network modifier [4], when it is introduced within 
borate glass. The glass-forming region of the ternary Fe2O3–Bi2O3–B2O3 
system [5] shows that the glass structure can be obtained, in the binary 
Fe2O3–B2O3 system, only for molar content of Fe2O3 lower than 5%. The 
addition of zinc, barium and calcium oxides enlarges the glass formation 
domain in Fe2O3–B2O3 system up to 25 mol% Fe2O3 [6-8]. 

In the present work, glasses with the molar composition  
xFe2O3·(70-x)B2O3·15ZnO·15CaO, with 0 ≤ x ≤ 25 mol%, were prepared. 
The structure and the effects of Fe2O3 on the glass network were investigated 
by IR spectroscopy. For x = 0 mol% and 25 mol%, two models were built by 
using DFT method. 
 

RESULTS AND DISCUSSION 
 IR Spectra of vitreous xFe2O3·(70-x)B2O3·15ZnO·15CaO system 

Figure 1 shows the FT-IR spectra of the xFe2O3·(70-x)B2O3·15ZnO· 
15CaO with 0 ≤ x ≤ 25 mol%. The borate glasses FT-IR spectra within range 
of 400-1600 cm-1 were divided in three main regions [1, 9] associated with: 
bending of B-O-B linkages in the borate network between 400–790 cm-1;  
B-O bond stretching in tetrahedral [BO4] units between 790–1140 cm-1 and 
asymmetric B-O stretching vibration in triangular [BO3] units in the spectral 
range 1140–1600 cm-1. 

Usually in glass IR spectra appear as overlapping bands belonging 
to various borate units and this feature makes difficult to detect a separate 
and clear vibrations by IR analysis. 

In the above mentioned spectral range, the shapes of bands (Fig. 1) 
are dependent on Fe2O3 molar content, being more narrow for base glass 
70B2O3·15ZnO·15CaO, while for high iron concentration broad bands 
appear in the same spectral range. 

Thus the shoulder at 1212 cm-1, attributed to B-O bond vibrations in 
metaborate chains, increases in relative intensity when comparing with band 
at 1405 cm-1, attributed to B-O bond vibration in [BO3] units, with the increase 
of Fe2O3 content [10-13]. This denotes the increase in metaborate chains 
(B3O5Ø2)3- number. 
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The decrease in relative intensity of the broad band at ~958 cm-1, 
when comparing with bands at ~849 cm-1 and ~1091 cm-1, indicates the 
decrease of diborate units number, with the increase of Fe2O3. The absorption 
band at 683 cm-1, attributed to B-O-B linkage bending vibration [10] become 
higher than the envelope that contain [BO4] specific vibration, i.e., 790-1140 
cm-1, during the replacement of B2O3 by Fe2O3 in the glass composition [9]. 

 
Figure 1. The FT-IR absorption spectra of xFe2O3·(70-x)B2O3·15ZnO·15CaO glasses 

with 0 ≤ x ≤ 25 mol%. In the inset picture the deconvolution bands of FT-IR 
spectrum for x = 0 mol% is presented 

 
The structural changes associated with the Fe2O3 addition have been 

analyzed on the basis of the ratio Ar = A4/A3, A4 and A3 being calculated as the 
integral of the absorption signal in the 790-1140 cm-1 (A4) and 1140-1600 cm-1 
(A3) spectral ranges [14]. The quantities A4 and A3 reflect the relative content 
of tetrahedral [BO4] and triangular [BO3] borate species, respectively. The Ar 
ratio versus Fe2O3 content is given in Figure 2.  

For all the investigated glasses, the Ar values are lower than 1, showing 
the prevalence of [BO3] units in these glass structures. The presence of [BO4] 
units, for x = 0 mol%, in the absence of iron in the glass bulk and the continuous 
decrease of the Ar ratio demonstrates that the [BO4] units are replaced by 
[BO3] units when the Fe2O3 content increases in the glass composition as 
well as the network modifying role played by Fe cations [6]. 
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Figure 2. Values of the Ar ratio versus x in xFe2O3·(70-x) B2O3·15ZnO·15CaO 

 

A more in-depth study of the FT-IR spectra, presenting large bands, 
characteristic for glasses, needs spectra deconvolution. In the inset of 
Figure 1 is presented the deconvolution of FT-IR spectrum in the region 
400-1600 cm-1 for x = 0 mol%. Thus in the region 400-1600 cm-1 deconvolution 
reveals the appearance of 10 bands (for x = 0 mol%) at ~570 cm-1, ~691 cm-1, 
~776 cm-1, ~836 cm-1, ~958 cm-1, ~1103 cm-1, ~1212 cm-1, ~1273 cm-1, 
~1394 cm-1 and ~1503 cm-1, respectively. The deconvoluted spectra for all 
investigated samples, with characteristic full widths at half maximum (FWHM) 
and relative areas, are presented in Table 1. The relative area is the component 
band area divided by the area of the full spectrum in the region 400-1600 cm-1. 
 The wavenumber bands in spectral range 400-790 cm-1, assigned to 
borate network bending vibrations, maintain the same spectral position within 
the investigated compositional range. 

The band at ~1212 cm-1 (Table 1) shifts to 1181 cm-1, attributed to 
B-O bond vibrations in pyro- (B2O5)4- and orthoborates (BO3)3, indicating the 
gradual transformation of metaborate chains into pyro- and orthoborates units.  

The band at ~1273 cm-1, attributed to B-O bond vibrations in tri- (B3O4Ø4)-, 
tetra- (B8O10Ø6)- and pentaborate (B5O6Ø4)- groups [9, 10, 11], shifts to 1297 cm-1, 
attributed to B-O bond vibrations [11-13] in pyro- and orthoborates, indicating 
the transformation of previous mentioned groups into pyro- and orthoborates.  

The shift to lower wanumber values of the band at around 1103 cm-1 
(Table 1) attributed to B-O vibration in [BO3] units, demonstrates the strong 
influence of Fe2O3 on borate network. 
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Table 1. Deconvolution parameters of the experimental infrared spectra of 
xFe2O3·(70-x)B2O3·15ZnO·15CaO glasses (C is the component band centre (cm-1), 

W is the band full width at half maximum (cm-1) and A is the relative area (%)  
of the component band). 

 
x=0 C 

W 
A 

570 
158 
6 

691 
121 
9 

776 
97 
2 

836 
109 
4 

958 
230 
24 

1103 
133 
8 

1212 
73 
3 

1273 
145 
12 

1394 
194 
14 

1503 
230 
18 

x=0.5 C 
W 
A 

570 
158 
6 

691 
121 
9 

776 
85 
2 

836 
109 
4 

958 
219 
23 

1103 
145 
9 

1212 
73 
2 

1261 
145 
11 

1406 
170 
15 

1503 
230 
19 

x=1 C 
W 
A 

570 
158 
7 

691 
109 
9 

776 
73 
1 

848 
97 
4 

958 
218 
22 

1091 
145 
9 

1212 
84 
3 

1261 
158 
12 

1394 
194 
13 

1503 
230 
20 

x=5 C 
W 
A 

570 
158 
5 

691 
109 
9 

- 
- 
- 

836 
121 
5 

958 
218 
22 

1091 
133 
8 

1212 
85 
3 

1261 
170 
13 

1394 
218 
18 

1503 
230 
17 

x=7 C 
W 
A 

570 
158 
4 

688 
109 
10 

- 
- 
- 

843 
121 
5 

963 
218 
19 

1087 
133 
7 

1204 
85 
5 

1268 
170 
12 

1344 
218 
9 

1469 
230 
29 

x=15 C 
W 
A 

570 
136 
3 

690 
113 
12 

- 
- 
- 

868 
110 
4 

989 
183 
14 

1076 
92 
4 

1189 
112 
9 

1299 
188 
29 

1403 
116 
10 

1500 
133 
15 

x= 25 C 
W 
A 

570 
141 
4 

694 
100 
10 

- 
- 
- 

889 
98 
4 

993 
130 
8 

1066 
88 
4 

1181 
114 
11 

1297 
185 
34 

1410 
121 
15 

1500 
102 
10 

 
The introduced iron ions break the B-O bond in the vitreous 

structure and the [BO3] number increase as well as the nonbridging oxygen 
atoms O¯. The more disordered glass structure is illustrated by broadening 
of the IR absorption lines (Fig. 1) in spectral range 1140-1600 cm-1.  
 

Density Functional Theory Calculations 
The spectroscopic results reveal a complex network of iron borate 

glasses with zinc and calcium formed from di- (B4O5Ø4)2-, meta- chain 
(B3O5Ø2)3-, pyro- (B2O5)4- and orthoborate (BO3)3- groups. 

For the construction of the models the crystallographic data were 
utilized for iron borate crystals: vonsenite Fe3BO5, Fe3BO6 isostructural with 
nobergite, and FeBO3, isostructural with calcite [16-18]. Thus in the crystal 
Fe3BO6, the iron atoms are six-coordinated by oxygen atoms and are disposed 
in distorted octahedra and the boron atom is exclusively tetrahedral-coordinated 
by oxygen atoms. In FeBO3 and Fe3BO5 crystals, the boron atom is trigonal-
coordinated by oxygen atoms.  
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Two fully optimized structural models were constructed and are shown 
in Figures 3a and 3b. The first and the second model simulates the structure 
of random network of 5B2O3·1ZnO·1CaO glass (model I in Fig. 3a with 
71.43%B2O3, 14.285%ZnO and 14.285% CaO) and 2Fe2O3·3B2O3·1ZnO·1CaO  
glass (model II in Fig. 3b with 28.57% Fe2O3, 42.86% B2O3, 14.285% ZnO and 
14.285% CaO), respectively. 

The utilized simulation method is able to provide a realistic description of 
the iron borate glass with zinc and calcium xFe2O3·(70-x)B2O3·15ZnO· 15CaO 
for x = 0 mol% and x = 25 mol%. 

For each proposed model we performed direct optimization of the 
geometry with the help of B3LYP/LanL2DZ [19-26] method and using Gaussian 
09 program [27].  

Frequency analysis followed all optimizations in order to establish 
the nature of the stationary points found, so that all the reported structures 
in this study are genuine minima on the potential energy surface, without any 
imaginary frequencies. For the proposed models we calculated vibrational 
frequencies with IR absorption intensities using the same method and basis set.  

The simulated vibrational frequencies are listed in Table 2 and compared 
with the values obtained from the deconvolution of experimental spectra for 
x = 0 and x = 25 mol% (x = moles number of Fe2O3 content in glass). A scaling 
factor of 0.961 was applied to the infrared simulated frequencies. 

The bands assignment is in agreement with previous IR studies on 
borate glasses [9-15]. 

The two investigated models, describing the random network in the 
xFe2O3·(70-x)B2O3·15ZnO·15CaO glass with x=0 and x=25 mol% are highly 
possible. The probability to find the simulated structure in vitreous state is higher 
for a more stable structure with a lower energy per atom. We obtained for, 
model I without iron, and for model II with iron, the Hartree-Fock energy 
value per atom E = -50.968 au/atom and E = -65.662 au/atom, respectively. 
 

Table 2. Infrared vibrational properties of xFe2O3·(70-x) B2O3·15ZnO·15CaO 
glasses for x = 0 mol% and x = 25 mol% inferred from Gaussian deconvolution of 

the experimental results and quantum-chemical calculations. 
 

Experimental Frequency 
[cm-1] 

Theoretical Frequency
[cm-1] 

x = 0 x = 25 x = 0 x = 25 

 
IR assignment 

 
570 570 591 568 O-B-O bond bending vibrations 

691 694 679 710 B-O-B bond bending vibrations between 
two [BO3] units  

776 - 777 774 B-O-B bond bending vibrations between 
[BO3] and [BO4] units  

836  839  B-O symmetric stretching vibrations in 
[BO4] units in borate rings 
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Experimental Frequency 
[cm-1] 

Theoretical Frequency
[cm-1] 

x = 0 x = 25 x = 0 x = 25 

 
IR assignment 

 

 889  872 B-O symmetric stretching vibrations in [BO4] 
units from tri-, tetra- and pentaborate groups 

958  
928 
960 
992 

 B-O bond vibrations in diborate groups 

 993  933 
972 

B-O symmetric stretching vibrations in pyro- 
and orthoborates shifted by Fe cations 

 1066  1067 
1102 

B-O asymmetric stretching vibrations in pyro- 
and orthoborates shifted by Fe cations 

1103  1105 
1121  B-O asymmetric stretching vibrations in [BO4] 

units in tri-, tetra- and pentaborate groups  
1212  1173  B-O bond vibrations in metaborate chains 

 1181  1210 B-O bond vibrations in pyro- and orthoborates 

1273  
1234 
1256 
1274 

 
B-O asymmetric stretching vibrations in 
[BO3] units in tri-, tetra- and pentaborate 
groups  

 
 

1297 
 

 
1256 
1307 
1346 

B-O asymmetric stretching vibrations in 
[BO3] units in pyro- and orthoborates 

1394  
1383 
1399 
1428 

 B-O asymmetric stretching in [BO3] units in 
various borate rings 

 1410  1413 
1428 

B-O asymmetric stretching vibrations in 
[BO3] units in ortho-borates 

1503 1500 1468 
1538  B-O- bond vibrations 

 
 
The borate network of model I is build from (Fig. 3a): 

i) one diborate unit (B4O5Ø4)2- formed from two trigonal boron 
atoms B1 and B4 and two tetrahedral boron atoms B2 and 
B3 linked by a common oxygen atom, 

ii) one borate ring unit (B4O4Ø5)- formed from three trigonal boron 
atoms B4, B5 and B6 and one tetrahedral boron atom B2, 

iii) one metaborate chain unit (B3O5Ø2)3- formed from four  
trigonal boron atoms B 
7, B8, B9 and B10, 

iv) one zinc cation (two-coordinated) and one calcium cation 
 (four-coordinated). 
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a 

 
b 

Figure 3. The optimized structures of two possible models obtained by DFT 
computations: a) 5B2O3·1ZnO·1CaO glass (model I); 

b) 2Fe2O3·3B2O3·1ZnO·1CaO glass (model II). 
 

The borate network of model II is build from (see Fig. 3b): 

i) four orthoborate units (BO3)3- containing the trigonal boron 
 atoms B1, B2, B3 and B4, 
ii) one pyroborate unit (B2O5)4- containing the trigonal boron  

atoms B5 and B6, 
iii) four iron cations (three-coordinated), one zinc cation  
 (two-coordinated) and one calcium cation (four-coordinated). 

 
 
CONCLUSIONS 

The addition of iron oxide (0 ≤ x ≤ 25 mol%) to borate 70B2O3· 
15ZnO·15CaO glasses, with a high content of B2O3, determines important 
changes in the boron network at intermediate-distance order. By using the 
infrared spectroscopy the main structural units [BO4] and [BO3] of the glass 
network have been studied and also the gradual conversion of tetrahedral 
boron units in trigonal ones.  

DFT calculations show that the conversion of structural groups as well 
as creation of new groups at intermediate distance, is due to the insertion 
of iron cations and the break-up of B-O bonds in borate network as well. 
DFT calculations are in good agreement with IR experimental spectra of 
xFe2O3·(70-x)B2O3·15ZnO·15CaO vitreous system for x = 0 mol% and x = 25 
mol%. 
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EXPERIMENTAL SECTION 
Samples from xFe2O3·(70-x)B2O3·15ZnO·15CaO vitreous system with 

0 ≤ x ≤ 25 mol% were prepared using pure reagent-grade compounds, i.e., 
H3BO3, Fe2O3, ZnO and CaO, in appropriate ratios. The mixtures corresponding 
to the desired compositions were melted in air, in sintered corundum crucibles, 
in an electric furnace at 1200ºC, t = 15 min. The melts were quickly cooled 
to room temperature by pouring onto stainless-steel plates. 

The structure of the samples was examined by means of X-ray diffraction 
using a standard Bruker X D8 Advance diffractometer with a Si monochromator 
for incident beam in order to obtain only CuKa radiation (λ = 1.5406 Å). The 
diffractograms have been measured in the range of 2θ = 0-90º. The analysis 
was made on powdered samples to satisfy the diffraction condition of Bragg. 
The amorphous nature of the glass under investigation was confirmed by 
the absence of any sharp peaks in X-ray diffraction patterns. 

The Fourier-Transform infrared (FT-IR) absorption spectra were recorded 
with a JASCO 6100 spectrophotometer, at room temperature, in the range 
400-4000 cm-1, with a resolution of 4 cm-1, using the KBr pellet technique. 

For each proposed model of xFe2O3·(70-x)B2O3·15ZnO·15CaO with 
x=0 mol% and x=25 mol% we performed direct optimization of the geometry 
with the help of B3LYP/LanL2DZ method and using Gaussian 09 program [27]. 
Dangling bonds of outer atoms of the models were saturated with hydrogen 
atoms. After attaining the equilibrium configuration of the models, we calculated 
vibrational frequencies with IR absorption intensities using the same method 
and basis set. 
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