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The family of oxide glasses is very wide and it is continuously developing. The rapid development of

advanced and innovative glasses is under progress. The oxide glasses have variety of applications in the

daily use articles as well as advanced technological fields like protection of X-ray, fibre, optical instruments

or lab glasswares. The oxide glasses are basically consisted by network formers such as borate, silicate,

phosphate, borosilicate, borophosphate and network modifiers like alkali, alkaline earth and transition

metals. In present review article, Raman spectroscopic results for structures of borate, silicate, phosphate,

borosilicate, borophosphate, aluminosilicate, phosphosilicate, alumino-borosilicate and tellurite glasses are

summarized.

1. Introduction
1.1 Brief history of glass

The exact history of glass is not known but there are certain
evidences which confirm that it is used about 3500 BCE in
Mesopotamia. The available archaeological evidence gives the
signature of presence glass articles in coastal north Syria,
Mesopotamia or Ancient Egypt. The glass technology in South
Asia was started with 1730 BCE [1]. The evidences of glass have
also been found in Hastinapur and archaeological site in
Takshashila, ancient India. The glass objects have been
developed in Romanian Empire and Anglo-Saxon period in
domestic, industrial and funerary contexts. In china, the
development of glass was started late but nowadays, glass played
a peripheral role in arts and crafts. The glasses from that period
are made of barium oxide (BaO) and lead [2]. The tradition of use
of the lead-barium glasses was disappeared at the end of the Han
Dynasty (AD 220). The soda glasses with high alumina are rarely
used around the Mediterranean area or in the Middle East. The
soda-lime, borosilicate, glass fibre, lead, alkali-barium silicate,
aluminosilicate, vitreous silica and pyrex glasses were
investigated time to time. The large scale development glass
technology was started mainly from 14" century [3]. The recent
research on glasses are based on advanced glasses used for safety
systems like X-ray protective glasses, fibre glasses, high
refractive index glasses for optical instruments, photo-chromatic
and high strength glasses.

Last few decades, the oxide glasses have attracted the attention
of researchers and scientist due to their extensive properties
which are very useful for many applications. They are easily
shaped due to lack of underlying crystal structure. The covers of
solar units and photovoltaic units improve the performance. In
turbines, glass fibers reinforced composites are used for the
purpose of storage of wind energy. For this purpose, boron-free
glasses are commonly used [4]. The oxide glasses may be used in
smaller power supplies, including dielectrics for super-capacitors,
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sealants for high-temperature solid oxide fuel cells (SOFC) and
electrolytes for electrochemical devices [5]. W. H. Zachariasen
had investigated the silicate glasses and he found that such
glasses are consist of silicon tetrahedrally coordinated to 4
oxygen atoms [6]. The phosphate glasses are investigated P. B.
Price et al [7]. Borate glasses have been investigated in various
glass systems B,0;-xLi,O3 [8], xB,05-(1-x)Li,0; [9-10], (30 -
x)Li,O - xK,O - 10CdO/ZnO - 59B,0; [11], 60B,0;—(20-
X)N320710Pb071OA1203:xTi02:yNd203 [12], PbO-Bi203-B203
[13], Bi;03-B,0;3-ZnO-Li,0 [14], Gd,03—M005-B,0; [15]. The
silicate glasses were investigated in presence of Na,O, Li,O, K,O
and CaO by various research groups [16-25]. The phosphate
glasses are investigated for long time in many systems. The

calcium, sodium, potassium, iron, gadolium, zinc, lead,
chromium, molybdenum, lanthanum, bismuth, tungsten,
samarium, copper, cadmimium, barium, silver contained

phosphate glasses have been investigated for various application
purpose [122-165]. Soon after single network former glasses,
double network former glasses have also been investigated for
composite network structure of borate, silicate and phosphate
which are named as borosilicate, borophasphate etc glasses. In
recent years, the structure properties of SnF,—SnO-P,O;s glasses
have been studied. In this study, the glass transition temperature
was found to be very low [26]. CeO, in cerium iron
borophosphate glasses increases the glass transition temperature
and also increases thermal stability [27]. The thermal stability of
Na,0-FeO—Fe,0;—P,05 was found to be poorer than sodium-free
iron phosphate glasses [28]. TiO, is useful for increasing the
thermal stability of BaO-Li,O—diborate glasses [29]. The low
melting glasses were prepared in the glass system K,0-MgO—
Al,05-Si0O, [30]. For the purpose of immobilisation of nuclear
waste, few borosilicate glass were also investigated in glass
system 55 SIOZ*IS B203*5 A1203*5 CaOf(ZOfx)NaZOfxCSZO
[31].

Glass may be defined as inorganic solids, which are
amorphous in nature. They are classified in several groups like
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metallic alloys, ionic melts, aqueous solutions, molecular liquids
and polymers. They have attracted the attention of researchers
and scientists in recent years due to demand in many significant
applications like fields of energy science and photonics. The
substantial growth of glasses is still required.

1.2 Brief Chemistry and Physics of Glasses

Glasses are disordered materials i.e. lack of the periodicity in
crystal structure [32] and are formed by cooling of melt of
inorganic products to rigid condition without crystallization [33-
34]. Several materials like organic polymers and metal alloys
have also amorphous structures but all of them are not glasses
[35]. The formation of glass requires critical cooling rates [36-
39]. Thermodynamically, the glasses are non-equilibrium
materials because their properties are the function of pressure,
temperature and composition. They are always approached to its
nearby metastable state [40-43]. Glass formation is possible if
glass composition contains network formers. They are formed by
the network formers such as borate, silicate, phosphate,
borosilicate, borophosphate etc. It is found that the excellent glass
formers have electro-negativity values of 1.7-2.1 on the Pauling
scale [44]. The sufficient network modifiers are used in glass
formation to modify the glass properties. The glass network is
modified by alkali and alkaline earth metal modifiers like ZnO,
PbO, TCOZ, Bi203‘ MgO, CaO, SrO, BaO, CCOZ, Cr203, L3203,
CdoO, CuO, Li,0, Na,0, K,0, Al,0;, MgF, etc. The alkali ions
are easily thermally activated which can move from one site to
another within a glass. This type of movement of alkali ions
within a glass structure enables to replace alkali ions near the
surface of glass by other ions of the same valence [45-46].
Several local packing arrangements are available in glasses which
enable the tuning of their properties through composition and
processing. This permits creation of highly homogeneous
materials on a macroscopic scale [47]. Zachariasen establish a
theory which explains the criteria for vitreous structures with
highly directed three-dimensional bond arrays. The glass
structures are comprised of microcrystallites ~ 20 A in size. The
glass structures lie between a melt state and a glassy state [48-
49]. The glassy network structure may be effectively understood
by infrared and Raman spectroscopy. Certain viscosity models
are used to explain the glass properties on temperature scale. The
five temperatures named as standard points (associated with the
viscous flow of glass), strain point (maximum temperature
supported by glass), annealing point (relieve the internal stresses),
softening point and working point (most glass forming operation
acting at this temperature) [50].

1.2.1 Classification of Preparation Method of Glasses

The glasses are mainly synthesized by melt-quenched method,
sol-gel method and chemical vapour deposition [51].

1.2.1.1 Glass by Melt-Quench Technique

The melt-quench technique is the first discovered technique for
preparation of glasses. In melt quench method, the inorganic raw
materials are properly weighed according to composition. Then,
the raw materials are mixed properly in mortar with pestle or ball
mill in acetone media. The well mixed and dried ingredients are
placed into high grade alumina or platinum crucible and crucible
is place in programmable temperature controlled furnace for
melting. The homogonous melt is quenched in aluminium mould.
In this way, the glass is formed by melt quench method. Formed
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glasses are annealed at relatively low temperature to the glass

6 casting temperature to remove the residual internal stresses which

are produced due to temperature gradient during forming and
subsequent cooling [52]. The melt quench method is
advantageous for obtaining materials of large size compared to
single crystal or polycrystalline ceramics. It has one more
advantage that it provides large flexibility of composition over
chemical vapour deposition or sol-gel method. This method has
also certain disadvantages. For example, this method is not good
for preparation of glasses of ultra-high purity which are used in
optical communication. Certain contamination and impurity of
crucible or furnace materials is also added in the glass in this
method. Glasses, in which refractory materials like SiO,, TiO,,
AL, 03, ZrO, etc are used, are difficult to prepared by this method
due requirement of extremely high temperature.

1.2.1.2 Glass by Sol-gel Method

In sol-gel method, the colloidal solution (sol) of raw materials
is converted into gelatinous substance (gel). In this method, there
is no requirement of any melting and quenching. The fine-grained
gel bulks of various organic compounds are annealed at particular
temperature and thereafter the annealed gel was sintered at higher
temperature than the annealing temperature. During this process,
there are two reactions take place, named as hydrolysis and
condensation reaction [53].
1.2.1.3 Glass by Chemical Vapour Deposition Method

The chemical vapour deposition (CVD) method for preparation
of bulk glasses was developed in the early 1940. For the
formation of glass material is followed by thermally activated
homogeneous oxidation or hydrolysis of the initial metal halide
vapour. The oxidation or hydrolysis reaction is activated by an
oxy-hydrogen flame or oxygen plasma. In this method, the initial
components are liquid at room temperature and their boiling
temperature is very low compared with halides of alkali, alkaline
earth, transitions metals or rare- earth elements. The purification
of raw materials is done by repeating the distillation bellow
melting points. This method is advantageous for preparation of
ultra-high purity glasses [54].

The structural study of glass networks is important for
understanding the composition dependence of oxide glass
properties. Various models are proposed for correlating the
different properties with structure and composition of glassy
system. Phillips and Thorpe investigated the compositional
dependence of glass properties by analyzing the topology of the
glassy network. This approach is based on the comparison of the
number of atomic degrees of freedom with the number of
interatomic force field constraints. The tendency for glass
formation would be maximized if the number of degrees of
freedom exactly equals the number of constraints in the glassy
network [55]. Gupta and Mauro have demonstrated generalization
of the Phillips and Thorpe approach in their study [56, 253].

This review article is focused on the structural study of various
oxide glasses and how the structure of glassy network is modified
by various dopants like alkali, alkaline and transitions metals.
The compositional dependent study of oxide glasses are also
summarized in present review article. This review article is very
useful for understanding the formation of glassy networks and

us their modification by various dopants.

1.3 Brief Introduction to Glassy Networks

2 | Journal Name, [year], [vol], 00—-00

This journal is © The Royal Society of Chemistry [year]

Page 2 of 24



Page 3 of 24

RSC Advances

A lot of work has been done glassy materials till now. The
glassy materials consist of various network former like borate,
silicate, phosphate, borosilicate, borophosphate etc. The borate
consists of vibrations of isolated diborate
s (B 4037) groups, breathing of O-atoms, loose diborate vibrations,

chain or ring type meta- and pentaborate (BsOg) groups,

symmetric breathing vibrations of six member horate rings with
one or two BOj; triangle replaced by a (BOj) tetrahedral,
svmmetric breathing vibrations of boroxol rines. triborate
10 (B3O5). terta-borate (B80123_ ). ortho-borate (BO3™), pyro-
borate (BZO‘S‘_) groups, linked [BO3]3’ triangles with one free
vertex etc [45, 57]. The borate glasses have significant
importance in several applications in thin amorphous films for
battery application, bioactive glasses for tissue engineering,
1s nuclear waste disposals, photonic applications, development of
tuneable or short pulse lasers, optical fibre amplifiers and fibre
lasers [58-61]. The borate networks are shown in Fig. 1.

m : Pyroborate
Di-pentaborate : : ‘

network

Orthoborate
O
¢ Boron
Metaborate @ Oxyzen , Diborate

Fig. 1: The network units of borate glasses [107]. (Reproduced with
20 permission of IOP Publishing)
The silicate network former is also significant for glass
formation but the silica is not easily fusible and has not retained
viscosity for long time. Thus, it cannot form the glass easily.
Certain substances are used which help in the formation of glassy
»s network, called fluxes [62]. The silicate glasses consist of
tetrahedral 6-coordinated 4 oxygen atoms. 6-coordinated silicon
is also found in few crystalline materials [63]. The silicate
networks are found in the form of structural units of orthosilicate,
Si - O stretching vibrations of tetrahedral silicate units, symmetric
stretching vibrations of silicate tetrahedra, inter-tetrahedral Si - O
- Si linkages and structural unit Qg; (n = 0 to 4), where, Qg;
represents the tetrahedral unit and n is the number of bridging
oxygen (BO) per tetrahedron [64-66]. Silicate glasses are,
generally, used for application of windows, lenses, mirror
35 substrates, crucibles, trays and boats, UV transmitting optics

(synthetic fused silica), IR transmitting optics and metrology

components. The network units of silicate glasses are shown in

Fig. 2. Alike to silicate network, phosphate network is formed by

various structural units of phosphate. The phosphate glasses are
40 formed at low temperature in comparison to silicate glasses. The
vibrational units of phosphate networks are Qp groups of PO,
tetrahedra (n = number of bridging oxygen per PO, tetrahedron),
symmetric stretching of P - O, asymmetric stretching vibration of
P - O, P - O - P symmetric vibrations, bending vibrations of
phosphate polyhedra and O - P - O bending modes. The
phosphate glasses have numerous applications in photonics,
biomedical applications, solid state electrolytes, fibres etc [67-
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69]. The phosphate glasses are much sensitive in ionizing
particles. This property of phosphate glasses enables the use for

so identification of heavy ions [70]. The phosphate networks are
shown in Fig. 3.

Not only single network former glasses were performed but
also double network former glasses were also investigated. The
borosilicate glasses are one of the double network former glasses.

ss The co-existence of borate and silicate networks is associated in
borosilicate glasses. The interlinking of some borate and silicate
networks is also possible in such glasses. The high frequency

band > 850 cm™ are related with silicate networks, Qg; , whereas
mid frequency bands (400 to 850 cm™) are order superstructures,
o reedmergnerite  [BSi;Oq]  and danburite [B,Si,04]* . The

bands ranges between 300-500 cm™' are the characteristic of
mixed stretching and bending modes of Si-O-Si units while bands
in the range 550-850 cm™ are caused by ring breathing modes.
The bands at 670, 770 and 808 cm' are the signature of
65 tetraborate groups, four- and three-coordinated boron in diborate
and boroxol rings, respectively. The borosilicate glasses are
mainly used in lab equipments, high quality medical devices
(ampoules, dental cartridges, veterinary tracking devices etc),

space exploration devices and electronics
70 (microelectromechanical systems) [71-74].
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Fig. 2: The network units of silicate glasses [16]. (Reproduced with
permission of Mineralogical Society of America)

Borate has an ability to change their properties and control them
75 by a suitable modification of their chemical compositions within
a relatively broad concentration region of their constituents in
phosphate glasses. Addition of borate (B,0;) to phosphate glasses
improves their mechanical properties and chemical resistance
against atmospheric moisture. The borophosphate glasses
so includes the networks of both borate and phosphate alongwith
various linking vibrations. These glasses are very useful for
potential applications in solid electrolytes, glass solders and glass
seals [75-76]. Phosphosilicate glasses consist of networks of
phosphate as well as silicate. The phosphosilicate glasses are used
ss in forming the Raman fibres laser and amplifiers. Phosphosilicate

This journal is © The Royal Society of Chemistry [year]
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glasses are useful in developing high refractive index grating [77-
78]. Aluminosilicate glasses contain the units of silicate and
aluminate networks. These are very important for geological
applications due to its highly refractory nature [79-80]. The
aluminium based glasses have a great technological importance
due to their strong and ductile nature. These play an important
role where metallic glasses failed [81]. Alumino-borosilicate
glasses are formed by the networks of aluminate, borate and
silicate. These glasses have wide range of applications in optical,
thermal, electrical and mechanical properties. Along with these
properties, the addition of Al,O; to borosilicate matrix improves
the chemical durability, decreases thermal expansion coefficient,
electrical even radiation resistant and widens the scope of
applications of borosilicate glasses [50]. The doping of alkali and
alkaline earth metals in these glasses modified the parent
network. Rare-earth ion-doped glasses have importance in
application like optical fibre lasers, amplifiers and scintillating
glasses. Sm>" doped glasses are advantageous for spectral hole
burning [83-88].

Fig. 3: Network units of phosphate glasses [164]. (Reproduced with
permission of Elsevier)

2. Principle of Raman spectroscopy

Raman spectroscopy is a powerful tool for structural analysis
»s and developed by Sir C. V. Raman and Kirishnan in 1928 [89].
They pointed in their study that Raman intensity is 10 to 107
times less to Rayleigh scattering. Such low intensity can be
produced by lasers [90]. When a laser light is incident on
vibrating molecules, then, the energy of photon may be changed.
The exited molecule or atoms return to different states. The
change in energy between the original state and the new state
gives shift of emitted photon. The excited molecule goes to
higher or lower frequency side to original state and referred as
Stoke Raman scattering, (Stoke shift) or anti-Stoke Raman
scattering (anti-Stoke shift), respectively [91-92]. The detailed
description of working principle is shown in Fig. 4. The chemical
composition and structure of molecules influence the modified
scattering and no two of the spectra being exactly similar. Thus,
Raman shift may be useful in distinguishing structure of different
constituents and molecules [93-94].

Raman spectroscopy is used for determination of the structure,
environment and dynamics of glassy materials. Furthermore, the

portability of the technique allows for its use in on-line process
monitoring over other instruments like Infrared spectroscopy,
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Fig. 4: Working principle of Raman spectroscopy
NMR and X-ray diffraction techniques [95]. Raman and infrared
(IR) spectroscopy are used as complimentary techniques and both
techniques differ slightly by their selection rule. IR spectra arise

so from a change in the dipole moment whereas Raman bands arise

from a change in the polarizability. Few transitions are allowed in
Raman spectroscopy but forbidden in IR spectra, so Raman
spectroscopy gives the significant information in that situation.
Similar to Raman spectroscopy, in FT-IR spectrometer of UV-is

ss spectrometer, the characteristics of sample are analysed by the

absorbance (or transmission) spectrum. In IR spectroscopy,
molecules like water or acetone are strong IR absorbers whereas
sodium chloride or potassium bromide is very less significant
absorbers (window materials). Thus, the functional groups such

6 as hydroxyl or carbonyl are easily detected whereas window

materials are not easily detected. However, the situation is
different for Raman spectroscopy. In Raman spectra, the ordinate
axis normally has arbitrary rather than absorption or %T units
because it is simply a measure of the number of scattered photon

6s counts captured by the detector at any particular frequency. If the

power of incident laser on the sample is varied, then, the intensity
of the Raman spectrum will vary accordingly. Therefore, the peak
height in a Raman spectrum is not simply a function of the
sample thickness which is different for IR spectrum which

70 depends on sample thickness.

In UV/Visible and IR spectroscopy, the spectral contribution
from the instrument is removed by using a reference beam or by
subtracting a background spectrum. However, in Raman
spectroscopy, any contribution or variation due to the instrument

75 is considered a single-beam is used in it. Due to this reason

Raman spectroscopy is play a vital role for quantitative analyses.
Thus, the unwanted contributions can be minimized by Raman
spectroscopy.

X-ray fluorescence (XRF) is also useful for elemental analysis

4 | Journal Name, [year], [vol], 00—00
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of glassy network whereas the vibrational networks cannot mode at 1485, 967 and 765 cm™', respectively. The band due to
understand significantly by XRF. One more thing, a very high diborate units at 535 cm™” is completely disappeared by the
energy is required for its operation. X-ray powder diffraction addition of PbO whereas a few additional bands in region 280 -
method is also used for understanding the nature of glassy 300 cm™ are incorporated. The emergence of peaks in the region
s materials but this method is not much useful for network analysis s of 1200 cm™ is associated with symmetric stretching of Bj units
of glassy material [96-98]. and is generated during the incorporation of Pb - O into the
structure. The band at 640 cm™ region was attributed to a bending

3. Discussion mode of the Pb - O - B links in the new structure [102]. The

Raman spectra in range 150 - 1600 cm™ of (30 - x)Li,O - xK,O -
10CdO/ZnO - 59B,05 (x = 0, 10, 15, 20, and 30) doped with
10 A typical Raman spectrum of lithium borate glass is shown in 1MnO,/1Fe,0; showed the four region of bands as: (i) 190 - 600

Fig. 5 [99]. Raman study of lithium borate glasses depicts the em’; (i) 600 - 820 ecm™; (iii) 900 - 1200 cm™; (iv) 1200 - 1600

3.1. Borate Glasses

w
o

networks of B, - O vibration of tetracoordinated boron at 520.5, cm!. The strong peaks around 775, 650, 500 cm™ and a weak
769 and 784 cm’!, the vibrations of BsOg(OH), units at the 555.5 peak ~805 cm! are present, which are attributed to localized
cm! and the vibrations of tricoordinated boron near 919 ecm™. breathing motions of oxygen atoms in the boroxol ring. The

is The characteristics intense peaks at 500.5 and 884.5 cm peaks around 950 and 1110 cm™ are occurred due to diborate
correspond to the vibrations of B3)-O in B(OHj3). The sol-derived groups in the structure. The peaks in the high frequency region
borate glasses show the presence of boroxol ring as band is found are attributed to BO,O" triangles linked to BO, units and BO,0
at 807 cm’' [99]. triangles linked to other triangular units [103].

6s  The polarized Raman spectra of sodium borate glasses showed
the short range structure of BO; and BO,O” units. In HH
(parallel to the inherent polarisation of the excitation laser)
spectra, some strong Raman bands were found in frequency
region 700 - 850 cm™'. The strongest band due to boroxol ring
70 was also observed at 805 cm™ in the spectrum of glass. A broader
and asymmetric band at lower frequency side was assigned with
increase of Na,O. A band near 1500 cm was found in the
spectra and it shifts toward lower frequency side with the increase
of Na,O concentration whereas VH (perpendicular to the inherent
75 polarisation of the excitation laser) spectra showed drastic

Raman Intensity (a. u.)

l

Zill] 4;"] B;]l) 800 difference from HH spectra. VH spectra showed some more

Wavenumber (cm!) bands at 773, 730 and 670 cm’! [104]. The spectra of B,05-Na,O
20  Fig. 5: Raman spectrum of lithium borate glass [99] (Reproduced with glasses depict five major peaks at 480, 660, 770, 806 and 920
permission of Springer) em’'. The peaks due to the isolated diborate groups and the ring-

so type metaborate groups polymerized by BO; and BO, units
remain unaffected with addition of Al,0; whereas peak at 770
cm’ was shifted towards low frequency side in the spectrum.
This means that BO, units were consumed and the boroxol ring
(B306)*” gradually increased. Another new vibrational peak at
ss about 920 cm™' was appeared in 6 mol% Al,O; content. This
peak is the characteristic of orthoborate type structure containing
BO; units, which can be transformed by the linking of
pentaborate and tetraborate groups. The presence of orthoborate
groups and absence of pentaborate groups proves the feasibility

) o0 of the transformation pentaborate to the orthoborate groups with
pentaborate, tetraborate., diborate, metaborate and pyroborate effect of ALO; effect on the structure. This suggests that the
[10]. The spectra of Li,O-2B,0; fluxure show the features of

crystalline nature with strong characteristic band at 783, 1034 and
35 1174 em™ and some weaker bands between 167 - 723 cm™. The
spectra of the lithium metaborate (Li,O-B,03) show the clear

The Li cations are found in two distinct mode as non-bridging

oxygen (NBO) type and bridging oxygen (BO) type sites. The

primary network is formed by NBO and BO atoms in tetrahedral
25 borate units, which reside close to NBO atoms. They modify the
network by making cluster around NBO atoms [9]. The Raman
spectra of xLi,O- (1l - x)B,0; glasses consist of one component at
1030 cm™ corresponding to B - O bond stretching of BO, units in
diborate polycrystals and the others near 900, 940 and 1040 cm™
correspond to the same vibration but in tetraborate units.
Increasing concentration of Li,O leads to the formation of

3

S

addition of Al,O; destroyed the high polymeric borate units like
pentaborate into the low polymeric groups such as boroxol rings,
triborate and orthoborate groups [105]. There are four Raman
) s bands in glassy matrix of  60B,0;- (20 -
representation of 545 - 582, 765, 955, 1108 - 1128 and 1467 cm’™. X)Na,0- 10PbO- 10A1,05:xTiO,:yNd,O5. The bands at 755 and
When the sample is heat treated above melting temperature, then 772 em! were assigned due to chain type metaborate groups and
the bands around 640, 671, 724 cm! and two less resolved bands the symmetric breathing vibration of six membered rings with

. -1
« in the range 1475 - 1495 em™ were also ot?ser'ved [100]. Ran'lan one BO, tetrahedron, respectively. The position of boroxol ring
spectra of Li;O-4B,0; at room temperature indicate the formation | oo f0 4 24 797 em! in this system. When TiO, concentration

of boroxol rings contai'n'ing one BO, tetrahedron with increasing was increased, then back conversion of BO,~BO; takes place.
temperature, the stability of BO; tetrahedron decreases and The incorporation of Ti*" led to ~ 40% smooth reduction of the

finally, destroyed [101]. The networkine structure of Li,O-PbO- BO, groups due to the BO,~BO; back conversion effect [12].
45 B,O; is attributed by [BO;,]%, [B,0,,,]” and B-O-B bending

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 | 5



o

>

o

4

S

45

9
=]

RSC Advances

The Raman spectrum of lead borate glasses in glass
compositions PbO 80%, Bi,O; 20% and PbO 90%, B,O; 10%
showed a very sharp band at 130 cm™ in first composition and
shifted to 139 cm™ in second composition. Few broad bands
centred at 710, 905, 1024, 1239 and 1308 cm™ are also observed
in the pattern. In 1 mol% MoO; doped lead borate glass, two
other peaks at 1927 and 3341 cm’™' are introduced. On increasing
the doping concentration of MoO; the band near 1255 cm
become weaker. A sharp band at 133 cm™ in the 2 mol% Mo-
containing lead borate glasses was found. The Raman peak in un-
doped lead borate glasses is assigned at 139 cm™ and this band
was located at 144 cm™ in crystalline PbO. This suggests the
presence of Pb*" in high lead borate glasses in the form of PbO,
groups. The sharp band observed at 305 cm™ of lead borate glass
containing 5 mol% of MoOj; is not observed in un-doped lead
borate glasses whereas it appeared at 296 cm™ in crystalline lead
oxide and 282 cm™ in crystalline molybdenum trioxide MoOs;.
This can be predicted as Raman band at 305 cm™ is originated
from different site of Pb*'. The weak broad Raman band in
MoO;-lead borate glasses at 3311 - 3341 cm™' are assigned due to
molecular water [106]. Sodium-doped lead borate glasses in glass
system xNa,0-(100 - x)(10PbO-90B,03), are made by structural
units of boroxol ring resonance and growth of triborate [107].
The spectra of bismuth containing lead borate glasses showed
Raman peaks at 400, 550, 710, 920 and 1220 cm’'. The peaks for
heavy metal oxides are assigned in the range 380 - 580 and 650 -
950 cm™ due to the bridging anion modes and the non-bridging
anion modes, respectively. The polarization behaviour of bismuth
and lead cations have similar due to almost similar atomic
weight. First two peaks correspond to the bridge-anion motion
due to symmetric stretching of Bi - O - Bi and Pb - O - Pb
combined with Bi - O - Pb [108]. The Raman spectra for the
xFe;03:(100 — x)[3B,0;3:0.7PbO-0.3Ag,0] glasses (Fie. 6)
confirm the presence of boroxol rings [B3;0,5], pyro- BZO;‘*,
ditri- [B30g] and dipenta-borate [BsO;;] groups as Raman bands
are present at ~770, ~800, ~1040 and ~1340 em!. A wide
envelope appears around ~465 cm” due to isolated diborate
groups as well as Pb - O linking vibrations and the envelope at
~700 cm™ is the characteristic of symmetric breathing vibrations
of metaborate rings. The silver ions shifted the peak at 806 to 800
cm’!. With increasing Fe,O; content in lead borate glasses
containing silver decreases the intensity of peaks at 770 and 800
cm’ and grow the band at 1040 and 1340 cm™ [109]. The Raman
bands in PbO - BaO - B,0; glasses are assigned at 770, 806,
1230, 1280 and 1450 cm™ [110]. The substitution of cadmium to
lead in lead borate glasses was represented by Raman band in the
range 200 - 300 cm™'. The band near 840 cm™ is not found and it
suggests that CdO, is not formed in the glass network. Raman
bands were found at 3691, 1275, 927, 720, 623 and 219 cm™ in
spectra of glass with composition 30PbO,-20CdO-50B,0; [111].

Structure of barium borate glasses consist of mainly two band
near 460 and 805 cm’'. With the addition of 0.5 mol% Mn in
glassy matrix, one more band about 990 cm™ was assigned and
the intensity of this band increases with increasing the
concentration of Mn, i. e. MnO is helpful in formation of
orthoborate group. The addition of Mn ions upto 3 mol% the
band intensity of band ~ 460 cm’ increases and thereafter
decreases. There are two new bands at ~ 630 and 700 cm™ are
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65

)
P

also introduced with the addition. The band at ~ 630 cm™ was
assigned due to vibration of ring and chain type of meta- and
penta- borate groups whereas the band at 700 cm™ is attributed to
vibrations of chain or ring- type metaborate groups [112]. There

xFe;03-(100-x)[3B 703-0.7Pb0-0.34 2,0]

x [% mol]

Intensity (a. u.)

1000
Raman Shift (cm™)

1500

Fig. 6: Raman spectra for xFe,03-(100 — x)[3B,03:0.7Pb0-0.3Ag,0] glasses
[109]

are five Raman bands at ~ 490, ~ 690, ~ 800, ~ 875 and ~ 1250
cm’! that are present in 3B,03-As,0; glass matrix. The band at ~
490 ecm™ is caused by the vibrations of isolated diborate groups
and/or to vibrations of As - O bonds. The band near 875 cm™
decreases progressively with the addition of silver ions. The
Raman spectra of xAg,O-(1 - x)[zB,03°As,0;] (z = 1,2,3) glasses
showed the bands at 490, 685, 803, 880, 960 and 1250 cm™. The
addition of manganese ions in XAg,O-(1 - x)[2B,03 As,05]
vitreous matrix leads to structural modifications and to increase
of disorder degree, particularly for higher manganese ions
concentrations (y > 20 %mol) in glass system
x[(1 - y)Ag,0-yMnO]-(100 - x)[2B,05-As,05] [113-114].

The Raman studies of xSrO-(1- x)B,0; (0.2 < x < 0.7)
indicates the absence of band near 806 cm™ band whereas
presence of bands at 989, 677 and 552 cm™ for x = 0.2. Raman
spectra of 0.3Sr0:0.7B,0; is dominated by the band at 671 cm™
and assigned to di-pentaborate groups whereas for
0.4Sr0-0.6B,0;, a band at 799 cm’ is observed. In glass sample
with composition 0.5Sr0-0.5B,0;, the band near 744 cm’ is
attributed to six membered rings with one BO, tetrahedra. The
intensity of this band decreases with addition of SrO. Addition of
metal cations in these glasses introduced a new band near 423
cm’'. The peak near 1413 cm™ in undoped sample was shifted
towards higher wavenumber side with addition on Fe**, Mn** and
Zn*" ions [115]. The structure of glasses in glass system
20MO0.55Bi,05.25B,0;3 (M = Sr, Ba) was determined by FT-
Raman spectra. A broad Raman band at 124 cm™ was observed in
both barium bismuth borate and strontium bismuth borate glasses.
A few resolved Raman bands are also present in region 50 - 400
cm’. These vibrations are assigned due to Bi atoms in the
crystalline Biy4B,039. The external vibration due to 0-Bi,O; was
appeared in the region 0 - 150 cm™' while the internal vibrations
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are ranges 150 - 500 cm™'. The peak centred at ~128 cm™' in the
Raman spectra indicates the presence of [BiOs] and [BiOg] units
in the structure of glass and glass ceramics. Raman bands at 696
and 723 cm' are associated with the symmetric bending
vibration of [BO;]*” anion in BiyB,03 and indicate violation of
the planarity of [BO;]*~ anion. The band due to boroxol ring at
804 cm™' was disappeared during heat treatment of glasses. The
bands at 773 cm’™ is predominant with associated bands at 960,
663 and 487 cm '. These bands are comparatively weak in
barium bismuth borate glass ceramics as compared to strontium
bismuth borate glass ceramics. The overtones of [BO;]*~ anion
are observed in range 1100 - 1500 cm ™. The strong band centred
at ~1412 cm ™' was accredited to linked [BO,]* triangles with one
free vertex as in BiB;Og heat treated samples. The heat treatment
of glasses increases the diborate units as indicated by the
increased intensity of the bands 1117, 1031 and 930 cm™
(strontium contained) and 1107, 1026 and 925 cm™' (barium
contained) [116]. The Raman study of Bi,0;-B,03-ZnO-Li-O
showed that Bi can form [BiOs] pyramidal or [BiOg] octahedral
units. The symmetric stretching anion motion in an angularly
constrained Bi - O - Bi configuration was found in region 300 -
600 cm!. The vibrations of Bi - O - Bi and [BiO4] octahedral
units were present near 390 cm™'. The position of this band is
shifted towards lower wavenumber sides with increase of Li,O.
The shoulder around 555 cm™' was assigned due to stretching
vibrations of Bi - O- / Bi - O - Zn and its intensity increases with
the increase of ZnO content. The Raman peak at 220 cm '
indicates the presence of Zn - O tetrahedral bending vibrations of
ZnQy units in the present glass system [14].

The polarized Raman spectra of zinc borate glasses showed
features of binary metaborate glasses. The polarized bands were
assigned at 950, 840 and 1280 cm’!. The two weak bands at ~ 770
and 800 cm™' were also observed Raman pattern. The unpolarized
bands were found at 690 and 1420 cm™'. The strongly polarized
shoulder localized at about 250 cm™' is ascribed to bending modes
of ZnO, units. The doping of Eu®" in zinc borate increases
intensity of Raman band. The band at 440 cm™ is assigned due to
a Eu’* - O stretching/ BO%f vibrational mode [117]. The Raman
spectra of glasses in glass system 60B,0;-10TeO,-5TiO,-
24R,0:1Cu0 (where R = Li, Na, K) depict the bands of boroxol
ring, vibrations of ring / chain type meta borate units and
stretching vibrations of B - O” bonds with non bridging oxygen.
The networking modifying behaviour of Na,O and K,O is
stronger than Li,O [118].

Raman spectra of (1- x)[3B,0;-K,0]-xTiO, glasses consist of
bands centred at 420, 475, 600, 670, 770, 800, 850, 930, 1230 and
1450 cm™. The intensity of band at 770 cm™ is higher than that of
band near 800 cm™. The band at 770 cm™ is significant upto x =
0.2 and at higher concentration of titanium oxide, the intensity of
bands at 420, 475 and 670 cm’! were found to increase. For x =
0.5, two shoulders appear at 850 and 600 cm™'. Further addition
of TiO, introduces the appearance of ring type metaborate groups
and loose BOj tetrahedra. Therefore, the number of non-bridging
oxygens increases with increasing titanium concentration and the
glass structure becomes more randomized. The addition of K,0O
in borate glasses changes the boron coordination number from 3
to 4 [119]. The calcium oxide modified the structure of borate
glasses. The structure of borate glasses consist of boroxol groups,
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a smaller number of pentaborate groups, diborate groups, chain
type metaborate groups and pyroborate groups at lower
concentration of calcium oxide whereas at higher concentration
of calcium oxide, pentaborate, orthoborate and metaborate groups
are also appeared. With increasing the content of calcium oxide,
the number of non-bridging oxygen ions increases [120]. The
yttrium oxide in calcium borate glasses further modified structure
[121].  The  glasses  with  the  compositions  of
22.5Gd,03xWO05:(47.5 - x)MoOs -30B,05 (x = 0 - 40) consisted
by structural units centred at 344, 840 and 944 cm™ as shown in
Fig. 7. When these glasses were heat treated, then a few more
sharp Raman bands were also introduced. The Raman peak at
~994 cm' was assigned due to symmetric stretching vibrations in
(WO,)* tetrahedral unit in the glass composition with Sm,O; for
x = 10 [15]. Peak assignment of various vibrational units in
borate glasses are listed in Table 1.
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Fig. 7: Raman spectra of glasses in system 22.5Gd,03-xW0O;-(47.5 -
X)M003:30B,0; (x = 0 - 40) [15]. (Reproduced with permission of Elsevier)

Table 1: Assignment of main Raman bands in the spectra of borate
glasses.

Wave Raman assignments Reference
number
(cm™)
465 - 500 isolated diborate groups 105, 113-115
535 diborate units 102
600 — 650 symmetric breabthing vibrations 100, 103, 111, 115, 119
of metaborate rings
650-660 pentaborate groups 103, 105
700 - 735 symmetric breathing vibrations 10, 100, 104, 12, 106,
of metaborate chains 108, 111,116
Symmetric breathing vibrations 10, 100, 104, 105, 12,
740-775 of six membered rings with one 109, 115,119
BO, tetrahedra units
765 B-O-B bending mode 102
boroxol ring 99, 103, 105, 12,109,
800-808 112,112-115, 117,119
835-840 Pyroborate vibrations 115, 126
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ortho-borate groups 10, 105, 106, 108, 111,
875 - 1000 112-114, 117,119
diborate groups 10, 100, 102, 103, 106,
1000-1110 112115
1200 syrpmetric stretching of Bs 102
units 20
1216 - 1260 | Pyro-borate groups 102, 106, 108, 109, 119
1300 —1600 E.»—O’ stretchi.ng in metaborate 102, 106, 109, 115, 116
rings and chains
3300 - 3500 | molecular water 102
0-150 external vibration of 0-Bi,O; 116
128 presence of [BiOs] and [BiOs] 116 25
units
150 - 500 internal vibrations of a-Bi,0; 116
220 Zn - O tetrahedral bending 117
vibrations of ZnO, units
250 bending modes of ZnO; units 118 0
390 [BiOg] octahedral units 117
300 - 600 angularly constrained Bi - O - 117
Bi configuration
555 stretching vibrations of Bi - O-/ 117
Bi-O-Zn
3+ . 3- 118
440 Eu™"-O stretching / BO3 35
vibrational mode

3.2. Silicate Glasses

The networks of silicate glass are shown in Fig. 8. Raman
spectroscopic studies of silicate glasses showed the formation of
structural of orthosilicate, silicon-oxygen stretching

s vibrations of tetrahedral silicate units, symmetric stretching
vibrations of silicate tetrahedra. inter-tetrahedral Si - O - Si
linkages and structural unit Qg;, where Q represents the
tetrahedral unit and n the number of bridging oxygen (BO) per
tetrahedron. For silicon compounds, n varies between 0 and 4,

10 where Si is a central tetrahedral atom ranging from O°. which
renresents orthosilicates S04~ , Qg; (tectosilicates), Q3; , Qg; and
QlSi representing intermediate silicate structures.
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Fig. 8: The selected networks of silicate glasses [16]. (Reproduced with
15 permission of Mineralogical Society of America)
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These networks can be modified by adding certain network
modifiers such as alkali and alkali earth atoms. The high
frequency bands are described in mainly polarized Raman bands
centred in the range 1050 - 1100, 950 - 1000, 900 and 850 em’?,
they are designated as disilicate, metasilicate, pyrosilicate and
orthosilicate, respectively. The low frequency bands are mainly
associated with Si - O - Si linkage [16]. The presence of water
group in SiO, glasses was confirmed by Raman band at 3598
cm. The weak band near 2350 cm™ was arisen due to Si - OH
groups involved in intratetrahedral hydrogen bonding across an
edge of the SiO, tetrahedron. The Si - OH stretching mode at 970
cm’ is more prominent than other bands and showing that more
silanol groups are present in comparison to suprasil. The bands at
430, 800, 1060 and 1200 cm’ arises due to fundamental
vibrations of the dry SiO, glass. The sharp peaks at 490 and 600
cm™ are the characteristic of defect bands. Raman bands at 541
and 1100 cm™ in the spectra of dry and wet sodium silicate
glasses indicate the presence of SiO units (Qg; , species: SiOy4
units with one nonbridging oxygen) and vibrations of the
bridging oxygen in the Si - O - Si linkage, respectively. The
shoulders peaks near 850, 960 and 1000 cm™ suggest that the
three components are present in the high-frequency envelope
whereas four components near 970, 1060, 1100, and 1150 cm’!
are similar to hydrous sodium silicate glasses [17].

The effect of cations on symmetric vibrational wavenumber of
NBO of Si - O - T in high frequency range is small, whereas the
intensity of Raman peak increases with increasing the radius of
cation. The scattering cross section increases in order of Li, Na,
K, Rb and Cs [18]. The Raman spectrum of sulphur induced
sodium calcium silicate glasses indicates the band due to sulphur
jons is located at 990 cm™. Not only this band, but some other
bands due to silicate network are also present in the pattern [19].
The presence of rare earth oxides in soda-lime-silicate glasses led
to a shift of the peak positions at 1100, 790 and 550 cm™ and
attributed to Si - O - Si asymmetric stretching, Si - O - Si
symmetric stretching and bending vibration, respectively. It was
observed that peak position of bands at 1100 and 790 cm™ are
shifted towards low frequency side and peak at 550 cm™ was
shifted towards high frequency side with doping of lanthanide
elements (La,03, CeO,, Nd,03 and Gd,0;) into soda-lime-silicate
glass. Y,0; in soda-lime-silicate glass led the frequencies of peak
position at 1100, 790 and 550 cm™' shift towards high frequency
side. The O2. snecies in soda-lime-silicate glasses changes as
Si,0% + 281,03 =58i0; + SiO, with addition of lanthanide
elements [20]. The band near 980 cm™ was observed in both bulk
(suprasil) and sol-gel silica glass. The defect mode bands at 493
and 606 cm™ are also assigned in the matrix. Raman bands at
~356, ~264, ~207 and ~128 cm " in quartz crystal are attributed
to lattice modes whereas the strong peak at ~465 cm™' is the
characteristic of symmetric stretching vibration. In the high-
frequencies, the bands at ~807 and ~1083 cm ™' are assigned to Si
- O - Si bending and SiO, asymmetric stretching vibration,
respectively. The addition of CaO in silica glass changes the
relative intensities of bands as indicated in Fig. 9. The intensity of
band at 1050 cm™ was increased due to addition of CaO. With
addition of modifier content of MgO, peak position of 805 cm™ is
shifted towards lower wavenumber side. Comparatively, the CaO
changes the structure more significantly than MgO [21-22].
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; v Table 2: Assignment of main Raman bands in the spectra of silicate
xCa0—(1-x)Si0,
glasses.
melt quesched Wave Raman assignments Reference
x=0.4
number
(cm™)
580 Si—0" rocking motions in fully 20
polymerized SiO, (Q*) units
600 Si—O-Si bending vibration in 20
-~ depolymerized structural units
: 700-850 Si—O-Si symmetric stretching of 20
s bridging oxygen between tetrahedra
“% 1050 - 1100 disilicate 16
g 950 - 1000 metasilicate 16
790 Si - O - Si symmetric stretching 20
807 Si - O - Si bending 21-22
850 Orthosilicate, SiO4™ 16
900 pyrosilicate 16
970 Si - OH stretching mode 17
1083 Si0, asymmetric stretching vibration 21-22
1100 Si - O - Si asymmetric stretching 20
Si-OH groups involved in 17
intratetrahedral hydrogen bonding
1 N 1 A 1 N 1 . 1 . 1 2350 A
200 400 600 800 1000 1200 across an edge of the SiO,
tetrahedron

Raman Shift (cm™)

Fig. 9: Raman spectra of xCaO:(1 - x)SiO, (x =0, 0-1, 0-2, 0-4) glasses [21]. # 3.3. Phosphate Glasses

(Reproduced with permission of Springer) The typical Raman spectra of phosphate glass are shown in

The main silicate structure is not much changed at smaller Fig. .10' The ) structure of the phosphate glasses are maiply
content of metal oxide, but two additional peaks are assigned at consisted by Q; groups of PO, tetrahedra (n = number of bridging

500 and 600 cm™'. The modifying nature of Cs, Rb, K, Na and Li f)xygep per PO, tetrahedrlon). The symmetr.ic stretching of P - 10
45 is assigned at 1260 cm™ of an asymmetric profile (620 cm™),

symmetric stretching vibration of P - O (1380 cm™), the

w

in silica glass is in increasing order because the intensity of peak
at 950 cm’ increases in same order. The silicate bands are

broaden in order Cs < Rb < K < Na < Li < Ca < Mg which may symmetric stretching ?f a non bridging oxygen on a Q
tetrahedron at 1170 cm™, P - O - P symmetric vibrations at 690

cm’’, the symmetric stretching of the orthophosphate groups PO;
so near 960 cm™'. These bands are modified by dopants like earth
and alkaline-earth atoms. Addition of TiO, upto 10 mol % reveals
the depolymerization of the phosphate glass network by
systematic conversion of Qj structural units into Q;and finally

suggest that the perturbation of silicate units are increased with
increasing cation strength [23].

Raman spectra of potash - lime - silica glasses depict the bands
near 300 and 450 cm™'. The addition of sulphur in glass matrix
increases Raman cross-section of vibrational modes due to S - O
15 bands in comparison to less polarized Si - O bonds. The intense > ! gt P ;
Raman features in such glasses at 1000 - 1030 cm’! indicates the into Qp structural ‘?mts- Even thoug1.1 QtoQ conver.smn is taking
mixture of three calcium sulphates: gypsum (CaSO,2H,0), * pl.ace due to breakl.ng of P-0 R P lmkag§s, formatlon of P-0O -
(1008 cm’'), bassanite (CaSO,.1/2H,0) (1016 cm') and Tiand P - O.- Al linkages provide cross linking between.sho.rt P-
anhydrite (CaSO,), (1026 cm™). The bands in Raman spectra in structural units. Above 10 mol % TiO, content, network is highly

the range of 608 - 679 cm™ and 1110 - 1167 cm™" are the feature depoly?ne?ized due to the formation of Q; structurlal. unit§ and
cross-linking becomes poor. The band near 700 cm™ is assigned

0 due to the symmetric stretching of P - O - P linkages in Q; and Q;
structural unit. On addition of TiO, in phosphate glass, the
intensity of the bands near 1280, 1170 and 700 cm™ is decreased
and a few new bands at 1210, 1090, 900, 750 and 625 cm™ are
introduced. The bands at 1210 and 1090 cm™ are assigned due to

S

2

S

of silicate networks whereas the peak in the range 412 - 494 cm™
is the characteristic of cation—oxygen vibrational modes [24]. In
Raman spectra of lead silicate glasses, a band near 1000 cm™ was
shifted towards longer wavelength side and becomes broader with
increasing the content of lead. The intensity of Raman peak at
140 cm” was increased by increasing content of lead. Other

peaks at 450, 950 and 1060 cm™ are also modified by PbO. After aS}immetric and symmetric stretching vibrations of PO; 4groups
) . . . . . Y/ R,
UV irradiation with energy density 150 mJ/em?, the significant (Q’ structural units), respectively. The coordination of Ti"" ions

changes in the spectra were observed. The intensity of Pb - O by oxygen atoms is found in Raman spectra and band near 625

1 band at 140 cm™! was decreased after UV irradiation and no new cm’! is attributed to the vibration of octahedral titanate units
band appears in the Raman spectra. The decrease of intensity TiOg, as its relative intensity increases with increasing TiO,. The

1 - . . .
after UV irradiation is caused by the broken Pb - O bond in lead band centred at 930 cm '1s assomatec.l with shorter .Tl - O bond
silicate glasses and the broken Pb - O bond is related to the than for octrahedral titanium and attributed to the titanyl bonds

energy density of UV beam [25]. The lead silicate glasses provide (Ti-Oor-Ti-O - Ti) a_slsociated with a five coordin.ated Ti. The
s a simple absorption spectrum gamma irradiation [122]. Band band at 900 and 525 cm™ are related with asymmetric stretching

assignment of various vibrational units in silicate glasses are of P - O - P bridges and bending vibrations of P - O bonds,
listed in Table 2. 75 respectively [123]. The
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Fig. 10: Raman spectra of 40Na,0-10Al,03-xTiO,-(50-x)P,0s glasses [123]

bands in Raman spectra of 39AIlF;-11NaF-10LiF-(40-
x)CaF, - MgF,-SrF,-BaF,-xNaPOj; system at 515, 570, and 620
em’ is assigned to octahedral [ALF], five-coordinated [AlFs]
and tetrahedral [AlF,] structural units, respectively. The intensity
of band at 1330 cm™' decreases whereas, the intensity of bands at
1070, 860 and 775 cm™ increases with increase of phosphate
content. The low frequency band at 70 cm™ is boson band.
Raman peaks at 250 and near range 350 - 420 cm™ are associated
with symmetric stretching vibrations of fluorine species bonded
by the modifying cations [124]. The bands at 1194, 1294 and
1349 cm™ are prominent in Raman spectra of Na,0-Al,05-P,0s.
With increasing the content of AlOj;, intensity of bands near
1200 cm™ is enhanced whereas the band at 1161 cm™ is
disappeared. The band at 676 cm is shifted towards higher
wavenumber side due to formation of aluminium metaphosphate
structure. Due to introduction of Al,Os, the band located at 1349
cm’! is disappeared. The weak vibration due to PO, bending and
in chains of O - P - O bending motions is assigned at 300 and 360
em’, respectively. With addition of Fe,Os in this glass system,
the intensity of the bands at 1257, 1185 and 706 cm™' is increased
whereas position of band of at 1349 cm™ is shifted to 1309 cm™
due to depolymerization. The ferric oxide in sodium phosphate
glasses forms the structure of metaphosphate and connected by P
- O - Fe bonds [125]. The bands in Raman spectrum of zinc-
alumino-sodium-phosphate glasses with addition of Pr** and Nd**
are located at 545, 698, 1042 and 1162 cm™ [126]. Raman spectra
of 55P,05:30Ca0-(25 - x)Na,0-xTiO, (0 < x < 5) system have
bands near 695, 705, 930, 1180, 1280 and 1370 cm’'. The band at
930 cm™ is attributed to Ti-O band and the intensity of band at
1370 em™ is increased by addition of TiO, upto 5 mol% [127].
Raman spectra of Li,O-BaO-Al,03-La,0;-P,05 glasses showed
the bands are found at 1850, 1700, 1180 and 700 cm™ [128]. The
spectra of phosphate glasses containing TiO, consist of bands
which are assigned at 340 - 540, 693 - 697, 1010 - 1020, 1160 -
1173, 1248 - 1271 cm’. The band in range 1010 - 1020 em™ is
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disappeared at higher content of TiO, and peak at 905 cm™ is
assigned to asymmetric TiOs [129].

Raman investigations of xM00;.(100 - x)[P,05.Ca0], 0 <x <
50 mol% glass system showed that Raman bands are centred at
316, 392, 536, 693, 1175 and 1274 cm’’. The addition of MoO;
about 0.3 < x < 1 mol%, a new band at 1032 cm’™ is introduced.
The intensity of band at 683 cm™ was decreased at 5 < x < 10
mol% of MoO; whereas peak at 436 is shifted towards higher
wavenumber side. The band located at 700 cm™ becomes weaker
and the peak at 1270 cm™ is disappeared. MoQ; is strong
modifier and forms the vibration at 600 cm™ due to asymmetric
vibration of (Mo - O - Mo). The band at 894 cm™ is caused to
orthomolybdate, (MoO,)* units. The band at 963 cm’' is assigned
due to stretching vibrations of partially isolated Mo - O bonds in
deformed (MoOg) units [130]. The structure of xCaO-(100 - x)
(0.4Fe,03:0.6P,05) (x = 0, 10, 20, 30, 40, 50 mol%) glasses are
made by structural units of phosphate and modified by calcium as
well as iron. Their Raman bands are observed at 626, 772, 950,
1071 and 1241 cm™ [131]. Raman spectra of calcium coacervate
show the peaks, which are found at 1168 and 698 cm™. The
Raman spectrum of the croconate ion consist of bands located at
564, 649, 1605 and 1722 cm™' [132]. In Raman spectra of glasses
of glass system xGa,0;-(1 - x)P,0s, there are five Raman bands
are observed at 1320, 1210, 715, 620 and 350 cm’. The
depolarization by Na, Ca, Zn, Mg, Al and Be is found at 350 cm™
!. The low frequency band is assigned due to Ga - O - M bridges.
The band near 640 cm™ is assigned in gallate system with four
fold coordinated Ga atoms [133-134].

The structure of PbO-Mo0Os;-P,0Os glasses is formed by
networks of phosphate units and modified by MoOs. The
incorporation of MoO; results the transformation of octahedral
MoOg units into tetrahedral MoO, units. The band at 930 ecm™ is
shifted towards high frequency side with increasing content of
Mo0O;. The intense band near 1158 cm™ is shifted towards lower
frequency side with increasing content of MoOs. The bands in
region 850 - 970 cm ' are attributed to Mo - O and Mo - O bonds
in MoOg tetrahedra [135]. The structure of PbO-Ga,0s—P,0s
glasses doped with Cr,O; is modified by forming tetrahedral
CrO,4” structural units. The phosphate network is modified by all
Pb, Ga and Cr ions. The band at 398 cm is assigned due to Ga -
O - P linkages and peak at 368 cm™ is attributed to GaOjq
vibrational groups. The band at 270 cm™ is associated with Cr-O
vibrations of CrO,> units [136]. Lead phosphate network can also
be modified by Zn and Cu ions. The phosphate network after
modification is assigned at positions 690, 747, 904, 1026 and
1155 cm™. The intensity of band 1155 cm™ is decreased with
addition of BaO [137]. High ZnO content in lead phosphate
glasses forms the network of P - O - Zn bonds [138]. The network
of lead—gallium phosphate glasses can be modified by rare earth
ions (Eu3+, Dy3 *, Tb*, Er’"). The spectrum contains two
shoulders centred at 1050 and 1120 cm™ corresponds to
symmetric stretching vibration of diphosphates in Q' units. The
other two shoulders near 900 and 1250 cm™ are attributed to
symmetric stretching vibration of the PO, in the Qg units and
asymmetric stretching vibration of the PO, in Qf) units,
respectively. The high frequency band about 1120 cm™ is related
to phonon energy of the lead phosphate glass and its intensity
decreases, when the PbO is substituted by the PbF, components
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[139]. The bands near 1172, 1096, 1032, 973, 930, 742, 627 and
474 cm! are found in the glasses in the system PbO-Fe~0.-P,Os.
The bands at 1080 and 966 c¢m™ are related to [P0, and
terminal [PO3]27 symmetric groups in Qi, pyrophosphates [140].
In,0; in PbO-P,05-As,03 plays an important role in network
modification and form the structural unit of InOg. The band
centred at 200 cm’ is related with In - O vibrations of InOq
structural units. The band near 110 and 250 - 350 cm’ is
attributed to Pb - O ionic bond vibrations and PbO, structural
vibrations, respectively. With increasing the concentration of
In,0s5, the intensity of the bands due to symmetric vibrations of
the phosphate groups is increased whereas, the intensity of bands
due to torsional vibrations of PO, structural units and As,O;
structural vibrations is decreased [141]. The fraction of
orthophosphate Qg units in lead iron phosphate glasses increases
with increasing Cr,O5 content. The band at 600 cm ' is assigned
due to the different P - O, Fe - O and Pb - O stretching and
bending modes. The intense peak is assigned at 1062 cm™ in Cr
free glass. The intensity of band at 979 cm™ is enhanced with Cr
addition. The ferric oxide also forms the network of Fe - O
stretching vibration in FeO4 octahedra in a-Fe,O; and it is
indicated by band near 614 cm™ [142-143].

The Raman spectra of iron phosphate glasses investigated by
Milankovic et.al showed that network of phosphate glasses are
modified by incorporation of MoO3. Addition of MoOj; in glass
matrix replaced the stronger P - O - P bonds with a weaker Mo -
O - P bonds as the bond covalence decreases from P - O to Mo -
O and the bands located at 850 and 980 cm™' become stronger.
The iron works as network modifier for phosphate network and
3 band assigned at 400 cm™ due to PO, polyhedra was modified by
itt. The Raman band near 864 cm’ is associated with the
stretching mode of isolated orthomolvhdate (MOO4)27. Due to
increase of NBO and increase of (PO4)37 , some bands show the
splitting in the spectra. The asymmetric vibration of Mo-O-Mo is
assigned at 620 cm™, whereas symmetric Mo - O - Mo vibrational
mode is appeared at 520 cm™' [144]. The addition of La,Oj5 in iron
phosphate glasses lowers the peak position of band at 1072 cm™'
and increases the relative area of band at 1231 cm’ whereas
decreases for band at 1072 cm™. This results is related with
depolymerization of phosphate network 2Q;=Q12,+Qg [145].
The most intense peak in Raman spectra of cesium doped iron
phosphate glasses is assigned at 1085 cm™ due to Qi,. This band
is shifted towards lower wavenumber side with increase of Cs
content. The intensity of band at 555 cm™ is enhanced due to
disproportion of pyrophosphate linkage. The intensity of this
band increases with increase of cesium loading and indicates the
increasing concentration of orthophosphate units. The bands at
270 and 200 cm™ are related with bending vibrations of P - O - P
and Cs - O vibrations, respectively [146]. The P - O - P network
is depolymerized with increasing CeO, content in glass
compositions and results the conversion of Qi, to le, structural
units. The addition of CeO, in iron phosphate glasses introduced
some new bands near 1000, 1150 and 1279 cm™’. The band at
1037 em’™ is shifted towards higher wavenumber side with the
substitution of FeO; by CeO,. The band at 522 cm™ is related to
Fe - O bonds and a new peak at 460 cm™ is attributed to cerium
oxygen polyhedron vibration of [CeOg] unit symmetrical
stretching mode at higher content of CO, [147]. The

%
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depolymerization of the phosphate network, in the form of

o conversion of QptoQpgroups 2Qp+ Na,0 = 2Qp ), is take

place with the addition of Na,SO, content and results the
conversion of P - O - P bridging oxygens to P - O - Na" non-
bridging oxygens. The band at 1039 ¢cm™ is shifted to higher
frequency region with addition of modifier Na,0O (Na,SO, =
Na,O + SO;) content. The intensity of the band at 931 cm™ is also
increased with this addition [148]. The vibrations at 170, 306 and
420 cm™" arise due to network vibrations and librations of Fe - O
polyhedral and phosphate network units, respectively. The peak
position of 1090 cm™ is shifted towards low wavenumber side
with heat treatment at transition temperature of glass [149].

The MoO; plays an important role for modification in
structural units of glass system ZnF,-Bi,0;-P,0s. With addition
of MoQ; in glass matrix form the structural units of MoO, and
MoOs. The intensity of band due to asymmetric vibrations of Mo
- O - Mo linkages with increase in dopant concentration is
observed to increase with a slight shift in the position towards
lower wavenumber. In Raman spectra of motioned system, bands
due to BiO4 and BiO; pyramidal structural units are assigned at
547 and 230 cm ', respectively. The modifier Zn takes the
interstitial positions in the form of dangling bonds along with
non-bridging oxygens as Zn - O - P linkages and fluorine breaks
the P - O network [150-151]. The doping of WO; in place of
MoO; forms the network of bending vibrations of O - W - O with
corner shared octahedra. The noticeable decrease in the intensity
of W - O stretching was also observed which is associated WO,
tetrahedral units as given in Fig. 11 [152]. Trivalent samarium
doped K - Mg - Al zinc fluorophosphate glasses are formed by
networks of phosphate and modifiers by K, Mg, Al, Zn and F.
The stretching vibration of Al - O linkages in AlO, structural
units was observed [153-154]. The structure of 2P,0s - CaO -
0.05Zn0O glass matrix contains Raman bands near 345, 460, 903,
959, 1011, 1137, 1168, 1297 and 1400 cm™. The content of Ag,O
in the glass system modified the network of ring structures. The
slight depolymerization was also taken place in glass matrix.
Raman spectra of xAg,O-(100 - x)[2P,05Ca0-0.05Zn0O]
confirm the modifying nature of Ca, Zn and Ag. With increasing
content of Ag,0, the intensity of band near 554 cm™ is increased
and the peak position of band at 690 cm™ is shifted towards lower
frequency side due to change in the chain P - O - P bond angles.
The silver oxide favours the presence of orthophosphate,
pyrophosphate and small metaphosphate chains, these
informations are revealed by the increase in intensity of the bands
at 554, 1100 and 670 cm™ [155].

Raman spectroscopic investigations of TiO,-P,0s-CaO glasses
showed that the structure consists of a distorted Ti octahedral
linked to pyrophosphate unit through P - O - Ti bonds at higher
content of TiO, and thus, the depolymerization was take place in
P - O - P network. In Raman spectra of TiO, free calcium
phosphate glasses, the strong bands near 680, 1175 and 1290 cm™'
are assigned in the glassy network whereas with addition of TiO,,
the existed bands are disappeared. The new bands at 765 and 920
em’! are also introduced with TiO, addition [156]. Li,O further
modified the network of TiO,-P,0s-CaO glasses [157]. Raman
spectra of (P,05-K,0-Al,03-CaF,) glasses depict the bands at

115 335, 543, 625, 728, 1075, 1135 and 1284 cm™. The band centred

at 728 cm’! is related with vibrations of P - F chain formation,
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- O bond resulting from =n-bond delocalization on thle,
tetrahedra [165]. Raman spectra of phosphate glasses with
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Fig. 11: Raman spectra of ZnF,-Bi,03-P,0s glass-ceramics doped with
different concentrations of WO; [152]. (Reproduced with permission of
Elsevier)

s whereas less intense band at 625 cm™ is assigned due to Al,O
vibrations. The band at 335 cm™ is attributed to K,O [158-159].
CuO and V,05 work as network modifier for calcium phosphate
glasses. At higher concentration of CuO and V,Os, the glass
matrix forms the network of V - O - P and Cu - O - P. The band
assigned at 1175 cm’ indicates the depolymerization of
phosphate network. The band at 980 cm™ is related with V - O
vibration in VOjs tetragonal pyramid and stretching vibrations of
O - V - O in metavanadate chains are assigned at 970-905 cm’
[160]. Raman spectra of (50 - y)Na,O.yCuO.10Bi,0;.40P,05 (0 <
y < 25 mol%) glasses depict the formation of P- O -Biand P - O
- Cu bonds. Bi,0; acts as network modifier and is incorporated in
the form of BiOg4 units. No depolymerization was taken place
with the replacement of Na,O by CuO [161]. As CuO content
increases in xCuO-(1 - x)P,0s glasses, the intensity of the P - O
o band associated with the Q* Cu tetrahedra increases to x < 0.33
and decreases with a concomitant increase of the intensity of the
band at 1265 cm™ due to the asymmetric vibration of the PO,
groups on Q® tetrahedra. When x > 0.33, the isolated Cu-
octahedra begin to share common oxygens to form a sub-network
sin the phosphate matrix. The intensity of band at 640 cm
increases with addition of CuO. CuO in phosphate glasses
promotes the depolymerization effects [162].
Raman spectra of cadmium phosphate glasses reveal the
formation of P - O - Vand V - O - V bonds instead of P - O - P
o vibrations after addition of V,0s. The presence of band at 760
cm’! is attributed to V - O - V vibration. The intensity of bands at
615 and 974 cm™ is increased with addition of V,05 about 20
mol%. These bands are related with P - O - V and V - O vibration
VOjs trigonal bipyramids, respectively [163]. The Li* and Cd*"
s cations in the phosphate glass network are responsible for shifting
the bands as well as intensity modification. The band at 1120
cm’ is shifted towards high frequency side with increase of Li,O
content [164]. With increasing the content of BaO in lithium
barium phosphate glasses, the intensity of all bands is enhanced.

@

40 The bands at 712 and 1163 cm™ are shifted slightly towards low

wavenumber side with increase of BaO. The decrease in
wavenumber is related with an increase of average length of the P

ss addition of Er’"/ Yb*" ions depict 312, 380, 685, 1165 and 1275
cm' [166]. The assignment of main Raman bands in the spectra
of phosphate glasses are listed in Table 3.

Table 3: Assignment of main Raman bands in the spectra of phosphate

glasses.
Wave Raman assignments Reference
number
(cm™)
1300-1350 P=0 stretching of terminal oxygen 123
1267-1294 PO, asymmetric stret.chlnzg of non-bridging 123
oxygen , in Q° units
1260, 1380 symmetric stretching of P - O 123
1210 asymmetric stretching vibrations of POs 123
groups
symmetric stretching of a non bridging 123
1170 2
oxygen on a Q; tetrahedron
1161 PO, symmetric stretching of non-bridging 123
oxygen , in Q° units
1065-1097 PO, symmetric stretghmg of pon-brldglng 123
oxygen , in Q' units
1090 symmetric stretching vibrations of POs 123
groups
1080 [P,0,]" symmetric groups in Q} 140
pyrophosphates
966 terminal [PO,J~ symmetric groups in Q}, 140
pyrophosphates
symmetric stretching of the orthophosphate 123
960 >
groups PO;
PO, symmetric stretching of non-bridging 123
940 S
oxygen , in Q" units
900 asymmetric stretching of P - O - P bridges 123
00 the symmetric stretching of P - O - P 123
7 linkages in Q} and Q} structural unit
690 P - O - P symmetric vibrations 123
676-708 P-O-P symmetric s.tretczhmg of bridging 123
oxygen, in Q° units
525 bending vibrations of P - O bonds 123
390-410 O-P-O bending modes 123
398 Ga - O - P linkages 136
360 chains of O - P - O bending motions 125
300 PO, bending O - P - O bending motions 125

s0 3.4. Borosilicate Glasses

Typical Raman spectra of alkali borosilicate glasses are shown
in Fig. 12. The network structure of borosilicate glasses is formed
by borate as well as silicate structural units. The structure of
lithium silicate glasses consists of Raman bands at 850 cm’

ss (Q%), 950 cm™ (Q2%), 1000 cm™ (Q%), 1050 cm™ ( Q7 ), 1080

em’! (@) and 1150 cm™ (QY). The borosilicate structure is
associated with the vibrational modes of the two medium-range
(400 to 850 em™) order superstructures, reedmergnerite [BSi;O,]°
and danburite [B,Si,0;]* and high frequency region (850 - 1250

60 cm’!) vibration related with silicon QZ vibrational modes [167].

Raman spectra of sodium borosilicate glasses depict the bands
centred at 350, 500, 630, 670, 770 and 808 cm '. The bands
between 300 and 500 cm™ are attributed to mixed stretching and
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Fig. 12: Raman spectra of alkali borosilicate glasses [167]. (Reproduced
with permission of Elsevier)

bending modes of Si-O-Si units. The bands in the range 550 - 850
s cm” are caused by ring breathing modes. The bands at 670, 770
and 808 cm™' are the signature of tetraborate groups, four- and
three-coordinated boron in diborate and boroxol rings,
respectively. The intensity of peak at 808 cm™ decreases with
increase of sodium content whereas the band near 770 cm™' shows
opposite behaviour. This means sodium ions favour the formation
of BO; units at the expense of BO; units. The polymerization of
the silicate network first increases with Na,O content upto
Na,0/B,0; = 0.6 and thereafter decreases with the increase of
Na,O content [168]. Sulphate in borosilicate glass showed its
s presence in the form of vibrational modes of SO, tetrhedra. The
major bands of sulphate, assigned at 1100, 1000, 990, 620 and
460 cm’!' are related to asymmetric S - O stretch modes,
symmetric S - O stretching, symmetric S - O stretch vibrations of
tetrahedral SO; , asymmetric O - S - O bend modes and
o symmetric O - S - O bend modes, respectively [169]. When the
B,0; content is increased, the broad bands near 1500 and 800
cm ' are developed. The shoulder peak at 590 cm ™' is assigned
due to symmetric oxygen breathing vibrations of three-membered
siloxane rings. The network modifier ions Na* and Ba®" are used
s for conversion of BO; units into BO, units before forming non
bridging oxygen (NBO) in the network. As the silica content
increases in the glassy matrix and the ratio Na/Si (or Ba/Si)
decreases, which could depolymerise the silicate network after
forming BO, units increases. It can be concluded that the silicate
o network in SiO,-rich borosilicate glasses remains more
polymerized than in boron-rich glasses [170]. The bands in the
range 1200 - 1100 cm™' are disappeared as the ratio B,03/Na,O
becomes zero. The intensity of the band at 1077 cm™ is also
increased. With increasing amount of Na,O in the glass, the
intensity of band around 630 cm™ was increased and the band in
the range 550 - 450 cm™ begins to dominate, which results from

S

a

o
S

60

o
S

formation of [BO,] tetrahedral of small degree of polymerization.
The intensities of bands at 385, 360, 287, 1850 and 1975 cm™ are
increased with increasing ratio B,03/(Na,O + 3La,F¢) [171].
When barium is substituted for the sodium cation, the position of
the peak at 540 cm™' is shifted to low frequency region and the
intensity of band at 635 cm™ was decreased. The high frequency
band around 1100 cm’ becomes strongest with sodium
introduction. The substitution of Ba and Ca cations enhances the
intensity of 960 cm™ and shifted towards the low frequency
[172]. The Raman spectra of Na,0-B,05-SiO, exhibit the bands
at ~430, 485, 600, 800, 1060 and 1200 cm’. The bands around
485 and 600 cm™' (known as defect lines D; and D,) are assigned
due to the ring breathing mode of four and three-membered
silicate rings, respectively. Raman peaks at 770 and 805 cm™'
become more significant for glasses with higher borate content
[173]. In Raman spectra of 30Na,O-5Si10,-65[(1 - x)P,05-xB,03]
glasses, the intensity of bands at 680 and 770 cm™ decreases with
increase of B,O;, which are attributed to the (P - O - P)yy,
stretching vibration and BO, stretching in borate species,
respectively. The bands at 1200 and 1350 cm™ are disappeared
for x = 0.250. The intensity at 620 cm™ increases with an increase
in B,O; content. The bands at 500, 780 and 1100 cm™ are
appeared in B,Oj; rich glasses. The Raman band at 1160 cm™ is
attributed to the symmetric stretching mode of the terminal
oxygen on each tetrahedron. The intensity of band at 780 cm
increases and assigned to BO; stretching vibration [174]. The
intensity of Raman bands at 810 cm™ is increased whereas
decreased for band at 795 cm™ by heat treatment of glasses [175].
The S-O symmetrical stretching modes near 1000 cm’ from
tetrahedral SO, environments was observed. The peak near 300
cm’! is assigned to S - S stretch in the dithionate anion S,0;
[176-177].

The wettability of the diamond by the borosilicate glass melt at
temperatures above 700 °C was enhanced due to the oxidation of
the diamonds. The irregular pores become distinct in the
diamond-borosilicate glass composites sintered above 800 °C
[178]. The depolarization of silicate network takes place with
increase of zirconia and causes to reduction of intensity of band
due to Si - O - Si links. Some of the highly polymerized Qg and
Qg units are replaced by the less polymerized Qj units in the
glass structure. The most borate units within the glass structure
are probably linked to silicate tetrahedral in range 650 - 800 cm’!
and it is indicated by the lack of any prominent peaks in this
range. The band near 703 cm™ is related to the zirconia network
(Zr - O stretch) [179]. The structure of Eu®* ions doped MgO-
Pb0O-B,05-Si0,-Nd,0; glasses consist of bands centred at 1510,
1385, 955, 842, 732, 645, 487 and 298 cm™ (Fig. 13). The last
band near 298 cm’ was attributed to Ln - O - Ln (Nd, Eu)
stretching vibrations. The position of first band was shifted
towards higher wavenumber side with increase of doping
concentration of Eu. The bands at 605 and 527 cm™ are related to
B - O - Si linkages along with PbO, units and Si - O - Pb,
respectively. The polymerization of the glass network take place
due to the replacement of bonds B - O - B, Si - O - Si with more
resistant B - O - Si, Si - O - Pb bonds with addition of Eu*" ions
[180]. The structural units of TiO,4 exist in CaO-B,053-Si0,-TiO,
glasses and the degree of depolarization decreases with increase
of CaO/SiO, ratio. The increase in B,0O; leads to increase of BO,
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tetrahedral units in glass matrix. The addition of TiO, in this glass
system introduces two peaks near 840 and 726 cm™ whereas the
existed bands at 500 - 800 cm™ are disappeared. The bands near
948, 1040 and 1300 - 1500 cm' are shifted towards low
frequency side. The bands at 840 and 726 cm” are the
characteristic of Ti - O - Si or Ti - O - Ti vibrations and
deformation of O - Ti - O or O - (Si, Ti) - O in chain or sheet
units or both [181].

Pure|

Intensity (a. u.)

defect peak involving the three-membered rings of SiO,
tetrahedra. The weak band at 630 cm™ is associated either with
the hindered bending vibration of ring-type metaborate groups or
the breathing mode of danburite-like rings. The Qg species of

so silicon remain almost unchanged after Ar-irradiatation [188]. The

Raman band assignments of borosilicate glasses are listed in
Table 4.

Table 4: Assignment of main Raman bands in the spectra of borosilicate
glasses

2000 1800 1600 1400 1200 1000 800 600 400 200

Raman Shift (cm™)

Fig. 13: Raman spectra of MgO-PbO-B,0;-Si0,-Nd,03-Eu,0; glasses [180].
(Reproduced with permission of Elsevier)

The structure of borosilicate glass in presence of modifier BaO
also contains the network of borate and silicate. The addition of
BaO decreases the intensity of band near 816 cm™. A new band at
780 cm' is incorporated at 42 mol % of BaO. The bands at ~843,
877, 934, 1000 and 1040 cm™" are shifted to the lower frequency
region and cause to low network polymerization after formation
of BO, units due to the increment of BaO content instead of SiO,
[182]. The position of peak at 675 cm™ is shifted towards higher
wavenumber side with increasing ratio of BaO/SrO. This is
associated with variation of ionic radii of Ba and Sr. La,O; and
Fe,0; in barium strontium titanate (BST) borosilicate glasses
changes the peak positions of 675 and 820 cm™ towards higher
wavenumber side [183-185]. Raman band about 735 cm™ occurs
due to metaborate groups and symmetric breathing vibrations of
BO; triangles replaced by boron tetrahedral (BO,). Raman shift
has been shifted towards high wavenumber side with increasing
the doping concentration of Fe,O; [52]. Raman spectra of AO-
Si0,-B,03-La,0;, (A = Mg, Ca, Sr, Ba) glasses showed bands
near 770 - 779 and 1274 - 1280 cm ', which are related to borate
network. The bands near 796 - 800 and 1060 - 1070 cm ™' caused
to silicate network. Tetrahedral coordination occurs in both
silicon and boron in this glass system. Lanthanum is occupied
interstitial octahedral co-ordination in the local network. The
modifiers, such as Ba, Ca, Mg, Sr and La, break the B - O or Si -
O bonds and occupy interstitial or substitutional position in glass
network. As the ionic radii of modifier ion increase in order Mg*"
> Ca>" > Sr**> Ba®", then polarization follow the Fajan’s rule, i.e.
weak polarization by Mg and strong polarization by Ba [186].
Raman spectra of lead bismuth borosilicate glasses show the
bands at 1582 and 1382 cm™ in high frequency region [187].
After irradiation, the peak at 480 cm™ is shifted toward higher
wave number side. This suggests that the decrease of the Si - O -
Si bond angle is decreased. A new weak peak at 605 cm’ is
45 introduced by irradiation in glasses and assigned due to the D,

Wave Raman assignments Reference
number
(em™)
1510- B-O stretching modes involving with one 183-185
NBO of [BO;] triangles and molecular oxygen
1570 . oo
stretching vibration modes
1385- Stretching vibrations of B-O" bond in BO4 183-185
1397 units from different borate groups
symmetric stretching mode of the terminal 174
1160
oxygen on each tetrahedron
Stretching vibrations of Si—O bond and due 183-185
947-955 .
some presence of BO, units
Pyroborate unit along with ortho-silicate 181
840-842 (Si04)* composition or vibrations of Ti-O-Si
or Ti-O-Ti structural units
808 boroxol rings 168
Chain-type metaborate groups containing 181
722-732 NBO or deformation of O-Ti-O or O-(Si, Ti)-
O in chain or sheet units or both
550-850 Ring breathing modes 167, 168
400 — reedmergnerite [BSi,O4]" and danburite 167
850 [B.Si,0,]"
605 B — O — Si linkages along with PbOj units 180
symmetric oxygen breathing vibrations of 170
590 . .
three-membered siloxane rings
300-500 Mixed stretching anq bel:ldll’lg modes of Si-O- 167
Si units
475-487 Si—0-Si, Si—O-B isolated vibrations 180

S
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ss 3.5. Borophosphate Glasses

Typical Raman spectra tin borophosphate glasses are shown in
Fig. 14. In this study, it was found that the Raman bands centred
at 1330, 1270, 1050, 1000, 950, 760, 700 cm™ and some bands
near 500 cm™. The vibrations at 1330 and 700 cm™ are attributed
to metaborate groups whereas the band near 1000 cm™ is
attributed to pyrophosphate or orthophosphate units. The
presence of metaborate chains in glass matrix was found by the
vibration at 760 cm™. The evidence of pyrophosphate units was
also confirmed by peak located at 1050 cm™. The vibration at
1270 cm™ is caused by orthoborate/pyroborate units [189].
Network of lithium borophosphate glasses, in presence of
germanium oxide, consists of stretching vibrations of phosphate
structural units in high (1000 - 1300 cm™") and mid frequency
regions (500 - 700 cm ") and these units are modified by Ge ions.
Ge free glasses showed a band at 1159 ecm™, which is caused by
metaphosphate structure. The vibration at 1260 cm™ is related
with asymmetric, v,((PO,), stretching mode in Qf) units whereas
the weaker band centred at 1093 cm™' is attributed to vy(PO;), in
Qi, units. The bands at 703 and 665 cm ™' are assigned due to the
svmmetric stretching mode of P - O - P bridging bond in Q}, and
le) structure, respectively. A broad band around 320 cm ' is
attributed to the cage vibrational frequencies of Li" ions. The
addition of 5 mol.% GeO, shifted the band around 1159 to 1106
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cm! and also showed depolymerization of the Qf, structure by the
formation of more Q}, phosphate units. The intensity of band at
665 cm’! is reduced with increasing GeO, and it is completely
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Fig. 14: Raman spectra of various tin borophosphate glasses [189].
(Reproduced with permission of Elsevier)

disappeared for 15 to 25 mol% of GeO, whereas the intensity of
bands at 700 and 751 cm’ are enhanced due to more
depolymerization of Qi, units by this addition. A new band at 600
em’ is introduced due to Ge - O - Ge bending modes or Ge - O -
P stretching modes [190]. The four intense bands at 650, 696, 880
and 1112 cm™ are found in Raman spectrum of 75P,05-20B,05-
4.9Na,0-0.1Er,05 glass [191].

The Raman bands at 636 and 350 cm™ in Na,O-Ga,0;-P,0s
glasses are attributed to GaO,4 and GaOg groups, respectively. The
band centred at 515 and 540 cm ' are caused by Ga - O - Ga
bonds between GaO, tetrahedra and the band at 675 cm’ is
associated with the vibrations involved with non-bridging
oxygens from the GaO, tetrahedra. The band at ~540 cm™' was
attributed to [GaO,4]". In Ti containing glasses, a intense band
near 900 cm™ is caused by [TiO4] groups [192]. Raman spectra of
calcium borophosphate consisted by networks of ortho Q) and
pyro Q}) phosphate units. With addition of 20 mol% of B,O; in
calcium phosphate glass, the band 1045 cm™ is shifted to 1038
em! and new bands at 1000 and 675 cm™ are also introduced
[193]. In Raman spectra of
(1 - x)[0.5K,0-0.1B,03-0.4P,05]-xNb,O5 glasses, a strong band
in region 907 - 911 cm™ was observed and the band of phosphate
groups are assigned at 1070 - 1148 cm™ and 1212 - 1244 cm™.
The new bands at 811 - 817 and 638 cm™ are introduced in
glasses for more than 16.7 mol% Nb,Os. The vibrations centred
at 907 cm’' are the characteristic of symmetric stretching
vibration of isolated NbOy octahedra. The dominating bands at
817 and 638 - 648 cm™! are assigned due to Nb - O - Nb bonds in
glass with 37.5 mol% of Nb,Os. The bands at 820 - 840 cm™ in
barium-potassium niobato-phosphate glasses are attributed to the
deformation vibrational modes of Nb - O - Nb bridges between
NbOg octahedra [194].

Raman spectroscopic studies of 50PbO-10B,05-40P,05-xTiO,
glasses showed that major bands are located at 329, 729, 936,
1100 and 1210 cm™ (Fig. 15). The strong peak at 1100 and 1210
cm’! are shifted towards lower wavenumber side whereas the
peak at 729 and 936 cm™ are shifted towards higher wavenumber

side with increasing the content of TiO, [195]. TeO, in lead

4s borophosphate glasses form the structural units of TeO; and TeO,

at its low and high concentrations, respectively. The intensity of
band at 1092 cm™! decreases with TeO, and also shifted towards
low frequency side. This change is associated with
depolymerisation of the phosphate network. The bands at 550 and

s0 850 cm ! are attributed to the vibration of oxygen atoms in P - O

- P bridges and are gradually replaced by the band characteristic
of different Te - O vibrations. New bands in the region 453 - 458
cm’ are ascribed due to bending vibrations of O - Te - O and Te -
O - Te linkages. The bands lying at 620 - 630 cm ', 660 - 670

sscm | are related to stretching vibrations of TeQ, trigonal

6

7:

8

0

&

S

bipyramids, whereas, the vibrations at 720 - 750 cm ™' and 760 -
800 cm ' are associated with stretching vibrations of TeOs
trigonal pyramids [196].
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T T | | 1
700 900 1100 1300 1500
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Fig. 15: Raman spectra of the glass series 50Pb0O-10B,0;-40P,0s +xTiO,
[196]. (Reproduced with permission of Elsevier)
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Zinc oxide plays an important role in modification of borate and
phosphate structural units. In the spectra, a sharp band assigned at
808 cm! is the characteristic of B,O; and the band at 968 cm™ is
caused by vibrations of isolated PO, units in the structural
network of borophosphate glasses [197]. If TiO, was added in
zinc borophosphate glasses, then, the intense bands at 1162 and
666 cm’! are shifted towards to lower frequency side whereas, the
band at 747 cm™ is shifted to 774 cm™ successively. The band at
506 cm™ was disappeared above 4 mol% of TiO,. The shifts of
bands are associated with distortion of borate and phosphate
units. The shift in sodium contained glasses is lesser as compared
to Zn modified glasses due to difference in ionic field strength
[198]. All the Raman bands are shifted towards
wavenumber side with substitution of Sb,0O; instead of TiO, in
above glass system. The vibrations of structural units containing
Sb - O are assigned in the range of 350 - 700 cm”. Sb,0s
modifies the network in the form of SbO; units with single atom
of Sb. The low concentration of Sb,O; forms the isolated SbO;
unit. The existence of three bands in place of two is associated
with the splitting of the symmetry of SbO; units in the glass
network. Sb,O; content replicate the depolymerisation of
phosphate chains. Raman bands in the range of 520 - 690 cm™ are

lower
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attributed to SbO; pyramids. SbO; units linked into chains and
clusters with Sb - O - Sb bridges at higher Sb,O; content and are
confined by bands in the region 380 - 520 cm™ [199]. MoOs
weakened the bond strength for zinc borophosphate glasses. The
presence of the polarized vibrational band at 976 cm™ is
associated with MO, symmetric stretching vibrations and the
depolarized band at 878 cm™' is ascribed due to the Mo - O - Mo
stretching vibration. The incorporation of molybdate units in
glass matrix is responsible for depolymerization of phosphate
chains and the formation of P - O - Mo bonds [200]. The
tellurium oxide in above glass system forms structural units of
TeOs, TeO;,; and TeO,. The phosphate units are depolymerized
by incorporation of TeO, and also boron coordination is
modified. When the ratio of B,03/P,05 increases, then TeO, units
are replaced by TeOs units as the number of oxygen atoms in the
glass is decreased [201-204]. The peak assignment of Raman
spectra of borophosphate glasses are listed in Table 5.

Table 5: Assignment of Raman bands in the spectra of borophosphate
glasses.

20

Wave Raman assignments Reference
number
(em™)
1260, symmetric stretching of P - O 123
1380
1210 asymmetric stretching vibrations of POs 123
groups
symmetric stretching of a non bridging 123
1170 2
oxygenona Q; tetrahedron
1080 [P,0,]" symmetric groups in Q} 140
pyrophosphates
966 terminal [PO,J'~ symmetric groups in Q} 140
pyrophosphates
960 symmetric stretching of the orthophosphate 123
groups PO;
Ge - O - Ge bending modes or Ge - O - P 190
600 .
stretching modes
550, 850 vibration of oxygen atomsinP-0O-P 196
bridges
968 vibrations of isolated PO, units 199
3.6 Aluminosilicate Glasses
Raman  spectra  of glasses for glass  system

5Na,0-20Ca0-5A1,05:(60 - x)Si0,'xZnO (where x = 0, 4, 7 and
10 mol%) showed the bands by deconvolution, which are centred
at 868, 956, 1020 and 1075 cm™ and attributed to the SiNBO
stretching modes of mainly silicate units, Qg (Fig. 16]. The band
near 868 cm! is the characteristic of Q. . The peak at 956 em’ is
assigned due to Q2 whereas peak at 1019 cm™ is the cause of
asymmetric stretching of BO and related to Qg - Q3 units. The
band at 1020 cm’ is associated with Q. Raman bands in
wavenumber range 400 - 800 cm™' are assigned at 412, 544, 622
and 779 cm™. The vibrations in the range 400 - 650 cm ' are
caused by bending vibrations of the bridging oxygen (BO) bonds
of Si0, and band near 779 cm™is caused by the Si - O - Si
network, ZnO, tetrahedra and AlO, units with three BOs and one
NBO. The low frequency bands located at 222, 279 and 338 cm™
are related with cations of modifying networks. The vibration of
cations Na® and Ca®" are centred at 222 and 279 cm’,
respectively. The coupled vibration of Ca - O and SiO,4 network
are found at 338 cm™. The addition of ZnO in glass matrix shifts
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Fig. 16: Raman spectra of glasses for glass system
5Na,0-20Ca0-5Al,05:(60 - x)SiO,-xZnO [203]. (Reproduced with
permission of Elsevier)

the bands at 279 and 338 cm™ to position 274 and 346 cm’!,
respectively. With increasing ZnO/SiO, molar ratio, the band at
622 cm’' is shifted towards 645 cm™ and finally, splited into two
components for 10 mol% ZnO content glasses [203].

Sodium silicate and aluminosilicate can be analyzed by Raman

spectroscopy in low frequency region of 20 - 250 cm™’. In this
region, the peak at 69 cm is the signature of Raman scattering
involving in rotational motions of interconnected tetrahedral
units. The position of this peak is shifted to 78 cm™ with addition
of AlL,O; upto 6 mol%. Raman peak at 170 cm™ is assigned due to
narrower distribution of T - O - T angles, or by a structural
localization of those vibrations in specific clusters of molecules
in the glass network. The band centred at 490 cm™ is shifted to
482 cm™. The band at 597 cm™ becomes broader with increase of
content of Al/(Al + Na). This result suggests the presence of
three-membered rings in the glass network. Raman band located
at 781 cm’! is shifted to 799 cm™ with replacement of Na,O by
ALO;. A shoulder near 810 - 820 cm' is the feature of Si - O
stretching involving oxygen motions in the Si - O - Si plane or to
the motion of the Si atom in its oxygen cage or threefold -
degenerate rigid cage vibrational mode of TO, units. The high
frequency bands at 960, 1070, 1100, 1150 and 1200 em’! are the
characteristic of silicate network and vibrational modes of TO,
tetrahedra [204]. A Raman band at 495 cm™ was observed in
albite glass and showed the presence of polymeric structure in
such glasses. The band assigned at 595 cm™ is the characteristic
of structural defect in the glass involving T - O (non-bridging)
vibrations (Fig. 17). The defect line, D,, of SiO, is assigned at
606 cm™'. The Al in borosilicate glass shifted the band positioned
at 950 cm™ to 900 cm™! while peaks at 980 and 1110 cm™ showed
opposite trend with previous result. The polymerization become
more significant with increasing Al/Na ratio [205].
The structure of aluminosilicate glasses consists of silicate and
aluminate networks. The band centred at 1060 and 1200 cm™ are
attributed to Si - O stretching vibrations of SiO, tetrahedra. The
intensities of bands at 1000 and 1100 cm™ are increased with
increase of Al,Os. This increase in the intensity of these bands is
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Fig. 17: Raman spectra of 75Si0,:(25 - x)Na,0-xAl,0; glasses [204].
(Reproduced with permission of Elsevier)

1000 1200

due to interlinking of Si-O-Al network. The intensity of band at
435 cm™ was decreased with increase of AlLO; and suggested to
decrease of Si - O - Si linkage in tetrahedral units [206].
Aluminosilicate glasses along with silica-calcium, silica sodium
aluminate and silica-potassium aluminate showed the appearance
of bands centred at 1120, 1100, 930 and 890 cm™'. The degree of
metal cations induced network clustering increases in order of K
< Na < Li < Ca < Mg within the Si0,-MAIO, glasses (M = K,
Na, Li, Ca and Mg) [207-208]. The low frequency bands at 450,
500 and 600 cm’™ are associated with motions of bridged oxygen
in T-O - T linkages and band at 560 cm™ in Al rich sample is
caused by presence of Al - O - Al bridges in CaO-Al,0;3-SiO,
system. The intensity of band at 800 cm™ was decreased with
decrease of SiO, and shifted towards lower wavenumber side.
The high frequency Raman spectra consist of peaks at 1000 and
1080 cm'. Al coordination exists mainly in four-fold type and
varies between Qg and Qg; species as a function of MO/ALO,
ratio (M = Ca, Sr, Ba). At very higher concentration of CaO
(more than 62 mol %) a Raman band between 300 - 400 cm’
was also present. A Raman band at 170 cm™ and a shoulder
around 300 cm' was observed in Ba contend glasses. The
intensity of peak at 170 cm™ increases with Ba content. The peak
position of Raman bands due to metal cation decreases with size
of cation [209-212]. Raman band located at 450 cm™ is the
characteristic of motion of bridging oxygen in the plane
perpendicular to the Si - O - Si (A1) bond. The vibration at 710
cm’ gives the evidence of AlO, tetrahedra and the band at 760
cm’! corresponds to the stretching mode of the Al - O bond with
aluminium in four-fold coordination. The band at 960 cm™ in the
spectra is caused by stretching vibration of silicon-oxygen
tetrhedra with two corners shared with aluminium-oxygen or
calcium-oxygen polyhedral [213]. The depolarization ratio in
calcium alumino-silicate glasses is 0.007 and 0.485 for intense
bands at 540 and 96 cm’, respectively. This result showed that
the vibration at 540 cm™ is highly symmetric in nature. The
polarized spectra for this glass system showed peaks centred at
96, 540, 767 and 867 cm’'. Similar bands are also observed in
other glass system with a slight variation in their peak positions
[214]. The main peak assignment in the Raman spectra of
Aluminosilicate glasses are listed in Table 6.

Table 6: Assignment of Raman bands in the spectra of Aluminosilicate

45 glasses
Wave Raman assignments Reference
number
(cm™)
1060, Si - O stretching vibrations of SiOy tetrahedra 206
1200
stretching vibration of silicon-oxygen 213
960 tetrhedra with two corners shared with
aluminium-oxygen or calcium-oxygen
polyhedral
Si - O stretching involving oxygen motions in 204
the Si - O - Si plane or to the motion of the Si
810 - 820 atom in its oxygen cage or threefold -
degenerate rigid cage vibrational mode of
TO, units
779 Si - O - Si network, ZnO, tetrahedra and AlO, 203
units with three BOs and one NBO
450, 500, motions of bridged oxygeninT-O -T 209-212
600 linkages
bending vibrations of the bridging oxygen 203
400 - 650 (BO) bonds of SiO

3.7 Phosphosilicate Glasses

A typical Raman spectrum of phosphosilicate glass is shown in
Fig. 18 [215]. Raman spectra of phosphosilicate glasses consist of
networks of phosphate as well as silicate. Raman peak at 1320

so cm is attributed to stretching vibrations of O - P double bonds

and the bands below 860 cm™ are assigned due to Si- O and P -
O bonds in Si - O - Si, P- O - Siand P - O - P linkages. The
peaks at 1200 and 1020 cm™ are caused by P - O - P linkages and
band near 1145 cm™ is due to P - O - Si linkages [215-216]. The

5 bands are located at 340, 426, 580, 648, 720, 780, 882, 956, 1040

and 1450 cm™ in the Raman spectra of various compositions of
Ca0-MgO-SiO, system doped with B,0j3, P,Os, Na,O and CaF,
(Fig. 19).
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Fig. 18: Raman spectrum of phosphosilicate glass [215]. (Reproduced
with permission of Elsevier)

The vibrations in the regions 800 -1300 cm™ are the characteristic
of the asymmetric vibration of SiO, tetrahedra whereas the bands
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at 952, 590 and 425 cm™' are assigned due to the symmetric rings. Sodium fluoride (NaF) in alumino-borosilicate glass
increases the stability of boroxol ring. The metaborate group is
assigned at 723 cm whereas lower intensity bands centered at
3, 88:9;"1 oib . 1075, 947 and 480 cm™ are attributed to the stretching vibration
*780 ¢ ' ¢ : 350f Si - O - Siand B - O - Si. Instead of above bands, few more
¥ bands at 1114, 1000, 885, 770, 657, 598, 520, 491 and 447 cm™
are also assigned in Raman spectrum. The band located at 1114
em’ is attributed to diborate groups. The band at 885 cm’
indicates the presence of pyroborate groups. The existence of
symmetric breathing vibration of six-membered rings BO,
tetrahedron was confirmed by band located at 770 cm™. The
bands at 1000 and 520 cm’ indicate the availability of the
vibration of Si- 0. B-0-B,B-0 - Siand Si - O - Si bending.
The rocking vibration is also found in network of glass at 475 cm’
!. Raman band at 951 cm™ is attributed to B - O - Si stretching
vibration. The shoulder peak at 447 cm™ is assigned due to the
bending or rocking vibrations of the B - O - Si linkages, B - O -
B,B-0-Siand Si-O - Si[222].
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Fig. 19: Raman spectra of calcium magnesium silicate glasses doped with
B,0s, P,0s, Na,O and CaF, [217]. (Reproduced with permission of
5 Elsevier)
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stretching of the P - O"bonds and O - P - O bending modes of the
orthophosphate PO; unit (Q;), respectively [217]. The silicate
networks Si - O - Si and intensity of the Si - O - NBO stretching
mode are modified by cations Na, Mg and Ca [218-219]. The
10 addition of silver in calcium phosphosilicate classes chanees
some networks such as the contribution of Qp,Qpand Qpis
progressively vanishing by increasing the concentration of silver
and a weak band around 1025 cm ' was also assigned. The

Intensity/a.u.
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Raman shift/cm’™
50 Fig. 20: Raman spectra of NaF alumino-borosilicate glasses [222].
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position of band at 956 cm™ was shifted at 967 cm™ with this
addition. The spectra also show the occurrence of a
depolymerization process of SiO4 network [220]. The average
distance between silicates, phosphates, inter silicate-phosphate
and aluminium—phosphate chains was increased by increasing the
concentrations of AlOg structural units and it leads to the increase
in the average bond length of Tm - O and Er - O due to weaker
field around Tm - O and Er - O ions [221]. The main peak
assignment in the Raman spectra of Phosphosilicate glasses are
listed in Table 7.

Table 7: Assignment of Raman bands in the spectra of Phosphosilicate
25 glasses

S

Wave Raman assignments Reference
number
(em™)
1320 stretching vibrations of O - P 215-216
double bon
1200, 1020 P - O - P linkages 215-216
1145 P - O - Si linkages 215-216
360 Si-Oand P-ObondsinSi-O - 215-216
Si, P-0O-Siand P - O - P linkages

3.8 Alumino-borosilicate Glasses

Raman spectra of NaF alumino-borosilicate glass consist of

vibrations located at 1075, 947, 802, 723 and 480 cm’ (Fig. 20).
The Raman band located at 802 cm is the characteristic of Si - O
30 - Si vibration and symmetric breathing vibration of the boroxol

%

S

(Reproduced with permission of Elsevier)

Raman spectroscopy of sodium-alumino-borosilicate glasses in
presence of Gd,05 showed that the band at 1050 cm™ is shifted
towards lower wavenumbers side with addition of Gd,O; and

ss intensity of band centred at 450 cm™ was increased. One more

band at 300 cm™ was ascribed for the glasses with 7.06 and 13.58
mol% of Gd,Os. The borate network was much influence by
network modifying cations as compared to silicate network. Gd
cations are more effective than Na cations for modifications of
network [223]. Raman spectra of strontium alumino-borosilicate
glasses exhibit vibrations of borate as well as silicate network
along with some linking networks. The asymmetric ring
breathing vibrations is assigned at 430 cm ', symmetric stretching
vibrations of Si - O - Si at 800 cm', stretching vibrations
associated to SiO4 composed of sites with three and four-fold
rings ranging 1000 - 1200 cm™' and symmetric stretching
vibrations at 1200 cm™'. The borate networks are pure B,0s
exhibit a strong band at 805 cm ' due to symmetric beating
vibrations of boroxol ring oxygen. The boroxol ring structure is
splited into different ring structures (i.e. triborate, tetraborate or
pentaborate, etc.) in the presence of suitable modifiers in the glass
network (Fig. 21). After the irradiation of y-ray, the intensity of
bands due to asymmetric vibrations was increased and shifted to
higher wavenumber side. The effect of radiation was lesser in

75 Al,O3 added glasses [224]. Not only y-ray irradiation but also [3-
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ray changes the network of the glasses. The bending vibration of
Si- O - Si at 460 cm™ is shifted in the slasses irradiated with 10°
Gy. B-ray radiation was decreases the Qéi species as compared to
Qg ones [225-226]. The B-ray irradiation in rare earth alumino-
s borosilicate glasses reduces the Cr and Mn ions from the matrix.
The Raman band at 460 cm™ is shifted to 480 cm™ with adding
the Cr instead of Sm and Gd. Silicate networks in the range 900-
1200 cm™ are not much affected by Cr whereas new bands
centered at 845 and 900 cm™ are introduced in the matrix. The
10 behaviour of Raman band at ~ 1550 cm™ due to molecular
oxygen could not be analyzed under irradiation due to polishing
of glass surface [226-229]. Similar to B-ray irradiation, the y-
irradiation is effective for reducing Sm** to Sm*" ions from 10
kGy dose [230]. The Raman band assignment in Alumino-
15 borosilicate glasses are listed in Table 8.

namely TeO, (trigonal bipyramid, tbp), TeO; (pyramid) and an
intermediate withTeOs.; polyhedral. The four oxygen atoms are
covalently bonded with central tellurium atom in TeQO4. The
bipiramid structure is formed by two equatorial and two apex

30 oxygen sites. The trigonal pyramid structure consisted of two

35

bridging oxygen sites and one non-bridging oxygen atom [231-
232]. The Raman bands near 667 cm™' are related with combined
vibrations of asymmetric stretching of Te—O,—Te bonds and
symmetric stretching of TeO, tbps. The addition of Na,O in
glassy matrix changes the intensity of bands due to stretching
vibrations of non-bridging Te—O~ bonds in TeO; tps (753 and 792
em'). The position of band assigned to the symmetric bending
vibration of TeO, tbps is shifted towards low wavenumber side.
The intense band at 40 cm™' is associated with Boson peak. The

4 increase of Na,O content in tellurite glasses results the

transformation of TeQ, tbps to TeOs tps due to increased number
of NBOs [233-234]. Assignment of main Raman bands in the
spectra of tellurite glasses are listed in Table 9.
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Fig. 21: Raman spectra of glass 40SrO-5Al,05-15B,05-40Si0, irradiated
with doses of (1) 0 kGy; (2) 10 kGy;and (3) 30 kGy [224]. (Reproduced
with permission of Elsevier)

20 Table 8: Assignment of Raman bands in the spectra of Alumino-
borosilicate glasses
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Fig. 22: Raman spectra of various tellurite glasses [231]. (Reproduced

Wave Raman assignments Reference with permission of Elsevier)
number
(cm™) Table 9: Assignment of main Raman bands in the spectra of tellurite
1114 diborate groups 222 glasses.
tric vibration of SiO. 222
800 -1300 asymme r;zt:;h::zzirlsn OF It Wave Raman assignments Reference
vibration of Si- 0. B-0O-B,B-0- 222 number
1000, 520 Si and Si - O - Si bending (em’)
952 symmetric stretching of the P - O 222 40 Boson peak 233-234
bonds 60-80 B-TeO, 239
951 B - O - Si stretching vibration 222 110-143 y-TcO, 239
885 .pyrobor'flte groups . 222 300 TeO; 236
770 symmetric breathlng vibration of six- 222 stretching and bending vibration of Te-O— | 231,235,
membered rings one BO, tetrahedron 440-478 | Te linkages in TeO; (tbp’s), TeOs.s | 236,243,
O -P - O bending modes of the 222 polyhedra and TeO; (tp’s) 246
s orthophosphate unit vibration of the contmuous networl
590, 425 hophosphate PO3™ uni ssl623 | vibrati £ th i K 231
comprised of TeOy tbp’s
bending or rocking vibrations of the 222 antisymmetric vibrations of Te-O-Te in | 231, 233-
447 B - O - Si linkages, B-O-B,B-0 - 648-700 | TeOsss, TeOs, TeOs and TeO4 networks 234,239,
Siand Si- O - Si 250
stretching vibrations between tellurium and | 231, 233-
3.9 Tellurite Glasses 716-753 | non-bridging oxygen (NBO’s) atoms 234,239,
250
The Raman spectra of various tellurite glasses are shown in continuous network vibration of TeO, tbp’s | 231, 233-
Fig. 22. In tellurite glasses, the tellurium oxide works as glass 773-793 | and a TeO" stretching vibration of TeOs:5 234,239,
2s former. The tellurite oxide has mainly three basic structures, polyhedra or TeOs 250
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The study of xNa,0.(35-x)V,05.65TeO, glass showed the
increase in intensities of TeO, tbp (443-478 cm™ and 671-675
em’™) and TeO; tp (783-793 cm’™") with increase of Na,O content.
This result is also consistent with above result of transformation
of TeO, tbps to TeO; tps [235]. The network Te-O-Te bridges are
breaked by addition network modifiers Na,O, ZnO and ZnF, in
tellurite and forms the non-bridging oxygens. The intensity of
vibrations TeO; (300 cm'), Te-O-Te (470 cm ')/TeO, (675
cm') are reduced by replacement of ZnO with ZnF, in glassy
matrix. The tellurium chain was breaked by introduction of P,Os
in tellurite glasses and suggests the formation of Te-O-P bonds
[236]. Raman peaks of crystallized sodium tellurite glasses are
very sharp and intense. The peak positions were shifted towards
increase of crystallization
temperature [237]. The network of TeO4 bypiramids are breaked
to networks of TeOs;; and TeO; polyhedra at high pressures
[238]. Raman spectra of zinc tellurite glasses confirms the
presence B-TeO, (60-80 em’™), v-TeO, (110-143 em™). The three
dimension network of asymmetrical vibration of TeO, unit with
one lone pair of electron at equilateral position is linked with
Tey-Ocq-Te linkages. The formation of Zn,Te;Og units changes
the bands positioned at 295, 343 and 700-800 cm’! [239-241].
The peak positions of bands at 423 cm’™ is found to shift towards
lower wave numbers with increasing ZnO content whereas bands
at 661 and 720 cm™' are shifted towards larger wavenumber side
with increasing ZnO concentration. The intensities of bands at
661 cm™' (decrease) and 720 cm’' (increase) are reversed order
with increase of ZnO content from 18 to 35 mol%. This indicates
the decrease in Te—O coordination due to conversion of TeO, into
TeO; structural units with increase of ZnO content [242]. Raman
study of TeO,-La,0;—TiO, glasses shows the chain formation of
Te—O-Ti—O-Te— at lower content of TiO, whereas the chain
formation becomes saturated and some TiO, polyhedron are also
formed in glassy matrix [243]. The structural change from TeO,
trigonal bipyramid (tbps) to TeO; trigonal pyramid (tps) via
[TeO;.] is also observed with increasing Ta,Os content in glass
[244]. The Raman spectra (89-x) TeO,—10TiO,—1Nd,0;—xWO;
indicates a depolymerisation of tellurite glass as the Te-O-Te
inter-chain linkages are progressively substituted by stronger Te—
O-W bridges by the addition of WO; [245]. The addition of
Nb,Os in tellurite glasses decreases the connectivity by the
deformation of Te—O-Te linkages [246]. The network modifying
nature of K" ions is greater than that of Li" ions in the alkali
metal tellurite glasses due to larger ionic radius of potassium than
that of lithium [247]. The thallium ions in tellurite glasses
induces the island-like structure of [TeO5]* [248]. The alkali ions
(Li and Na) transports drive the secondary event as NBO
migration through BO-NBO switching [249]. Khanna et al
studied the Raman spectra of boro-tellurite and aluminoboro-
tellurite glasses. Raman spectra of boro-tellurite glass depicts the
bands at 450, 503, 615, 665, 718, 762, and 902 cm™ whereas
alumino-boro-tellurite glasses have Raman bands located at 337,
450, 505, 567, 606, 666, 724, 754 and 864 cm™ [250]. The
structural units TeO, tbp’s and TeOj;.; polyhedra changes into
TeO; tp’s with an increase of B,0O; content [251]. The diamond in
tellurite glasses is the good medium for quantum information.
The first order diamond Raman band is assigned at 1350 cm™ in
nano-diamond induced tellurite glasses [252].

lower wavenumber side with

S

a

=)

a

S

4. Conclusions

A detailed study of Raman spectroscopic data on alkali and
alkaline earth metal doped various oxide glasses is reviewed. The
various models were helpful for the truthful correlation of data. A
general agreement was found that the structure of glassy network
is compositional dependent. The vibrational properties of
structural units are better understood in their structure and
bonding as the vibrational spectroscopy cannot be useful as a tool
for analyzing their detailed molecular structure.
spectroscopic studies of rectify the modification in vibration
networks of borate by alkali and alkaline earth metals. The basic
borate networks are formed by NBO and BO atoms in tetrahedral
borate unit [9]. The formation of pentaborate, tetraborate,
diborate, metaborate and pyroborate units [10], disappears of
diborate units [102], boroxol ring [116] and high polymeric units
such as pentaborate [105] by certain dopants was clearly noted by
Raman spectroscopic studies of various borate glasses. It was
found in Raman spectroscopy of oxide glasses that the modifying
nature of alkali and alkaline metal are in the order of Cs <K <Na
< Li < Ca < Mg [23]. The alkaline metals are effective in the
order of Ba < Sr < Ca < Mg whereas the alkalis are in the order of
K < Na < Li. The significant information glass forming ability of
various glassy networks was obtained Raman spectroscopic
studies in the present review article. On the basis of above
investigations about oxide glasses, dopants MoOs, CeO,, Bi,O3,
Sb,0; and TeO, form mainly MoOg or MoO,, CeOg, BiO; or
BiOg, SbOs and TeO; or TeO, units, respectively. Raman study is
also providing significant UV, B and v-ray irradiations. It was
found that these radiations decrease the Qéi species in comparison
to Qgi and it reduces thee oxidation state of cations [230]. The
tellurium oxide works as network former as well as network
modifier. With the addition of alkali oxides, the TeO, tbps units
transform into TeO; tps due to increased number of NBOs.

The great advances have been seen in the structural studies of
glasses in past few decades still few open questions remain to
study. The presence or absence of superstructural units in the
glass network is the most important question. The mesounits in
an intermediate- or medium-range order in the oxide structure are
affecting a wvariety of the properties of the glass and are
constituted by 7-20 or more atoms. The primary information
about mesounits and their possible arrangements can be derived
from the study of crystal structures isocompositional with the
glasses. Such types of informations are questions for Raman
spectroscopy. The quantitative information of structural units of
glasses is a question for Raman spectroscopic analysis. It is
always a question that informations obtained by Raman
spectroscopy are either complete information or not. The
vibrations, which are antisymmetrical with respect centre, are
Raman inactive. In this case, it is a question that how can anti-
symmetric vibrations be analysed by Raman spectroscopy. Such
vibrations are analysed by infrared spectroscopy. What do the
analogies with organic high polymers teach us for the glass? In
what respect is given glass to be called a polymer?

The absence of change of P-coordination in phosphate glasses
as found in borate are unanswered by structural study of
phosphate glasses by Raman spectroscopy. There is no particular

Raman

15 relationship seen between distribution of tetrahedral linkages and

glass properties. A question is also arising that are there any
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differences between the non-bridging oxygens on individual Q}
and Q} tetrahedra.
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