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I INTRODUCTION 

This thesis may be considered to be a contribution 

to the invèstigations of the structure of borate glasses 

by means of infrared and Raman spectroscopy. In order to 

interpret the vibrational spectra of vitreous borates, a 

detailed knowledge of the spectroscopie properties of the 

short-range ordered structural units, occurring in these 

glasses, is important. Since these units also occur in 

crystalline borates, a vibrational spectroscopie i~

vestigation of crystalline borates with well-known 

structure is of paramount interest. 
In a previous study, Konijnendijk [1] has 90mpared the 

infrared and Raman spectra of borate glasses with these of 

crystalline borates in order to determine the types of 

structural units in borate glasses. Bril [2] and 

Bronswijk [3] have performed normal coordinate analyses 

to structural units occurring in crystalline alkali 

borates on the basis of the assignments of the infrared 
and Raman spectra of these borates. 

In this thesis, infrared and Raman spectra of single 

crystal borates have been studied in view of the useful 

information they give for the assignment of the spectra. 
We have succeeded in growing large single crystals of 

magnesium orthoborate, lithium metaborate and sodium 

metaborate, and in recording their polarized Raman spectra. 

However, lithium metaborate only was suitable for infrared 

single crystal transmission measurements. 

The crystalline borates investigated in this work will 

be discussed in the following order: 

(i) magnesium orthoborate (Mg3 {so3 )2) containing isolated 
3-planar B03 groups, 

(ii) magnesium pyroborate (Mg2s 2o5) containing isolated 

B2oj~- groups (each one consisting of two condensed 
B03 groups), 

(iii) lithium metaborate (LiB02 } containing (B02-)
00 

chains 
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(each one consisting of an infinite number of con-
3- . 

densed so3 groups) ·' 
(iv) sodium metaborate (Na3s 3o6) containing s3o6

3- rings 

(each one consisting of three condensed so33- groups). 

Normal coordinate analyses for the internal vibrations 

of the various crystalline borates have been carried out 

on the basis of the assignments of their infrared and 

Raman spectra. The sets of force and interaction constants 

obtained have been evaluated for their usefulness in 

normal coordinate analyses of vitreous borates. 

1. 1 References 

1) W.L. Konijnendijk, The Structure of Borosilicate 

Glasses, Thesis, Eindhoven University of Technology, 1975. 
2) T.W. Bril, Raman Spectroscopy of Crystalline and 

Vitreous Borates, Thesis, Eindhoven University of 
Technology, 1976. 

3) J.P. Bronswijk, Spectroscopie Investigations of Some 

Crystalline Borates, Thesis, Eindhoven University of 
Technology, 1979. 
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II THEORETICAL CONSIDERATIONS ON SINGLE CRYSTAL INFRARED 

AND RAMAN SPECTROSCOPY 

2.1 Introduetion 

Infrared and Raman spectroscopy are two complementary 

techniques commonly used for the study of molecular vibra

tions. In particular, investigations of the vibrational 

spectra of oriented single crystals may yield valuable 

information about the symmetry properties of the normal 

modes of vibration. 

Because of the different mechanisms of the two kinds of 

vibrational spectroscopie transitions, the selection rules 

differ. In infrared spectroscopy, the sample absorbs (or 

emits) radiation with frequencies equal to those of the 

dipole oscillations of the molecules. A particular molecular 

vibration is infrared active if the intrinsic electric 

dipole moment of the molecule changes with the relevant 

normal coordinate. Raman spectroscopy, on the other hand, 

is based on a molecular light-scattering phenomenon :in

volving frequency shifts which are equal to the vibrational 

frequencies. In this phenomenon, a dipole moment is in

duced in the molecule by the electric field of the 

radiation incident on the sample. A particular molecular 

vibration is active in Raman if the electric polarizability 

of the molecule changes with the relevant normal coordinate. 

When dealing with single crystal samples, however, 

other physical conditions have to be taken into account 

in addition to the selection rules just mentioned. It is 

quite possible that a crystal mode of vibration, which is 

infrared or Raman active, will not be observed. This may 

occur at certain orientations of the single crystal with 

respect to the polarization direction of the incident beam 

and (for the Raman effect) of the scattered light. By 

choosing the single crystal orientation in a proper ~ay, 
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it is possible to assign the observedfrequencies to the 

symmetry species of the point group of the crystal, as 

will be seen in Sec. 2.2. 

2.2 Sinsle crystal measurements 

2.2.1 Polarized infrared spectra 

As bas been noted in the previous section, an infrared 

active normal mode of vibration is associated with a change 

of the intrinsic electrio dipole moment of the molecule. 

This molecular dipole moment t is a vector in space with 

components ~x' ~y and ~z refe~d to the Cartesian 
coordinate axes x, y and z. The symmetry operations of the 

molecular point group transferm these components in the 

same way as the Cartesian axes x, y and z [ 1 ] • The 

symmetry species of ~x' ~Y and ~z are, therefore, given 
in the character tables of the point groups. 

In single crystals, the molecular dipole moments 

oscillate along well-defined crystal directions as a 

result of the special oircumstance that all molecules are 

fixed in given spatial orientations. As a consequence, 

the maximum amount of radiation is absorbed when the 

polarization direction of the incident electrio field is 

parallel to the direction of the changing dipole moment. 

When these directions are mutually perpendicular, no 

radiation is absorbed. If the crystal is oriented in such 

a way that a certain molecular dipole moment oscillates 

parallel to a Cartesian coordinate axis x, y or z, the 

associated vibrational mode belengs to the same symmetry 

species as llx' lJY or J..lz' respectively. 
By making use of these directional effects in single 

crystal infrared measurements, it is possible to assign 

the observed frequencies to the various infrared active 

symmetry species of the point group. 
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2.2.2 Polarized Raman spectra 

In the Raman scattering process, the electrio polariza
bility of the molecule instead of the molecular dipole 

moment has to be considered. 

In Fig. 2.1 an oriented single crystal is placed at 

the origin 0 of the right handed set of 'laboratory' 
coordinate axes x, y and z. 

observed 11 
scattered 
radiation 

+ 
'Ir 

t
incident 
laser 
beam 

y 

Fig. 2. I Raman scattering geometry with the electric vec

tor of the incident laser beam in the x direction. 

The electrio field Ê of the incident radiation will induce 

a dipole moment ~ in the molecules of the crystal. The 

relation betw~en ~ and E is 

~ = a Ê xyz (2.1) 

where a is the electrio polarizability of the crystal, xyz 
referred to the Cartesian axes x, y and z. Equation (2.1) 

may be written more explicitly as 

,~a a a ~ XX xy XZ 
a a a. yx yy yz 
a a a zx zy zz 

(2.2) 
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In general, the veetors ~ and E will not have the same 

direction. The polarizability a is a symmetrie tensor . :x:yz .. 
with the elementsof the square matrix.in Eq. (2.2) as its 

components. The physical significq.nce of a .. (i,;j = :x:,y,z) 
1-J 

is to be interpreted as fellows: it determines the con-

tribution to the ith component of the induced dipale 

moment which arises from the jth component of the exciting 

electric field. 

For Raman intensities, which depend on the extent to 

which the electric polarizability of the molecule changes 

with the relevant normal coordinates, the derived 

polarizability tensor must be considered. The intensity of 

a Rarnan line due to a vibrat~nal mode belonging to syrnrnetry 

species r with a degree of degeneracy Z is given by 

(2. 3) 

where i ,j = x ,y ,z, and k is a constant [ 2 ] • 

In this expression e 1 . and e 2i are the components of the 
-+ ..,..J 

unit veetors e1 and e 2 , which define the directions of the 

incident polarized beam and the analysed scattered 

radiation, respectively. Pij (r,n) is the derivativè of 

component a .. of the polarizability tensor, taken at the 
7-J 

equilibrium position, with respect to the normal coordinate 

which is the nth merober of the degenerate set of vibrational 

modes belonging to syrnrnetry species r. 

It fellows from Eq. (2.3) that the intensity of Rarnan 

lines depends on the polarization directions of the in

cident and scattered radiation relative to the crystal 

orientation. As in the case of infrared absorption, this 
is useful for assigning the observed frequencies to 

the syrnrnetry species of the point group. 

The syrnrnetries of bath the crystal and its vibrations 

determine which components of the derived polarizability 

tensors (also called Rarnan tensors) will be zero. The 

form of the Rarnan tensor for each Rarnan active syrnrnetry 

species in each crystal class may be found in the litera
ture [2,3]. 
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If the single crystal is placed into the Raman 

spectrometer in such a way that the 'laboratory' axes do 
not coincide with the axes to which the Raman tensor is 
referred, this tensor should be related to the former axes. 
This is achieved by a similarity transformation of the 
form 

(f)* = T(r)T-1 (2.4) 

where (f) is the Raman tensor for symmetry species r, and 

T is the relevant transformation matrix. It is the compo
nent of the transformed Raman tensor (r)* which should 
then be used in Eq. (2.3). 

In this work, Porto's notatien [4] is foliowed in 
repreaenting Rama.n scattering geometries: i(pa)s. This 
symbolism implies that the incident light, with the 
electric vector in the p direction, is propagating along 
the i axis, and the a component of the scattered radiation 

is being observed along the s axis. For the scattering 
geometry in Fig. 2.1 the notatien will be z(xx)y for the 
parallel position of the analyser, and z(xz)y for the 

perpendicular position. 

2.3 Birefringence 

The phenomenon of birefringence or double refraction 
appears in anisotropic media and implies that in general 
each incident light wave will give rise to two refracted 
waves. In crystals, it is conventent to describe these 
refraction phenomena with the help of the optica! indicatrix. 
This is a three-dimensional geometrie surface showing the 
variatien of the refractive index with the vibration 
direction of a monochromatic light wave propagating 
through the crystal. The radius length of the indi~atrix 
represents the index of refraction of the crystal for a 
wave vibrating parallel to the radius direction. The 

! 
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difference between the maximum and minimum indices of 

refraction is a measure of the birefringence. 
The shape and orientation of the indicatrix are depend

ent on crystal symmetry in the following way [ 5 ] • 
(i) Cubic crystals are optically isotropic; the refractive 

index is the same for light travelling in all direc

tions through the crystal. The ind~catrix is a sphere, 

and there is no double refraction. 
(ii) Hexagonal, tetragonal and trigonal crystals have two 

optically equivalent, mutually orthogonal directions 

in a plane perpendicular to the principal symmetry 

axis. Hence, the indicatrix is an ellipsoid of 

revolution about this symmetry axis (Fig. 2.2a). 

Any central plane section of the indicatrix will be 

an ellipse except for the central section perpendien
lar to the principal axis which is a circle. The 

principal axis is called the optie axis, and the 

crystals are said to be uniaxial. 
(iii) Orthorhombic, monoclinic and triclinic crystals do 

not have two or more mutually orthogonal, optically 

equivalent directions. The indicatrix is an ellipsoid 
with three unequal principal axes. As is shown in 

Fig. 2.2b, there are two circular central sections. 

The directions perpendicular to these two sections 

are the optie axes, and the crystals are called biaxial. 

It follows from electromagnetic wave theory [6] that 
a monochromatic light wave falling on an anisotropic (a 

non-cubic) crystal, will in general be split into two 

waves which are plane polarized. Their respective vibra

tion directions are parallel to the major and minor axes 
of the elliptical central section of the indicatrix per

pendicular to the direction of propagation of the light. 
The refractive indices of the two waves are given by the 

lengths of the two semi-axes of the ellipse. 

In the exceptional case of the incident light wave 

travelling in the direction of an optie axis, the central 

section perpendicular to the propagation direction is a 
circle so that a single refractive index will occur; for 
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A 

(a) (b) 

Fig. 2.2 (a) Uniaxial indicatrix with its unique optie 

axis A (n = n ). 
~· y 

(b) Biaxial indicatrix with its two optie axes 

A1 and A2 • 

electromagnetic radiation propagating in this direction the 

crystal appears to be isotropic. 

In order to perform unambiguous single crystal infra

red and Raman measurements, the polarization direction of 

the incident electric field should not be allowed to 

change when entering the crystal. Thus, splitting of the 
incident light waves should be avoided. The same applies 

to the observed scattered radiation, so that care has to 

be taken that: 

(i) the propagation direction of the incident beam and the 

observation direction of the scattered radiation are 

normal to the appropriate crystal faces, and 

(ii) the polarization directions of the incident and 

analysed radiation are parallel to the major or minor 

axis of the relevant elliptical central section of 

the indicatrix. 

The directions, meant under (ii), are the •extincti~n 
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directions' found by rotating theó:tiented single crystal 

between the crossed polars of a polarizing microscope [ 7]. 

2. 4 References 

1) E.B. Wilson, J.C. Decius and P.C. Cross, Molecular Vi

brations, McGraw-Hill, New York, 1955. 

2) H. Poulet and J.P. Mathieu, Spectres de Vibration et 

Sym~trie des Cristaux, Gordon & Breach, Paris, 1970. 

3) R. Loudon, Adv. Phys., 13, 423, 1964, and R. Loudon, 

Adv. Phys., 14, 621, 1965. 

4) T.C. Damen, S.P.S. Porto and B. Teil, Physical Review, 

142, 570, 1966. 

5) D. McKie and C. McKie, Crystalline Solids, Nelson & Sons 

Ltd., London, 1974. 

6) J.F. Nye, Physical Properties of Crystals, Ciarendon 

Press, Oxford, 1957. 

7) E.E. Wahlstrom, Optical Crystallography, Wiley & Sons, 

New York, 1969. 
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lil GENERAL REMARKS ABOUT THE EXPERIMENTAL WORK 

3.1 Introduetion 

Previous to performing the infrare~ and Raman measure

ments, a number of practical difficulties has to be aver

eome such as: the growing of sufficiently large single 

crystals of good optical quality, the orientation of the 

crystals, and the grinding and polishing of crystal faces. 

Especially in the case of hygroscopic samples, extra pre

cautions must be taken in view of the proteetion against 

moisture. Furthermore, the infrared and Raman spectrometers 

must be adjusted to the performance of single crystal 

measurements. 
some general remarks about the experimental techniques, 

used in this work, havè been described in this chapter. 

3.2 Preparatien of the borate samples 

3.2.1 Polycrystalline borates 

Polycrystalline samples of the borates investigated 

in this work were prepared by melting tagether anhydrous 

B2o3 with the corresponding oxide or carbonate in 

stoichiometrie amounts, and allowing the melt to cool to 

room temperature. The chemieals used are listed in 

Table 3.1. 

Borate samples with different ratios of the isotapes 
10B and 11B have been used to affect the vibrations in

volving boron atoms. The compound denoted by ~ contains 

the natural abundance of boron isotapes {10B: 11B = 19:81), 
whereas the compound denoted by 10B is enriched with the 
10B isotape {10B: 11B = 93:7). 

In order to ensure that the correct borate had been 
prepared, each compound was checked by x-ray powder 

-14-



chernical purity manufactureD c,atalogue 

number 

Na2co 3 p.a. Me rek 6392 
Li 2co3 .p.a. Me rek 5680 
Mnco 3 p.a. Riedel de Hà.en 31421 
CoC03 p.a. Baker Analyzed, Reagent 10.58 

MgO p.a. Me rek 5866 
PbO p.a. Me rek 7401 

nB203 {19%
10

B 
81% 11

B 
Me rek 163 

lOB 0 
2 3 

{93%
10

B 
7%11B 

20th Century Electronics nE4180 

Table 3. I Chemieals used in this work. 

diffractometry. The measured d-values were eeropared with 

the d-values listed in the ASTM Powder Diffraction File 

[ 1] , or with the d-values calculated from the crystal 

structure. 

For the infrared measurements, the powdered samples 

were thoroughly mixed with a matrix material. In the wa

ve number region 400-2000 cm-1 , dried KBr or Csi was used 

for this purpose. The weight ratio was approximately 3 mg 
-1 sample :250 mg matrix. In the region 20-700 cm , poly-

ethylene (for spectroscopy, Merck 7422) was used as a 

matrix material, with a weight ratio of about 1 mg sample: 

50 mg matrix. The mixtures were pressed into 13 mm diameter 

disks in an evacuated die with a pressure of 10 ton/cm2 

2 for KBr and Csi, and 3 ton/cm for polyethylene. 

For the Raman rneasurements, the pure powders were put 
into a cylindrical helder, and placed in the laser beam. 

3.2.2 Single crystal borates 

Large single crystals of the congruently melting com

pounds lithium and sodium metaborate were grown by slow 

cooling of a Li 2o-B2o 3 melt and a Na 2o-B2o 3 melt, res

pectively. The borate batches were melted in platinum 

dishes, in an electric furnace at atmospheric pressure. 

A programmable temperature controller was used to obtain 
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the·desired cooling rate. '!'he d~ystáÜtz~tion process was 

initiated by adding a very smali seedcry!!ltal tothemelt 

which had been cooled from a temperature above the melting 
point to an appropriate temperature below the melting point 

where it was allowed to equilibrate. 
For the choice of the latter temperature, the following 

two factors are important: 
(i) the degree of undercooling, which is a measure of the 

driving force for the crystal growth, and 
(ii) the viscosity of the melt, which is a measure of the 

resistance to molecular motion and rearrangement 

which must take place at the crystal-melt interface. 
In the cases of lithium and sodium metaborate, at tempera
turee just below the melting point, the first factor 
dominates the second one, so that the crystal growth rate 
increases with the degree of undercooling. At a high growth 
rate, many crystalline blades simultaneously grow from the 

initial seed, while a low growth rate yields large, 
platelike crystals. Consequently, the most favourable 

temperature for the seed to grow is just below the melting 

point. 
Single crystals of magnesium orthoborate could not be 

obtained by slow cooling of a Mgo-B2o3 melt. Just below 
the melting point, the viscosity has such a high value that 
crystallization does not occur. Upon increasing the degree 
of undercooling, a polycrystalline mass is formed suddenly. 
However, by making use of an additional component (flux), 
it is possible to decrease the viscosity of the melt, 
and to grow sufficiently large single crystals by the slow 
cooling method (Sec. 4.3.1). 

The prepared samples were kept in a vacuum exsiccator 

with phosphorus pentoxide as a drying agent. Each manipu
lation with the hygroscopic crystals of lithium and sodium 
metaborate was performed in a dry nitrogen atmosphere. 
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3.3 Orientation of the single crystal borates 

After selection of the most perfect single crystal, 

the first task was to identify some zone axis. Merphological 

examinatien of the crystal always yielded a prominent 

direction, which could be indexed by standard X-ray 

techniques. In the case of a relatively thin crystal of 

low absorption, as is lithium metaborate, the rotating
crystal metbod [ 2 ] has been used for this purpose. The 

back-reflection Laue metbod [ 3 ] was suitable for thicker 

single crystals, viz. magnesium orthoborate and sodium 

metaborate. 
For the X-ray exposures, the specimens were cemented 

to a goniometer head. As an adhesive, beeswax or 
sealing-wax was used, either of which is soluble in cc14 • 
The lithium and sodium metaborate crystals were coated 

with collodion (3%), with a view to their hygroscopic 

nature. The coating was removed again on polishing the 
crystal. 

3.4 Polishing of the crystal samples 

For the purpose of grinding and polishing the single 

crystals, a special device has been constructed, to which 
the goniometer head could he attached. This device was 

used to maintain the perpendicular position of the gonio

meter head, with an oriented single crystal cemented to it, 
with respect to the horizontal plane of a lapping plate. 

The polishing device, which can be used on a running 
polishing machine, consists of a U-shaped brass holder. 

The ends of the two legs are made of hardened steel (see 
Fig. 3.1). Between these conditioning legs, which rest on 

the surface of the lapping plate, the goniometer head can 
move along its axis, sa that the crystal remains in con

tact withthe lapping plate. The hearing surface of the 
two legs is much greater than the crystal size, resulting 

in a flatness all over the surface of the specimen. 
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hardened s.teel 

bras.s. holder 

Fig. 3.1 Polishing device. 

With this polishing device, the crystal face perpen

dicular to the axis of the goniometer head can be polished 

accurately. In order to polish more faces of the same 

crystal, repeated remounting and re-orientation of the 
single crystal is necessary. 

The appropriate crystal faces of magnesium orthoborata 

were carefully polishad using grinding paper and a cloth 

with polishing paste, successively, on a running polishing 

machine. Lithium and sodium metaborate were ground and 

polished using polishing suspensions on a flat glass plate 

in a glove-bag flushed with dry nitrogen. 

The polishing device has further been used for posi

tioning the goniometer head, with an oriented and polishad 

single crystal on top of it, in the sample campartment of 

the Raman spectrometer. 

3.5 Infrared and Raman instrumentation 

The infrared spectra of the borates studied were 

recorded on three different instruments. A Grubb-Parsons 

MK-3 double-beam grating spectrometer was used for the 

wave number region 400-2000 cm- 1 . The infrared spectra 

below 700 cm-l were recorded on a Bruker IFS-113v Fourier 

Transferm Infrared Spectrometer. 

The infrared single crystal measurements were carried 

out in transmission. Polarized radiation was obtained with 

wire grid polarizers on KRS-5 or polyethylene substrates. 
The KRS-5 polarizer was employed for the mid-infrared 
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region, whil~ t~e polyethylene polarizer was used in the 

far infrared region. 
The Raman spectra were recorded on a Cary 82 Raman 

spectrograph, equipped with an Argon Ion Laser (Spectra 

Physics model 165-03) and a Krypton Ion Laser {Spectra 

Physics model 165-01). Three powerful excitation lines 
were available, vis. the green line at 5145 ~ and the 
blue line at 4880 ~of the Ar+ laser, and the red line at 

6471 ~ of the Kr+ laser. A 90° scattering geometry was 

applied (see Fig. 2.1). 

For the Raman single crystal measurements, the polari
zation direction of the. inciqent laser beam was. controlled 
by a polarization rotator, and the scattered light was 

analysed with a polaroid sheet. Additionally, a polarization 

scrambler was placed between the analyser and the entrance 
slit of the monochromator. This eliminatea the experimental 
error, which arises from the fact that a monochromator 
preferentially transmits light polarized in a partienlar 

direction. 

Another experimental error arises from the finite angle 
at which the highly divergent, scattered radlation is 

collected. As a consequence, even in the presence of an 
analyser, the intensity of the observed radlation is partly 

due to a .second component of the polarizability tensor. In 

Porto's notatien this can be expressed as 

I .. =krP 2 +dP. 2 l 
~(xy)J tyx axj 

(3.1) 

where d, the divergence factor, is the proportion 
of scattered radlation with the electrio vector in the 

direction of the monochromator axis [ 4 ]. In order to keep 
the value of d as small as possible, a diafragma has been 

placed between the crystal and the analyser. The diafragma 
diameter cannot be ohosen too small because of loss of 

scattered intensity. However, a diafragma diameter of 10 rnrn, 
as applied to all our single crystal Raman measurernents, 

has turned out t.o be sufficiently srnall for avoiding oom-
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plications invalving intensity due to a second component 

of the polarizability tensor. So, the great advantage of 

single crystal Raman spectroscopy, viz. the possibility 

of 1 isolating' the componentsof the polarizability tensor, 

has been maintained. 

3.6 computer programs 

The force and interaction constants of a crystal of 

known structure can be calculated from the vibrational 

frequencies, assigned to the various symmetry species of 

the point group of the crystal, by performing a normal 

coordinate analysis according to Wilson's GF matrix method. 

A detailed description of this method has been given in 

Wilson, Decius and Cross [ 5 ]. The calculations are carried 

out with the help of computer programs originally written 

by Schachtschneider [ 6 ], but extended by Bril and Vogel 

[ 7 ] to make them applicable to the optically active 

vibrations of crystals. The programs GMOPSECONDVERSION, 

GZCONVERSION and FLEPO, described by Bril [ 8], have been 

used in this work in order to determine the force and 

interaction constants for the internal coordinates of 

magnesium orthoborate, magnesium pyroborate and sodium 

metaborate. The force field applied is the General 
Quadratic Valenee Force Field [ 9 ] • 

For the input of the computer programs, the following 
data are required: 

(i) the numbering of those atoms which are needed for 

the definitions of the internal coordinates in the 

primitive unit cell of the crystal, 

(ii) the cartesian coordinates of the atoms meant under 

(i), calculated from their position parameters and 

the cell constants given in the structure determina

tion, 

(iii) the definitions of the internal coordinates, 

(iv) the internal symmetry coordinates, determined with 
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the projection operator methad [10], 

(v) the definitions of the force and interaction constante 

for the internal coordinates, 

(vi) a set of estimated values (initial values) of the 

force and interaction constants defined, 

(vii) the wave numbers of the internal vibrations, 

assigned to the various symmetry species of the 

point group of the crystal. 

The calculations yield a set of adjusted values (final 

values) of the force and interaction constants. These 

values are evaluated for their physical reality on 

account of the following criteria: 

(i) principal force constants are positive, 

(ii) principal force constants are generally larger than 

interaction constants, 

(iii) stretching force constants are generally larger than 

bending force constants, and the latter larger than 

out-of-plane ar torsion force constants, 

(iv) stretching-stretching interaction constants are 

generally larger than stretching-bending ar bending

bending interaction constants, 

(v) interaction constants with a camman bond are generally 

larger than those with a camman atom only. 
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IV MAGNESIUM ORTHOBORATE CONTAINING BO 3- GROUPS 3 

4.1 Introduetion 

The simple planar Bo3
3- ion is present in divalent and 

trivalent metal orthoborates [1 ]. Among the latter, the 

crystalline compounds of LaBo3, InBo3 and ScB0 3, containing 
3-B03 ions with o3h symmetry, have been studled by Steele 

and Decius [ 2 ]. Using various 10BJ 11B ratios, they 

assigned the observed infrared wave numbers in the region 

550-1400 cm- 1 to the four fundamental modes of vibration 
3-of the trigonal B03 group. 

The divalent metal orthoborate of magnesium, treated 

in this chapter, contains planar B03
3- ions with c 2v 

symmetry, giving rise to six fundamental modes of vibration. 

4.2 Crystal structure and factor 9roup analysis 

4.2.1 Structure description 

The crystal structure of magnesium orthoborate has 

been determined by Berger [ 3 ]. It belongs tospace group 

Pnnm (D~~), and its factor group is isomorphic with point 

group o2h. There are two formula units Mg3 (B03) 2 per 

primitive unit cell. The site symmetries and Wyckoff posi

tions of the atoms in each orthorhombic unit cel! are given 

in Table 4.1. The unit cell parameters are: a = 5.40 K~ 
b = 4.5o K~ a = 8.42 K. 

atoms 2 Mg 4 Mg 4 B 4 0 8 0 
site symmetry c2h c2 Cs c cl s 
Wyckoff position a f g g h 

Table 4. I Site symmetries and Wyckoff positions of 

Mg 3 (B0~) 2 • 
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Fig. 4. I Projections, along the a axis, of the atoms in the bottam half (a) and top half (b) 

of the orthorhombic unit cellof Mg 3 (B0 3 ) 2 . (The inversion eentres are not shown.) 



The projections, along the a axis, of the atoms in the 

bottorn half and top half of the unit cell. are shown in 
Figs. 4.1.a and 4.l.b, respectively. The planes of the 

Bo
3

3- triangles are inclined at an angle of 14.75° to the 

ba plane. Each Mg2+ ion is surrounded by six oxygens, 

approximately octahedrally. 
The B-0 bondsin the B03

3- ions are not identical: 

two bond distances are 1.350 R, while the third one is 
0 3-1.404 A. Therefore, the 'free 1 B03 ion possesses c2 

3- V 
symmetry*). In the crystal, however, the B03 triangle 

has c site symmetry, because only the mirror plane a(xy) s . 
passes through i ts centre of mass (see Fig. 4. 1 ). 

The setting of the local orthogonal axes x', y', z' 
3-of a BO~ group is as fellows: z 1

// c2 ,. 
the B03 - triangle and x' perpendicular 

4.2.2 Factor group analysis · 

y' in the plane of 

to this plane. 

Factor group analysis is a group theoretica! technique 

to determine the number of internal and external vibrations 
per symmetry species of that particular point group, which 

underlies the space group of the crystal. This technique 

has been described in detail by Fately [ 4 ]. Applying 

factor group analysis to magnesium orthoborate yields 

the result which is given in Table 4,2. 

The six internal and three rotational vibrations of 

·the 1 free 1 B03 
3- group are distributed among the symmetry 

species of point group c2v as fellows: 

r int. 
r rot. 

where all vibrations are Raman active. The vibrations 

* 3- 3-Under the 'free 1 B0
3 

ion i~ to be understood the Bo
3 

ion with the configuration that it has in the crystal, but 

without the interaction with the crystal field. A really 
. 3-

free (gaseous) B0 3 ion would have D
3

h symmetry. 
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[j'"'~=> translational librations aaoustic total aativity 
vibrations vibrations vibrations number of 

vibrations 

Ag 4 3 1 0 8 R 

B1g 4 3 1 0 8 R 

B2g 2 3 2 0 7 R 

B3g 2 3 2 0 7 R 
A 2 3 u 2 0 7 ia 
8 1u 2 2 2 1 7 IR 
8 2u 4 5 1 1 11 IR 

B3u 4 5 1 1 11 IR 

Table 4,2 The number of vibrations per symmetry species 

of point group D2h for Mg 3 (B0 3 ) 2 • 

(R = Raman active, IR = infrared active 

ia ., inactive) 

belonging to the species A1, B1 and B2 are also infrared 

active. 

The primitive unitcellof Mg3 (B03) 2 contains four 

Bo3
3- ions. The correlation of the internal vibrations 

and librations of these four ions from the free ion 

symrnetry c2v, via the site symmetry es, to the crystal 

symmetry n2h is represented in Table 4.3. 

Free ion Site Crystal 

c2v 
cr(xz) 

Cs 
cr(xil • 0 2h 

4 x 3A1 4 x 3A 1 3Ag + 3Blg + 3B2u + 3B3u 
i 

(a) 4 x lB1 4 x lA' lAg + lBlg + 1B2u + 1B3u 
4 x 2B2 4 x 2A" 2B2g + 2B3g + 2Au + 2Blu 

4 x 1A2 4 x lA" 1B2g + lBJg + lAU + lBlu 

(b) 4 x 1B1 4 x lA' lAg + lBlg + 1B2u + 1B3u 
4 x 1B2 

4 x lA" 1B2g + lBJg + lAU + lBlu' 

Table 4,3 Correlation of the internal vibrations (a) and 
3-librations (b) of four B0 3 groups from the 

free ion symmetry c2v' via the site symmetry 

C
6

, to the crystal symmetry D2h. 
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If we consider a group of four identical modes {one in 

each of the four ao/- ions in the pr:lniitive unit cell), 

it is seen that thes'e give rise to the occurrence of two 

gerade and two ungerade modes in the crystal. This holds 

for the six groups of four internal vibrations as well as 

for the three groups of four librations. Due to weak 
interaction between the four ao3

3- groups in the primitive 

unit cell, the two gerade and two ungerade crystal modes 

will have nearly the same wave nUniber. 

4.3 Experimental work 

4.3.1 Preparatien of the samples 

n 10 Polycrystalline samples of Mg3 ( B03 l 2 and Mg3 ( B03 l 2 
have been prepared by melting tagether in platinum crucibles 

stoichiometrie amounts of MgO, and nB2o3 and 10a2o3, res

pectively. After heating above the melting point (1356°C) 

the melt was allowed to cool to room temperature. 

Single crystals of Mg3 {nB03) 2 , which where sufficiently 

large for the Raman measurements, have been grown from a 

flux [ 5]. In this method, PbO was used as an additional 

component (flux) to decrease the viscosity of the melt. 
The most favourable conditions for crystal growth were 

heating a mixture of mole ratio 1MgO:lnB2o3 :1PbO at 900°C 

for a period of two hours to ensure complete dissalution öf 

the compounds, followed by slow cooling at a rate of 

0.2°C/hr to 600°C. The largest single crystals with a 

size of approximately 4 x 2.5 x 2 mm were selected from 

the matrix, cleaned with warm, dilute nitric acid, and 

rinsed with distilled water. 

Most of the transparent crystals exhibited a prismatic 

habit with some well-developed faces. The cleavage plane 

(110) was easily found [ 3 ]. Using the back-reflection 

Laue methad [ 6 ] , a prominent zone axis was determined to be 

the crystallographic a axis. With these data,the other two 

crystallographic axes a and b were identified. 
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For the single crystal Raman measurements, two faces 

perpendicular to the a axis and one face perpendicular 

to the b axis were ground and polished. For this purpose 

the polishing device, described in Sec. 3.4, was used on 

a running polishing machine. The grinding and polishing 

of each face was successively done on silicon carbide 

paper (47 and 22 p) and on a cloth with diamond paste 

(6 and 3w. Other partsof the crystal were painted black 

to avoid troublesome reflections during the Raman 
experiments. 

The single crystals of magnesium orthoborate could 

not be cut into slices which were sufficiently thin for 
infrared absorption measurements. 

Mg3(nB03)2 

i.r. R. 
1270(vs) 1254(m) 

1182 (vs} 1156(m) 

907(w) 918(vs) 

804(vw) 805(m) 

740(s) 790(s) 

66l(m) 677(m) 

602 (w) 586(m) 

502 (vw) -
484(w) -
456(w) -
429(w) -
39l(m) 398 (s) 

360(m) 358(vs) 
327(m) 330 (w) 

- 320(ml 

303 (vw) 310 (m) 

289(vw) 294(m) 

270(m) 275(m) 

- 250 (vs) 

227(w) 216(w) 

200(w) 195(w) 

lSO(m) -
153(m) -
140(vw) -

10 
Mg3( 803)2 

i.r. R. 
1317(vs) l298(m) 
1225 (vs) ll89(m) 

910(w) 920(vs) 
795(s) _ 807(s) 

- -
663(m) 680(m) 

605(w) 590(m) 

504(vw) -
485(w) -
456(wl -
429(w) -
392(m) ' 400(s) 

· 360(m) 359(vs) 

329(ml 330(w) 

- 320(m) 

303(vwl 3ll(m) 

290(vw) 295(m) 

272(m) 275(m) · 

- 250(vs) 

226(w) 216(w) 

198(w) 196(w) 

180(m) -
153(m) -
l40(vw) -
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Infrared and Raman 

wave numbers of the 

polycrystalline com-
n pounds Mg

3
( B0 3 ) 2 and 

I 0 
Mg3( B03)2. 

(vs = very strong, 

s = strong, m = 
medium, w weak, 

vw = very weak) 



4.3.2 Infrared and Raman powder spectra 

Infrared and Raman spectra have been recorded of the 
n 10 polycrystalline compounds Mg3 ( B03 ) 2 and Mg3 ( B03 ) 2 • The 

infrared and Raman wave numbers of these magnesium 

orthoborates are tabulated in Table 4.4. Data have been 

taken from the spectra represented in Figs. 4.2 to 4.5 

inclusive. The infrared wave numbers of Mg 3 (10Bo3) 2 below 

550 cm- 1 have been taken from a spectrum which has not 

been reproduced in this thesis, because this spectrum 

is virtually identical with that of Fig. 4.3. 

4.3.3 Single crystal Raman spectra 

The Raman tensors for the symmetry species Ag' B1g, 

B2g and B3g of point group o2h are, respectively: 

(~~~) {~~~) (~~~\ {~~~\ 
"~ o c "o o o \e o o) \of o} 

the letters a, b, c, d, e, f reprasenting their non-zero 

components. These tensors, given by Loudon [ 7 ], refer to 

the orthogonal axes x 1 , x 2 , x 3 as defined by Nye [ 8 ] • This 

implies that, in the present case of an orthorhombic crystal 

class, these axes coincide with the crystallographic axes 

a, b, c, respectively. Furthermore, the latter are 

principal axes of the optical indicatrix [ 9]. 
The polished single crystal of Mg3 (nB03) 2 , mounted 

on a goniometer head, was placed into the sample com

partment of the Raman spectrometer with its crystallographic 

axes parallel to the 'laboratory' axes x, y, z, (Fig. 2.1). 

The relationships between the tensor axes, the crystallo
graphic axes and the 'laboratory' axes were as follows: 

x 1 = a = x, x 2 = b = y, x 3 = c = z. As a consequence, the 
above-mentioned Raman tensors were also referred to the 

'laboratory' axes x, y, z. 
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The incident laser beam, running in the z direction, 

passed through the two parallel, polished faces, while 

the scattered radiation, running in the y direction, was 

collected through the third well-polished face. To avoid 

complications invalving birefringence, the polariza,tion 

directions of the incident and analysed radiation were 

made parallel to the crystallographic axes and thus 

indicatrix axes. 

Polarization measurements for the scattering geometries 

z(xx)y, z(xz)y, z(yx)y and z(yz)y were made in each of the 
-1 -1 two wave number regions 500-1300 cm and 100-500 cm 

(Figs. 4.6 and 4.7). In the regions above 1300 cm- 1 and 
-1 under 100 cm , no Raman bands have been observed. The 

instrumental settings for the region 500-1300 cm- 1 

differed from those for the region 100-500 cm- 1 • The 

speetral slit width used was 1 cm- 1 for the latter region 

and 2 cm- 1 for the former. However, in each region the 

polarized Raman spectra for the various scattering 

geometries were recorded under the same experimental 

circumstances. 

4.4 Assignment of the spectra 

4.4.1 Infrared and Raman powder spectra 

3-The internal vibrations of the 803 group are con-

sidered first. The isolated 803
3- ion with o3h symmetry 

has four internalmodes of vibration [10]: the Raman active 

symmetrie stretch v1 (Ai); the infrared active out-of-plane 

bend v2 <Aï); the asymmetrie stretch v 3 (E 1 ) and the in-plane 
bend v4 (E'), both being Raman and infrared active. The 

perturbed 803
3- ion with c2v symmetry, present in magnesium 

orthoborate, has six internal vibrations which are all 

Raman and infrared active (Sec. 4.2.2). Thus, under c2v 

symmetry, the mode v1 has become infrared active and the 

mode v2 has become Raman active. Furthermore, the doubly 

degenerata modes v3 and v4 are split into v 3a, v3b and 
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From a previous study by Steele and Decius [ 2 ] of. ,the 

crystalline compounds LaB03 , InBo3 and.ScB03 which. contain 

so
3

3- ions with o
3
h symmetry, we know that: 

(i) the totally symmetrie stretch ''I•which is .almos:t 
completely insensitive to the mass of the boron atom, 

occurs at about 940 cm-lt 

(i i) 
-1 

the out-of-plane bend v
2

, between 700 and 800 cm , 
10 

exhibits isotope splitting after replacement of B 
. 10 11 by a m~xture of • B and B, 

(iii) the asymmetrie stretch v
3 

and the in-plane bend .v 4 
-1 occur at about 1250 and 650 cm , respectively. 

On account of the above data from Steele and Decius, 

the bands above 550 cm- 1 in the infrared and Raman powder 

spectra of magnesium orthoborate are assigned to the six 
internalmodes of the perturbed Bo3

3- ion in the following 
-1 way. The very strong band at 918 cm in the Raman spectrum 

-1 ' and the weak band at 907 cm in the infrared spectrum of 
Mg

3
(nB0

3
) 2 are due to the totally symmetrie stretch v 1 • In 

the Raman spectrum of Mg3 (nB03) 2 the bands at 1156 and 

1254 cm- 1 , and the bands at 586 and 677 cm- 1 are due to 

the splitted modes v3a, v3b and v 4a, v4b, respect:~ely. 
This holds also for the bands at 1182 and 1270 cm , and 

the bands at 602 and 661 cm- 1 in the infrared spectrum 

of Mg
3

(nB03) 2 • In the Raman and infrared spectra of 
10 -1 Mg3 ( B0

3
) 2 the bands at 807 and 795 cm , respectively, 

are due to the out-of-plane bend v2 • Each of these bands 

is split into a doublet after replacement of 10s by nB. 
n In the natural boron compound Mg 3 ( B03) 2 the two isotopes 

10 11 10 11 B and B occur in the ratio B: B = 19:81. Allowing 

for a decrease in wave number as the mass of the vibrating 

boron atom increases, the intensities of the bands, which 
show isotope splitting, agree well with tbis ratio. 

The bands with a wave number lower than 550 cm- 1 are 

due to the external or lattice vibrations of magnesium 

orthoborate, which consist of the librations of the so3
3-

ions and the translational vibrations of the Mg2+ and 

Bo3
3- ions. Since the forces between these ions are much 
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weaker in comparison with those between the atoms within 
3-the ao

3 
group, the lattice vibrations occur at 

relatively lower wave numbers. 

4.4.2 Single crystal Raman spectra 

3-In magnesium orthoborate the four perturbed ao3 ions 

per primitive unit cell give rise to 24 internal crystal 

modes, which are distributed among the symmetry species 

of point group o
2

h according to Table 4.2. Twelve crystal 

modes are Raman active (all gerade species), ten modes 

are infrared active (species Blu' B2u and B3u> and two 

modes are inactive (species A). The predicted correlation 
u 

splittings of the internalmodes of the ao
3

3- ion (see 

Table 4.3{a)) havenotbeen observed in either the infra

red or Raman powder spectrum of magnesium orthoborate. 

This is an indication that the vibrational coupling between 
3-the four ao

3 
groups in the primitive unit cell is weak. 

However, all twelve Raman active internal cr:ystal 

modes appeared in the polarized Raman spectra of a 

Mg 3 (nB0
3

) 2 single crystal for the scattering geometries 

z(xx)y, z(xz)y, z(yx)y and z(yz)y. Applying Eq. 2.3 to 

the Raman tensors in Sec. 4.3.3 for each of these scattering 

geometries, the Raman intensity per symmetry species of 

point group o2h is obtained (see Table 4.5). 

0 2h A Blg B2g B3g g 

I k.a 2 
0 0 0 z(xx)y 

2 I z(xz)y 0 0 ;k.e 0 

I z(yx)y 0 k.d
2 

0 0 

I z(yz)y 0 0 0 k.f 2 

Table 4.5 Raman intensity per symmetry species of point 

group D2h for four different scattering geometries 

(kis a constant). 
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It follows from these theoretica! predictions tnat the 

four Raman scattering'geometries will y:i,.eld four different 

spectra, each of which contains bands due to vibrations 

belonging to only one species. Therefore, it is possible 

to assign these bands to their respective symmetry species 

of point group o2h. 
The observed wave numbers and intensities of the 

internal vibrations (5Q0-1300 cm- 1) and lattice vibrations 
-1 n_ (100-500 cm ) of a Mg3 ( ts03 ) 2 single crystal for four 

different Raman scattering geometries are tabulated in 

Table 4.6. Data have been taken from Figs. 4.6 and 4.7. The 

intensities have been determined by measuring peak 

heights and normalizing the value to the full scale in

tensity 100. The assignments are basedon the theoretica! 

predictions, given in Table 4.5. 

wave intensity 

number z(xx)y z(xz)y z(yx)y z(yz)y assignment 

(cm-1 ) Ag B2g Blg B3g 

1254 - 8 - 18 Bzg + B3g 
1156 12 - 4 - Ag + B1g 

!H8 > 100 - 52 - Ag + Blg 
(a) 805} 6 - 16 -

} Ag + Blg 
790 16 - 40 -
677 - 8 - 17 B2g + B3g 
586 18 - 6 - Ag + Blg 

400 - 6 - 23 B2g + B3g 

396 - 38 - 10 B2g + B3g 

360 - - 28 - B1g 
357 > 100 - - - Ag 

330 - - - 9 B3g 
320 52 - - - Ag 

(b) 310 - - - 15 B3g 
294 - 34 - - B2g 
275 12 - 63 - Ag + B1g 

251 - 12 - - Bzg 
249 100 - - -- Ag 

216 - - - 7 B3g 
197 - - 7 - Blg 
194 - 16 - - Bzg 

Tab1e 4.6 Wave numbers, intensities and assignments ob

tained from the po1arized Raman spectra of a 

Mg 3 (nB0 3)
2 

single crystal in the regions 

500-1300 cm-! (a) and 100-500 cm-I (b). 
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Free ion Site Crystal Mg3(nB03)2 

mode 0 3h__,. c2v es 0 2h wave nUlliber 

~Ag 918 

918 
"1 Ai-Al A' • 81g 

~B 907 
2u 

83u 907 

~Ag 790 
790 

":a A"-"R A'~Blg 
2 -! ~82u 740 

83u 740 

.--:::::::::::: Ag 
1156 

A'~B1g 1156 
Al 
~82u 1182 

/' 1182 8 3u 
"3 E' 

~ ______.. B2g 1254 

B2 A"~BJg 1254 

- 81u 1270 

~Ag 586 

A'~Blg 586 
Al 
~82u 602 

/' 602 8 3u 
"4 E' 

~B ----B2g 
677 

A" B 677 
2 ----.:.. 3q 

81u 661 

Table 4, 7 Correlation splittings of the internal modes 

of vibration of the Bo
3

3- ions, 

From the results of the polarization measurements it 

is seen that the twelve Raman active internal modes of 

vibration occur pairwise, the two bands of each pair. 

overlapping one another. Furthermore, the componentslof 

the six pairs of modes are distributed among the symmetry 

species of point group o2h in a way which is in complete 

agreement with the correlation of the internal modes given 

in Table 4.3(a). In.order to show more explicitly the 

origin and magnitudes of the correlation splittings pf 
3-the internal modes of the so3 ions, the infrared ahd 

Raman wave numbers, and their assignments, are rearranged 

in Table 4.7. The infrared assignment is basedon the 

fact that the internal vibrations have nearly the same 

wave numbers in the infrared and Raman spectra. 
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As far as the 18 Raman active lattice vibrations are 

concerned, these consist of six librations and twelve 

translational vibrations (see Table 4.2). All except one 

of these lattice modes have been observed in the polarized 

Raman spectra of a Mg3 (nB03}2 single crystal. The missing 

B1g band is either very weak or may be overlapped by one 

of the three bands in the z(yx)y spectrum of Fig. 4.7. In 

the next Sec. 4.4.3, the librations and translational 

vibrations will be separated on the ground of the oriented 

gas model. 

4.4.3 Oriented gas approximation 

The oriented gas model [11] has been used to predict 

the relative intensities of the bands, due to the internal 

vibrations and librations, in the various polarized Raman 
n spectra of a Mg3 ( B03 )2 single crystal. In this model, 

the vibrational coupling between the Bo3
3- groups is 

neglected, so that the crystal Rqman tensors may be 
3-derived from the Raman tensors of the B03 groups, taking 

account of the orientations of these groups in the primitive 
unit cell. 

The Raman tnesor (rv) for symmetry species rv of point 

group o2h, arising from the Raman tensor (ril)' for 

symmetry species ril of point group c2v' has been calculated 
using the following similarity transformation: 

(r) ~ T (r)'T-1 
v = m=l m J..l m 

where Tm is the transformation matrix for the mth Bo
3

3-

group in the primitive unit cell. The summation is over the 
four molecules within the unit cell. 

Loudon's Raman tensors (r )' for the symmetry species 
]l 

A1 , A2 , B1 and B2 of point group c 2v are, respectively: 
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I 
.1>-
0 
I 

Crystal 

symmetry~----------~----------~.--F_r_e_e~io_n __ s~ymm~-ert-ry~c~2~v~----~------------,-----~----~ 
D2h A. A2 Bl B2 

pqa - pqc 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

-qd 

0 
-pd) 

0 . 

0 

+) 0 

0 

2pqe 

0 

0 

0 

( ~ ~ ~J 
qf 0 0) 

Table 4. 8 Raman tensors, per symmetry species of point group c.
2
v, for the various 

symmetry species of point group D
2
h. 



These tensors refer to the orthogonal set of local 

coordinate axes ro', y' 1 z', ·defined in Sec. 4.2.1. 
The matrix T , transforming the axes ~ 1 , y ', z' of the 

3 m 
mth ao

3 
- group into the '1aboratciry' axes ro, y, z (:x; = a, 

y = b, z =a) towhich the crystal Raman tensors will be 

referred is given by 

(

cos (ro, ro') 

Tm- cos(y, x') 
cos (z, :x;' ) 

cos (ro, y 1
) cos (x, z ')~ 

COS (y t Y I ) COS (y 1 Z I ) • 

cos{z, y') cos(z, z') 

3- . 
For the ao3 groups A, B, C and D in Fig. 4.1 the trans-

formation matrices take the forms: 

TA=~-~-~} TB = ~~ -~ -~, TC = (~ ~ ~' 
TD = ~~ ~ =~]. 

where p =cos 14.75° and q =cos 75.25°. 

Using these data in the above-mentioned similarity 

transformation, the results have been obtained which are 

represented in Table 4.8. The crystal Raman tensor for 

each of the symmetry species Ag' a1g, B2g and B3g is gi
ven by the sum of the tensors classified under the various 

symmetry species of point group c 2v. 
Applying Eq. 2.3 to the tensors in Table 4.8 for each 

of the scattering geometries z(roro)y, z(roz)y, z(yro)y and 

z(yz)y,yields the Raman intensities which are given in 
Table 4.9. Each entry in this table relates to a crystal 

mode, which belongs to species r\1 of point group o 2h, and 
which consists of an in-phase vibration of four identical 

modes, belonging to species r of point group c2v' of the 
four so3

3- groups in the primitive unit cell. The mode 

will be labeled .by rv<r~>· 
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Crystal Scattering Intensity 
symmetry geometry Free ion symmetry C2V 

0 2h Al A2 Bl B2 

Ag z(xx}y k.(0.94a + 0.06c) 2 
0 k, (0.23e2) 0 

Blg z(yx)y k. (0.24a - 0.24c) 2 0 k. (0. 77e2) 0 

B2g z(xz)y 0 k. (0.94d2) 0 k. (0.06f 2J 

B3g z(yz)y 0 k. (0.06d 2) 0 k. (0.94f2 l 

Table 4.9 Calculated Raman intensities, per symmetry 

species of point group c 2v' of the crystal modes 

belonging to the various symmetry species of 

point group D2h (k is a constant). 

From these data it is possible to make the following 

predictions for the relative band intensities of the 

crystal modes which are due to the non-totally symmetrie 
free ion modes: 

<i) h ( ) te B2g A2 modes in the z(~z)y spectrum wil! be 

considerably more intense than the s
3

g(A
2

) modes in 

the z(yz)y spectrum, 

(ii) the s
29

cs2 ) modes in the z(~z)y spectrum will be 

considerably less intense than the s
39

<s 2 ) modes in 

the z(yz)y spectrum, 

(iii) the Ag(B 1 ) modes in the z(~~)y spectrum will be less 

intense than the s
19

cs1 ) modes in the z(y~)y spectrum. 

In the case of crystal modes which are based on the totally 

symmetrie free ion mode, the relative band intensity depends 

in a more complicated way on the direction cosines as 

well as on the values of the tensor components a and c. 

Allowing for the crudeness of the oriented gas model, 

.the relative intensities of the bands due to the internal 

vibrations, observed in the polarized Raman spectra of 

Fig. 4.6, are in agreement with the predictions mentioned 

above (see Table 4.6(a) and 4.7). Furthermore, the A (A
1

) 
-1 g 

modes (at 918 and 1156 cm ) in the z(~~)y spectrum turn 

out to be more intense than the B1 (A1 ) modes (also at 
-1 g 

918 and 1156 cm ) in the z(y~)y spectrum. 
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3-As far as the librations of the so3 ions are con-

cerned, these óccur in the same wave number region as the 
2+ 3-translational vibrations of the Mg and so3 ions. On the 

ground of the correlation of the librations given in 

Table 4. 3 (b) 'and the, weak vibrational coupling between 

the so3
3- groups (see Sec. 4.4.2), the Raman active 

librations are expected to be paired, the two bands of 

each pair overlapping one another. 

It is seen from Table 4.6(b) that the lattice modes 

at 400, 396 and 275 cm- 1 belong to symmetry species which 

are paired according to the correlation of the librations 

in Table 4,3(b). Comparison of the observed relative band 

intensities with the predictions mentioned above allows 

these lattice modes to be assigned as represented in 

Table 4.10. 

wave number assignment description 
-1 (cm ) 

400 B2g(B2) + B3g(B2) lil;:lration about :c' a x is 

396 B2g(A2) + B3g{A2) libration about z, axis 

275 Ag (B 1) + Blq {B1) libration about y, axis 

Tab1e 4.10 Assignment of the lib~ations of the Bo
3

3- groups 

in magnesium orthobora~e. 

4.5 Normal coordinat~ anq1Jsis 

A normal coordinate analysis, based on the assignment 

given in Table 4.7, has been carried out for the internal 

vibrations of magnesium orthoborate. Data given in Appendix 

I have been used for the input of the computer programs 

(see Sec. 3. 6) • The de fini tions of the force and inter

action constants for the internal coordinates are listed 

in Table 4.11, along with their initia! and final values. 

The initia! values have been estimated from the results of 

rtormal coordinate analyses of similar borate groups [12]. 
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no. symbol 

1 fR 
2 fr 
3 f(l 
4 fs 
5 fcr 
6 fT 

7 fRR 
8 fRr 
9 fRa 

10 fRa 
11 fRS 
12 frcx 
13 frS 
14 fcxa 
15 fcxl3 
16 fcrcr 
17 fOT 

R,r = B-0 stretching 

a,S O-B-0 bending 

cr = out-of-plane wag of R 

T = out-of-p1ane wag of r 

description initial fin al 

value value 

principal force constants (mdyn/i) (mdyn/1\) 

B-0 stretching (1.35 1\) 6.50 6.23 

B-0 stretching (1.40 i> 6.25 5.99 

0-B-0 bending (120.0°) 0.75 0.79 

0-B-0 bending {120.0°) 0.75 0.67 

out-of-plane wag of R 0.25 0.20 

out-of-plane wag of r 0.25 0.20 

interaction constants 

R and R 1.00 0.81 

R and r 1.00 0.92 

R and ex, R as part of ex 0.30 0.25 

R and a, common B atom -0.20 -0.21 

R and s 0.30 0.30 

r and a o. 30 0.29 

r and 13 -0.20 -0.14 

a and a 0.10 ' 0.07 

ex and 13 0.10 0.04 

cr and cr 0.05 0.91 

cr and T 0.05 . 0.01 
I 

Table 4.11 Definitions, initia1 va1ues, and fina1 va1ues 

of the force and interaction constants of the 
3- 0 B0 3 gro~p (I mdyn/a = 100 N/m). 

The calculations yielded a set of realistic force and 

interaction constants, viz. the final values given in 

Table 4.11. These values satisfy the criteria enumerated 

in Sec. 3.6. Furthermore, the stretching force constant 
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fR has been found to be larger than the stretching force 

constant f which was to be expected from the B-0 bond r 
distances of 1.35 g and 1.40 g, respectively. 

The mean difference between calculated and observed 

wave numbers was 0 •. 05%. 
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V MAGNESIUM PYROBORATE CONTAINING a2o5
4- GROUPS 

5.1 Introduetion 

The a 2o5
4- group, consisting of two condensed ao3

3-

triangles, occurs in magnesium pyroborate. Because of 

the low crystal symmetry (Ci) of this compound, all 

bands observed in its infrared spectrum are due to 

vibrations belonging to only one symmetry species. 
All bands observed in its Raman spectrum are due to 

vibrations belonging to only one other symmetry species. 

This implies that the performance of single crystal 

measurements is unnecessary. 

For the separation of the internal vibrations of 
4-the a 2o5 group from the lattice vibrations, use has 

been made of the isomorphous pyroborates of magnesium, 

manganese and cobalt. A normal doordinate analysis for 

the internal vibrations has been performed yielding a 

set of realistic force and interaetion constants. 

5.2 Crystal structure and factor group analysis 

5.2.1 Structure description 

The structures of the isomorphous pyroborates of 
magnesium, manganese and cabalt belang to the same 

- 1 space group Pl (Ci) the factor group of which is iso-

morphic with point group ei [ 1 ]. Each primitive unit 
cell contains two formula units M2a2o5 , with M = Mg, 

Mn or Co. All atoms in the triclinic cell occupy c 1 
sites (Wyckoff i position). The unit cel! parameters 

of the three pyroborates Mg2a2o5 , Mn2B2o5 and co2a2o5 
are listed in Table 5.1. 

-46-



a (J\) b (J\) c (i) 0'. f3 y 

Mg2B205 3.12 6.19 9.22 104.32° 90.40° 92.13° 

Mn 2B20 5 3.27 6.27 9.58 104.92° 90.57° 91.88 ° 
Co2a2o5 3.16 5.94 8.95 103.90° 91.00 ° 92.00° 

Table 5.1 Unit cell parameters of Mg 2B2o5 , Mn 2B2o
5 

and 

Co 2B2o5 • 

The projections, along the a axis, of the atoms in the 

primitive unit cell of magnesium pyroborate are shown in 

Fig. 5.1. The crystal is built up of s 2o5
4- groups and 

Mg2+ ions. Each Mg2+ ion is surro1.mded octahedrally by 

six oxygens. 

Fig. 5.1 Projections, along the a axis, of the atoms in 

the triclinic unit cell of Mg
2

B2o
5

• 

(o = inversion centre, • = B atom, 0 = 0 atom, 

0 = Mg atom) 

4- 3-The a2o5 group consists of two condensed planar ao
3 

triangles which are nat entirely identical (see Fig. 5.2). 

Furthermore, the angle between the planes of the two 

triangles is 16°. The site symmetry of the a
2
o

5
4- group 

in the crystal is the symmetry of point group c
1

, since 

nat a single symmetry element passes through its centre 

of mass (see Fig. 5.1). 
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1 5 

5.2.2 Factor group analysis 

Fig. 5.2 

B-0 distauces (in X units) 
4-

within the B
2
o

5 
group of 

Mg2B205. 

Applying factor group analysis to Mg2s2o5 , Mn2B2o5 and 

co2s 2o5 , the number of internal and external vibrations per 

symmetry species of point group ei has been determined. The 

result is listed in Table 5.2. 

ei internal translational librations a eaustic total activity 

vibrations vibrations vibrations number of 

vibrations 

Ag 15 9 3 0 27 R 

Au 15 6 3 3 27 IR 

Table 5.2 The number of vibrations per symmetry species of 

point group Ci for Mg
2

B
2
o

5
, Mn

2
B

2
o

5 
and Co

2
B

2
o

5
. 

(R = Raman active, IR = infrared active) 

4-The 15 internal vibrations of the B2o5 group with 

c 1 symmetry all belong to the single symmetry species A 

of point group c 1• Under the crystal symmetry Ci' the 

2 x 15 internal vibrations of both s2o 4- groups are 
5 i 

divided into 15 Raman active Ag modes and 15 infrar~d active 
A modes. Because of weak interaction between the two 

u 4-
B205 groups, the in-phase vibrating Ag modes will have 
nearly the same wave numbers as the in-antiphase vibrating 
A modes. 

u 

5.3 Experimental work 

For the preparatien of the polycrystalline pyroborates 

of magnesium, manganese and cobalt, containing boron with 
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the natura! abundance of 10s and 11B isotopes, stoichiometrie 

amounts of ns2o
3

, and MgO, Mnco3 and Coco 3, respectively, 

were melted together in platinum crucibles. Subsequently, 

the melt was allowed to cool from a temperature above the 

melting point (1340°C, 1270°C and 1150°C for Mg2s 2o5 , 

Mn 2s 2o5 and co2s 2o5 , respectiv~~y) to room temperature. 
Polycrystalline samples of Mg2 s 2o5 have been prepared 

using 10s 2o
3 

insteadof the natura! compound ns 2o 3 . 

Infrared and Raman spectra of the polycrystalline com-
n 10 pounds Mg2 s 2o5 and Mg2 s 2o5 have been recorded. Of the 

coloured samples Mn 2ns 2o5 and co2ns 2o5 , only infrared 

spectra could be obtained, because of the streng absorption 

of the exciting light in the Raman experiment. The various 

spectra are represented in Figs. 5.3 to 5.8 inclusive. 

The infrared and Raman wave numbers, taken from these 

spectra, are tabulated in Table 5.3. The infrared wave 
10 -1 numbers of Mg2 s 2o5 below 450 cm , also listed in 

Table 5.3, have been taken ftom a spectrum which has not 

been reproduced in this thesis, because this spectrum is 

virtually identical with that of Fig. 5.4. 

5.4 Interpretation of the spectra 

In the infrared and Raman spectra of the isomorphous 

pyroborates of magnesium, manganese and cobalt, the wave 

numbers of the internal vibrations of the s 2o5
4- group 

will hardly be dependent on the masses of the cations, 

whereas the wave numbers of the lattice vibrations wil! 

depend on these masses. It is thus possible to separate 

the internal vibrations from the lattice vibrations by 

cernparing the various spectra, represented in Figs. 
5.3 to 5.8 inclusive. 

In the wave number region above 450 cm- 1 , the bands 

observed in the infrared spectra of Mg
2
ns

2
o

5
, Mn

2
ns

2
o

5 
and co2ns 2o 5 resemble each ether very much both in wave 

number and intensity. Furthermore, in the infrared and 

n 450 cm- 1 have Raman spectra of Mg2 s2o~ the bands above 
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Fig. 5.4 Infrared spectrum of Mg
2

nB
2
o

5 
in the region 

50-650 cm-I. 

-50-

-1 cm 



r 
I 

1285 

289 125 

236 

1500 900 700 . 500 300 100 
-em-1 

Fig. 5.5.Jiaman spectrum qf n 
Mg2 B205. 

r 308 

I 

289 125 

236 
0 
~.0 

1500 161 
728 480 

1500 1300 1100 .. 700 
500 300 100 

<f---em-1 

JO Fig. 5.6 Raman spectrum of Mg 2 B2o5 • 

-51-



r 
A 

597 
674 707 

~ 1158 
i\ 1244 
I \ t'\ 

: \./\ t 
I \ I 
I \ I 

6 7 5 ,.709 1003 : \,' 
'V I ,1 1 

601 ,' I :: I 
/Q1 "' I I I J 
"'tV I '~' 1.,,5 I I i' / ,,.. / \.,' 

I / \S3o1 \ 811 I 
'•/ I"/ .. /'. / "' t, .., \_," 

500 750 1000 1250 

I 
I 
I 
I 
I 
\ 
\ 
\ 
\ 
\ 

\ 

1500 

\ 

n Fig. 5.7 Infrared spectra of co 2 B2o
5 

(full line) and 
n -1 

r 
A 

I 

Mn 2 B2o5 (broken line) in the region 400-1600 cm 

I 

232: 
2201\: 

11 /" •../ 

89 f\ 169 I 
t I .1 11 /· 

I 

lt I \ I \_1 

/ \,./ ,_" 
I 

100 200 300 

601 
/'\ 

I \ 

LD1 I \ 
"tU I \ 

\ A {\ ,' ,..., 

\t/ \ I \ I 
\ t \ I 

\ / \ 530/ 
'J \ ,"-' 

\ I 

•./ 

400 500 600 
cm-1 Jro 

Fig. 5.8 Infrared spectra of co 2nn
2
o

5 
(full line) and 

Mn 2nBz0 5 (broken line) in the region 50-650 cm- 1 . 

-52-



Mg2nB205 
10 

Mg2 B205 Mn2nB205 Co2nB205 

i.r. R. i.r. R. J..r. J..r. 

1490(s) 1467(m) 1520(s) 1500 (m) 1435(s) 1452(s) 

1425(vsj 1410(vw) 1454(vs) 1441(w) 1366(vs) 1377(vs) 

1277 (m) 1285(s) 1302 (m) 1308 (vs) 1244(s) 1247(s) 

1147 (vs) 1170 (vw) 1171 (vs) 1194 (vw) 1158 (vS) 1155 (vs) 

1019(s) 1024(w) 1020(s) 1024(w) 1003 (s) 1006(s) 

834(w) 848(vs) 837(w) 852(vs) 811 (w) 817(w) 

741(sh) - 730(s) 728(m) 745(sh) 752(vw) 

- 716 (sh) - 714(sh) - -
702(s) 708(m) - - 709(s) 707 (s) 

670 (m) 690(sh) 681(m) 705(w) 675(m) 674 (m) 

606(m) 632(w) 610 (m) 635(w) 60l(m) 597 (m) 

535(w) 546(w) 535(w) 546(w) 530(w) 526(w) 

486(m) 480(m) 489(m) 480 (m) 481 (m) 484 (m) 

417(s) 418(w) 419(s) 418(w) - -
- 406(w) - 406(w) 404(w) -

380 (vs) - 380(vsi - - 373(sh) 

357(sh) 364 (w) 358(sh) 364(w) - -
337 (m) 340(m) 339 (m) 340 (m) 339 (m) 337(m) 

- 332(sh) - 332(sh) 324(vs) -
- 306(m) - 306 (m) - 310(vs) 

284(m) 289(m) 284 (m) 289 (m) 279 (m) 281(m) 

269(m) 263(w) 269(m) 263(w) - -
232(w) 236(m) 232(w) 236(m) 232(w) 234(w) 

- - - - 220 (vw) -
203(m) 207(m) 203(m) 207(m) - -

- 187 (w) - 187(w) - 194 (m) 
167 (w) 161(m) 169 (w) 161 (m) 169(w) 167(w) 

143(m) 152(w) 144(m) 152(w) - -
117 (vw) 125(m) 118(vw) 125(m) 126 (m) 109 (W) 

- - - - 89(w) 96(w) 

Table 5.3 Infrared and Raman wave numbers of the various 

pyroborates studied. 

(vs = very strong, s = strong, m = medium, 

w = weak, vw = very weak, sh = shoulder) 
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nearly the same wave numbers, with the exception of the 

bands between 700 and 800 cm-1 which are due to a vibration 

showing isotape splitting. In Table 5.4 the wave numbers 

of the latter bands in the infrared and Raman spectra 
n 10 4-of Mg2 B2o5 and Mg2 B2o5 are given for the B2o5 groups 

with different isotape composition. 

Use has been made of the fact that the bands which are 

due to vibrations invalving 10B atoms have a higher wave 
. . 11 

number than the bands due to vibrations invalving B atoms. 

n 
Mg2 B205 

10 
Mg2 B205 

i. r. R. i.r. R. 

lOB O 4- - - 730(s) 728(m) 2 5 
10BllB05 4- 74l'(sh) 716 (sh) - 714 (sh) 

llB 0 4- 702(s) 708(m) - -2 5 

Table 5.4 Infrared a'nd Raman wave numbers of the bands due 
. 4-

to a vibration of the B2o
5 

group which shows 

isotope splitting (s = strong, m = medium, 

sh • shoulder). 

It may be concluded from the above discussion that, in 

each spectrum of the pyroborates studie~d, 11 of the 15 

predicted internal vibrations appear in the region above 
450 cm- 1 • The remaining four internal vibrations, occurring 

in thi;! region below 450 cm-1 , have tó be distinguished from 
the translational vibrations and librations. 

It is seen from Table 5.3 that five bands below 
450 cm-1 (viz. those at 340, 289, 231:i, 161 and 125 cm- 1 ) 

have nearly the s~e wave numbers .in the various infrared 
and Raman spectra. The possibilities for the assignment of 

the remaining four internal vibrations to four of these 

bands have been checked by means of a normal coordinate 
analysis. 
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5.5 Normal coordinate analysis 

A normal coordinate analysis has been performed for 

the internal vibrations of magnesium pyroborate. Data 

given in Appendix II have been used for the calculations. 

Only the assignment of the internal vibrations which has 

been given in Table 5.5 yielded a set of realistic force 

and interaction constants. Therefore, this·assignment is 

considered to correspond to the correct one. 

A A A A A A g u g u g u 
1500 1520 852 837 480 489 
1441 1454 728 730 340 339 
1308 1302 705 681 289 284 
1194 1171 635 610 236 232 
1024 1020 546 535 161 169 

Tab1e 5.5 Wave numbers of the bands, observed in the 

infrared and Raman spectra of Mg
2

10B
2
o

5
, which 

are due to the internal vibrations. 

The definitions, initial values, and final values of 

the force and interaction constantsof the B
2
o5

4- group 

are listed in Table 5.6. The initia! values have been 

estimated from the result of the normal coordinate 

analysis for the internal vibrations of magnesium 
orthoborata (Sec. 4.5). 

e 

-ss-

R,r,p = stretching 

a,~,y,o = bending 
T = torsion R-R-r 

v = torsion R-R-p 



I 

"" Q\ 
I 

no. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

fR 
f r 
fp 

fa 

ftl 
fy 

fó 
f 

T 

f\) 

fRR 
fRr 

frp 

fRa 
f' Ra 
fRB 

fRe 
fRy 

fRö 

frp 
f ra 
f' ra 
fre 
f' rS 

description initial final description initial 

value value no. value 

principal force constants (mdyn/.ll) (mdyn/.ll) interaction constants (mdyn/.ll) 

B-0 stretching (1.40 l\) 6.00 5.74 24 fry r as part of y 0.30 

B-0 - stretching (1.39 iJ 6.00 6.18 25 frö common B atom 0.20 
-B-0 stretching (1.36 l\) 6.25 6.86 26 fpa p as part of a 0.30 

0-B-0- bending (120.9°) 0.75 1.06 27 f' common B atom -0.20 
- pa 

0-B-0 bending (116.8°) 0.75 0.99 28 fp(3 p as part of e 0. 30, 

- -0-B-0 bending (122.3°) 0.75 0.82 29 f' common B atom -0.20 PB 
B-0-B bending (134.5°) 0.75 0.87 

-
30 fpy p as part of y 0.30 

B-O-B-0 torsion with r 0.20 0.18 31 fpo common B a torn 0.20 
-B-0-B-0 torsion with p 0.20 0.23 32 faa common 0 a torn 0.10 

interaction constants 33 f aS common R 0.10 

common 0 a torn 1.00 0.85 34 f~B comm.on 0 a torn 0.10 

common B atom 1. 00 1.12 35 fay common r 0.10 

cernmen B atom 1.00 1.44 36 f' ay common p 0.10 

R as part of a 0.30 0.93 37 faó cernmen R 0.10 

common 0 atorn 0.20 0.31 38 fee common 0 a torn 0.10 

R as part of B 0. 30 0.77 39 fi3y comm.on r 0.10 

common 0 atorn 0.20 0.27 40 f' By common p 0.10 

common B atom -0.20 -0.25 41 feö comrnon R 0.10 

R as part of ó 0. 30 0.39 42 fy& comrnon B a torn 0.10 

comrnon B atom 1. 00 0.92 43 fTT comrnon B-0-B 0.05 

r as part of a 0. 30 0.51 44 fT V adjacent r and p 0.05 

cornmon B atom -0.20 -0.16 45 f' TV remote r and o 0.05 

r as part of 13 0.30 0.47 46 f 
\)\) 

cernmen B-0-B 0.05 

cernmen B atem -0.20 -0.12 

Table 5.6 Definitions, initial values, and final values of the 
4-force and interaction constants of the a2o

5 
group. 

final 

value 
(mdyn/.ll) 

0.28 

0.19 

0.56 

-o .19 

0.49 

-0.14 

0.33 

0.21 

0.18 

0.27 

0.11 

0.24 

0. 30 

0.08 

0.11 

0.20 

0.28 

0.09 

0.04 

0.02 

-0.01 

0.01 

-0.03 



It is seen from Table 5.6 that the values for fR' 

f and f are in agreement with the B-0 bond distances 
r P 

(1.40 R, 1.39 i and 1.36 i, respectively) in the sense 

that the stretching force constant increases when the 

B-0 distance decreases. 

The mean difference between calculated and obseived 

wave numbers was 0.09%. 

5.6 References 

1) S. Block, G. Burley, A. Perloff and R.D. Mason Jr., 

J. Res. Nat. Bur. Stand., 62, 95, 1959. 
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VI LITHIUM ~iETABORATE CONTAINING (B02 -) 
00 

CHAINS 

6.1 Introduetion 

Infinite chains of condeneed so3
3- triangles are present 

in lithium and calcium metaborate. Bronswijk [ 1 ] has per
formed a normal coordinate analysis of lithium metaborate 

using a vibrational assignment which was based on in

formation from isotopic substitution, isomorphous sub

stitution, and on single crystal Raman spectra investigated 

by the present author which have been treated in this 

chapter. 

Recently, we obtained single crystal infrared spectra 

of nLiB02 • Having thus extended the amount of spectroscopie 

data, a complete assignment can now be made of the Raman 

spectrum as well as of the infrared spectrum of lithium 

metaborate. 

6.2 Crystal structure and factor group analysis 

6.2.1 Structure description 

Lithium metaborate crystallizes in space group 

P2 1/c (C~h), as has been determined by Zachariasen [ 2 ]. 
The factor group of this space group is isomorphic with 

point group c2h. Each primitive unit cell contains four 
formula units LiB02 , with all atoms occupying c1 sites 

(Wyckoff e position). The dimensions of the monoclinic 

unit cell are: a = 5.84 R1 b = 4.35 R: a = 6.45 R1 
~ = 115.12° (2nd setting). 

The crystal structure is characterized by infinite 

(Bo2-)
00 

chains parallel totheb direction. Two of such 

chains are passing through each primitive unit cell 

(Fig. 6.1). Each Li+ ion forms three Li-0 honds within 
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one chain, and one bond with each of two neighbouring 

chains. The B-0 distances within the (B02->oo chain are: 

1.40 Ä (B
1
-0

1
), 1.39 Ä (B 1-o2) and 1.33 Ä (B 1-o3 ). 

1 3 
4'4 

1C2Cy) 

1 3 
4'4 

1C2CyJ 
b~------~~r-----~ 

6(XZ) 

"' ~ 6(XZ) ··········-···-···-··········i 
02 

0 

Fig. 6. 1 Projeetiens on the ~y plane of the atoms. in the 

monoclinic unit cel~ of LiB0 2 • 

(o • inversion centre, • = B itom, 0 • ~ atom, 

$ = Li atom) 

The boron and oxygen atoms of each chain are not 

coplanar, so that the symmetry of the chains is that of 

Line Group No. 19 (isomorphic with point group c2) of 

Bhagavantam and Venkatarayudu [ 3 ] • 

6,2.2 Factor group analysis 

The result of applying factor group analysis to lithium 

metaborate is listed in Table 6.1. The numbers are given of 

internal and external vibrations belonging to the various 

symmetry species of point group c2h, which underlies the 

space group of the crystal. 

The internalmodes of vibration of a (Bo2-)
00 

chain with 

the symmetry of Line Group No. 19 belong to the symmetry 

species of point group c2 in the following way: 

r · = ?A + 7B int. 

where all modes are Raman and infrared active. 
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c2h internal translational librations acoustic total activity 

vibrations vibrations vibrations number of 
vibrations 

A 7 4 1 0 12 R 
g 

0 12 R Bg 7 5 0 

A 7 3 l 1 12 IR 
u 

Bu 7 3 0 2 12 IR 

Table 6.1 The number of vibrations of LiB0 2 per symmetry 

species of point group c2h. 

(R = Raman active, IR = infrared active) 

The correlation of the internal modes of two chains 

from the symmetry of Line Group No. 19 to the crystal 

symmetry is given in Table 6.2. 

Line Group Factor group 

No. 19 5 
c2h 

c2 c2h 

-=:::::::::::: 7 Ag 2 x 7A 
7Au 

-=:::::::::: 7B g 2 x 7B 
7B u 

Table 6.2 Correlation diagram for two (B0 2-)
00 

chains as 

found in a primitive unit cell of LiB0 2 • 

The 2 x 7 vibrations of species A of both (B02~) 00 
chains under the symmetry of Line Group No. 19 combine 

pairw'ise into seven in-phase vibrations of species A and 
' g 

seven. in-antiphase vibrations of species Au under the 

crystal symmetry. The same remar~ holds for the vibrations 

of species B. B.ecause of wea~ interaction ·between the two 

chains, the in-phase combination of a pair of A vibrations 

(or B vibrations) will have nearly the same wave number as 
the in-antiphase combination. Since the gerade species are 

only Raman act i ve and the ungerade species are only. infra

red active, the intrared and Raman spectra will be nearly 

the same as far as the wave numbers of the internal vi
brations of the chains are concerned. 
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6.3 Experimental work 

6.3.1 Preparatien of the single crystals 

As mentioned in Sec. 3.2.2, large single crystals of 

lithium metaborate have been grown from a Li2o-a2o3 melt. 

The following conditions were observed. After fusing 

stoichiometrie amounts of a2o3 and Li2co3 at about 950°C, 

the melt was cooled to a temperature just below the 

melting point (845°C). A very smal! seed crystal was added, 

after which the melt wascooledat a rate of 0.1°C/hr to 

830°C. The cooling rate from 830°C to 100°C was 0.5°C/hr. 

Lithium metaborate single crystals, containing 

95.5 mole % 6Li, were grown in the same way using 
(0.955 6Li. 0.045 7Li)B02 , prepared by Bronswijk 1], 

as a starting material. 
The crystals obtained were transparent with an 

elongated, platy habit. They exhibited a perfect cleavage 

plane parallel to their longitudinal direction. Applying 

the rotating-crystal method [ 4] to a thin crystal plate, 

this direction was determined to be the crystallographic 

b direction. 

For the Raman measurements, crystal plates with a 

thickness of about 2 mm were selected. They possessed two 

parallel faces of good optica! quality, which had a size 

of approximately 15 x 5 mm. These natura! faces were 

parallel to the crystallographic b axis. Another face, 

perpendicular to the natura! faces and parallel to.the 

b axis, was ground and polished using the polishing 

device, described in Sec. 3.4, on a flat glass plate. The 

polishing materials, carborundum (23 and 10 ~) and 

alumina (5 ~), were suspended in absolute alcohol and 
applied suècessively on the plate. 

For the infrared absorption measurements, a very thin 

crystal plate was selected. It was split with a razor

blade along the cleavage plane into slices 5 to 10 ~ thick, 

which were parallel to the crystallographic b axis. 

The hygroscopic behaviour of the crystal samples 
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necessit.ated manipul<:~~tion in a glov~-bag flushed with dry 

nitrogen. 

6.3.2 Single crystal Raman and infrared spectra 

In monoclinic crystals, the twofold b axis qoincides 

wi th one of the principal axes of the optie al indicatri.x 

[ 5 ]. This means thqt, in the case of our lithium metaborate 

single crystals, the faces parallel to b have an elliptical 

central section of which b is one of the principal axes, 

so that these faces, when exarnined between the crossed 

polars of a polarizing microscope, exhibit sharp extinctions 

parallel and perpendicular to the b axis. 

The oriented and polisbed single crystal was placed 

into the sample oompartment of the Raman spectrometer with 

its crystallographic b axis parallel to the 'laboratory' 

x axis (see Sec. 2.2.2), and its two natura! faces per

pendicular to the propagation direction of the incident 

laser beam. The polisbed face had•its normal directed to 

the entrance slit of tHe monochromator (Fig. 6.2). The 

polarization directions of t:he incident radiati.on were 

chosen parallel to the x and y axes, respectively, ánd 

of the analysed radlation parallel to the x and z axes, 

respectively. This resulted in a complete assignment of 

the vibrations to.the Ag and Bg species, and automatically 

avoided birefringence. 

Figs. 6.3 to 6.5 inclusive-, repreaent the pola:hzed 
6 . 

Raman spectra of single crystals of nLiB02 and LiB02 , 

Four different scattering geometries have been recqrded 

under identical circumstances: z(xx)yl z(xz)y, z(yx)y and 

z(yz)y. The ~pectra of 6LiB02 differ from those of nLiB02 , 

only in the wave number interval from 250 to 550 cm- 1 • 

Therefore, this particular region of the polari'zed Raman 

spectra of 6LiB02 is shown in Fig •. 6.5. 

Infrared spectra of a very thin single crystal of 

nLiB02 have been recorded using polarized radlation with 

the electric vector parallel and perpendicular to the 

b axis, respectively. The results of these measurements 

are represented in Figs. 6.6 and 6.7. 
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r 7 2 

I z(xX)y 

6'g 

1135 296 

1469 

1500 1300 1100 900 700 500 300 100 
+----cm-1 

r 
I z(.x~y 

150 

1175 

1500 1300 
+--cm-1 

1100 900 500 300 100 

Fig. 6.3 Polarized Raman spectra of a nLiB0
2 

single crystal 

for the scattering geometries z(xx)y and a(xa)y. 
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i 
I Z(y)Ç)y 

722 410 

150 

1500 1300 1100 900 
+--cm-1 

700 500 300 100 

r 233 

I z(yz)y 
722 

173 
666 

1469 

637 

1135 

1500 1 1300 
4-cm-

1100 900 

Fig. 6.4 Polarized Raman spectra of a nLiB0
2 

single crystal 

for the scattering geometries z(y:x:)y and z(yz)y. 
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r 
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I 
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I I 

298 

365 

410 

I I I I 

500 450 400 350 300 
• ._--cm-1 

z(yx)y 

410 

438 

500 450 400 350 300 
C: cm-1 

I 
I 

r 
I 

z(Xz)y 

500 450 400 350 300 
4-C:--cm-1 

z(yz)y 

500 450 400 350 300 
C: cm-1 

Fig. 6.5 Polarized Raman spectra of a 6tiBo
2 

single crystal 

in the .region 250-550 cm- 1, 
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r 
A 

500 750 1000 1250 1500 
cm-1 ,. 

r_Lb 

A 

521 

500 750 1000 1250 1500 
cm-1 »o 

Fig. 6.6 Polarized infrared spectra of a nLiB0
2 

single 

crystal in the region 400-1600 cm- 1 • 
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f 
A 

200 300 

200 300 

~00 500 

400 500 

600 
cm-1--•• 

600 
cm-1 __ ~,. 

Fig. 6.7 Polarized infrared spectra of a nLiB0
2 

single 
-I crystal in the region 100-700 cm 
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observed 
scattered 
radiation 

11 

z 

/ 
/ 

/ 
/ 

/ 

l incident 
laser 
beam 

y 

Fig. 6.2 Orientation of the LiB0
2 

single crystal in the Raman 

spectrometer (In this figure, the electric vector of 

the incident laser beam has been chosen parallel to 

the crystallographic b axis). The relationship between 

'laboratory' axes •• y, s arid tensor axes •
1

, •
2

, •
3 

is also shown. 

6.4 Assignment of the sin21e crystal spectra 

6.4.1 Polarized Raman spectra 

The Raman tensors , gi ven by Loudon [ 6 ] , for the 

symmetry species Ag and Bg of point group c2h are, 
respectively: 

and 

These tensors refer to the orthogonal axes • 1 , • 2 , x
3 

as 
defined by Nye [ 7 ] • This implies that the x 2 axis coincides 
with the twofold b axis, and that the axes x

1 
and • 3 lie 

in a plane perpendicular to the b axis. In the case of 
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lithium metaborate, where the crystallographic b axis is 

parallel to the 'laboratory' ~ axis, the tensor axes ~ 1 
and ~ 3 lie in the yz plane and are inclined at some angle 

a to the axes y and z (see Fig. 6.2). 

For the interpretation of the polarized Raman spectra, 

it is essential to relate Loudon's Raman tensors to the 

'laboratory' axes x, y, z. With the similarity transforma

tions (see Sec. 2.2.2) 

* T-1 * -1 
(Ag) = T (Ag) and (Bg) = T (Bg} T ' 

( cos(z, x 1) cos(~, x2) cos(z, z 3 l ') 
where T = cos(y, ~1} cos(y, ~2) cos(y, ~ 3 ) = 

cos(z, x 1) cos(z, ~2) cos(z, ~ 3 ) 

the following result is obtained: 

0 0 ) 2 2 2 2 ap +2dpq+cq apq-dp +dq -cpq 
2 2 2 2 apq+dq -dp -cpq aq -2dpq+cp 

* ( o ep+fq eq-fp) 
(B ) = ep+fq 0 0 

g 
eq-fp 0 0 

It should be noted that the shape of these transformed 

tensors is independent of the angle at which the axes x 1 
and x

3 
are inclined to the axes y and z. Irrespective of 

the value of this angle, the non-zero elements of tensor 
* * (A

9
) are complementary to those of tensor (Bg) • This 

enables us to distinguish whether a particular mode of 

vibration belengs to species A or B , for the band in-
g g 

tensity of the mode is proportional to the square of the 

tensor element corresponding to the applied scattering 

geometry. We must keep in mind, however, that the values 
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of the non-zero tensor elements may differ considerably 

one from another, ce.specially because p and q are unknown. 

Therefore, it is advisable to 'isolate' more'than one 

element of each tensor in order nat to miss vital informa

tion for the assignment of the observed bands to the 

symmetry species Ag and a
9 

of point grou~ c 2h. * 
Applying Eq. 2.3 to the tensors (A.) and (B ) for each 

g . g 
of the scattering geometries z(xx)y, z(xz)y, z(yx)y and 

z(yz)y, the Raman intensity per symmetry species of point 

group c 2h has been obtained (see Table 6.3). 

c2h Aq Bg 

Iz(xx)y k.b2 0 
2 

I z (xz )y 0 k. (eq-fp) 
2 

Iz (yx )y 0 k. (ep+fq) 
2 2 2 

Iz (yz )y k.(apq-dp +dq -cpq) 0 

Table 6.3 Raman intensity per symmetry species of point 

group c2h for four different scattering 

geometries (k is a constant). 

According to these theoretica! predictions, the above 

scattering geometries will yield four different Raman 

spectra which contain pairwise equivalent information: 

the bands occurring in the z(xx)y and z(yz)y spectra are 

due to vibrations belonging to species A , whereas the g 
bands in the z(xz)y and z(yx)y spectra are due to vi-

brations belonging to species B . g 
The wave numbers and intensities of the bands ob-

served in the polarized Raman spectra of single crystals 

of nLiB02 and 6LiB02 , which are represented in Figs. 6.3 

to 6.5 inclusive, are listed in Table 6.4. The intensities, 

measured from observed peak heights, have been normalized 
-1 to 100 for the band at 637 cm in the z(xx)y spectrum. 

It is seen from Table 6.4 that the relative band in

tensities of the various modes of vibration in the z(xx)y 

and z(xz)y spectra are very different from those in the 

z(yx)y and z(yz)y spectra. Using the information from 
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both pairs of spectra, the various modes have been 

unambiguously assigned to the symmetry species Ag and 
on the basis of the theoretical predictions, given in 

Table 6.3. 

B 
g 

The bands at 1496 and 1469 cm- 1 in the Raman spectrum 

of nLiB02 are due to the isotope effect of the boron atom 

containing the natural abundance of 10B and 11B isotopes 

[ 1 ]. Therefore, both bands pertain to only one mode of 

species Ag and one mode of species Bg. 

wave intensity 

number z(xx)y z(xz)y z(yx)y z(yz)y assignment 
(cm-1 ) Ag Bg Bg A g 

1496} sh sh sh sh 
} A + B 

1469 18 5 7 21 g g 

1175 - 2 4 - B g 
1135 29 - 1 2 A g 

762 - 7 2 1 Bg 
722 64 10 20 49 A + B g g 
668 14 7 5 28 A + B g g 
637 100 1 - 10 A g 
468 - 4 6 - B 

(a) g 
410 10 8 21 6 A + 2B g g 
340 13 - 1 3 Ag 
298 32 - - 6 A g 
292 - 7 5 - B g 
233 6 - - 66 Ag 
173 4 l - 34 A g 
150 - 27 15 - B g 
125 22 - - 4 A g 
118 - 10 5 - B g 

500 - 4 6 - Bg 
438 - 3 8 - B g 
410 10 5 12 5 A + B 

(b) g g 
365 14 - - 4 A 

9 
298 31 - - 6 A g 
292 - 7 5 - B g 

Table 6.4 Wave numbers, intensities and assignments 

obtained from the polarized Raman spectra of 

(a) a nLiB0 2 single crystal, and (b) a 6LiB0
2 

single crystal. 

In the polarized Raman spectra of nLiB02 , the B mode 
-1 -lg at 468 cm , one of the modes occurring at 410. cm , and 
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the A mode at 340 cm- 1 are shifted to 
g n 

respectively, after replacement of Li 

-1 
500, 438 and 365 cm 

by the 6Li i.sotope. 

This fellows from the relative band intensities of the 

relevant modes, given in Table 6.4. It should be noted 

here that the sum of the relative intensities of the bands 

at 438 and 410 cm- 1 in each spectrum in Table 6.4(b) is 

nearly the same as the relative intensity of the single 

band at 410 cm- 1 in the corresponding ~pectrum in Table 

6.4(a). This implies that the band occurring at 438 cm- 1 

(B ) in the spectra of 6LiB02 is completely overlapped by 

th~ band at 410 cm- 1 (A + B ) upon substitution of 6Li 
g g 

by nLi. Thus, in the spectra of nLiB0
2 

the band at 410 cm- 1 

is due to three modes of vibration: one A mode and two 
g 

Bg modes. Furthermore, it may be concluded that the modes 
-1 1 at 468 and 340 cm , and that mode at 410 cm- which is 

shifted after substituting nLi by 6Li to 438 cm- 1 , are 

translational vibrations to which contribute the Li+ ions. 

wave number intensity polarization assignment 
(cm-1) 

145{)1 vs .Lb 
} A + B 

1433 vs 1/b u u 

1182 m J.b Bu 
1140 vs 1/b Au 

762 vs .J..b Bu 
720 sh .J..b Bu 
717 m 1/b Au 
665 sh 1/b Au 
650 sh .J..b Bu 
625 s //b Au 
521 m .Lb B u 
484 w 1/b Au 
430 s .J..b B u 
425 m //b Au 
372 vs .Lb Bu 
320 w 1/b Au 
270 w .Lb Bu 
269 s //b A 

u 
178 w //b A u 
135 w J.b B u 

Table 6.5 Wave numbers, intensities and assignments obtained 

from the po1arized infrared spectra of a nLiB0
2 

single crystal. (vs = very strong, s • strong, 

m=medium, w = weak, sh = shoulder) 
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6.4.2 Polarized infrared spectra 

The intrared spectra of a thin single crystal of nLiB02 
have been recorded with the polarization direction of the 
incident electric field parallel and perpendicular to the 

crystallographic b axis, respectively. In the first case, 

the observed bands are due to A modes which, according to 
u 

the character table of point group c2h, are associated 

with a molecular dipole moment oscillating parallel to the 

twofold b axis. In the second case, the observed bands are 

due to Bu modes which, also according to the character 

table of point group c2h, are associated with a molecular 

dipole moment oscillating perpendicular to the twofold 

b axis. The results of the measurements are represented in 

Table 6.5. 

By comparing these results with those from the 
polarized Raman spectra (Table 6.4) it is possible to 
distinguish the internal vibrations from the lattice 
vibrations, since the former have nearly the same wave 

A A B B g u g u 

1480 1440 1480 1440 

1135 1140 1175 1182 

722 717 762 762 

(a) 668 665 722 720 

637 625 668 650 

410 425 410 430 

173 178 150 135 

340 484 468 521 

(b) 298 320 410 372 

233 269 292 270 

125 118 

Tabla 6.6 Assignmant of the bands, due to the interna1 

vibrations (a) and 1attice vibrations (b) of 
0 LiB0 2 , to the various symmetry species of 

point group c2h" 

-73-



numbers in the infrared and Raman spectra (see Sec. 6.2.2), 

whereas the wave numbers of the latter may differ con

siderably. In Table 6.6 the assignments for the Raman 

and infrared spectra of nLiB02 are given with the internal 

vibrations separated from the lattice vibrations. 

The Raman and infrared active internal modes of 

vibration (7A + 7A + 7B + 7B) have.all been observed, 
g u g u 

arid assigned to their respective symmetry species of point 

'group c2h. The librations of the chains, which are expected 

to have a wave number far below 100 cm- 1 (because of the 

heavy mass of the chain and a low force constant), have 

not been observed. Also, one translational vibration 

belonging to species B is missing. 
g 

'6.5 Normal coordinate analysis 

Bronswijk [ 1 ] has aarried out a normal coordinate 

analysis for the internal vibrations of lithium metaborate 

on the basis of the assignment of the Raman bands as 

given in Table 6.6(a). His final values of the force 
constants and most of the interaction constants of the 
(B02-)

00 
chain have been reproduced in Table 6.7. 

6.6 Raferences 

1) J.P. Bronswijk, Spectroscopie Investigations of Some 
Crystalline Borates, Thesis, Eindhoven Univarsity of 

Technology, 1979. 

2) W.H. Zachariasen, Acta Cryst., 17, 749, 1964. 

3) S. Bhagavantam and T. Venkatarayudu, Theory of Groups 

and its Applications to Physical Problems, Academie 

Press, New York, 1969. 

4) M.J. Buerger, X-ray Crystallography, Wiley & Sons, 

New York, 1965. 

5} E.E. Wahlstrom, Optica! Crystallography, Wiley & Sons, 

New York, 1969. 

-74-



no. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

! 
20 

R,r,p = stretching 

a,~,y,o bending 

a out-of-plane 

• torsion R-p-R 

v torsion R-p-r 

description final 

no. I description final 

value value 

principal force constants (rndyn/J\) I interaction constants (rndyntlh 

f B-0 - stretching (1.33 J\) 8.79 21 fRS R as part of B 0.95 
r 

fR B-0 stretching (1.39 J\) 5.56 22 fits common 0 atom 0.38 

f B-0 stretching {1. 40 l\) 5.24 23 fRy common B atom 0.40 
p -f 0-B-0 bending ( 126.1') 1.20 24 fity common 0 atOlR 0.23 

" ta 0-B-0 bending (116.4°) 1.05 25 fRo R as part of IJ 1.25 

fy 0-B-0 - bending (117.5°) 1.02 26 ff,_ê common B atom 0.28 

fó B-0-B bending (132.8°) 1.16 27 fpa conunon B atom 0.14 

f(J out-of-plane wag of t 0.15 28 f' common 0 a torn 0.33 
pa 

f 0-B-O~B torsion 0.13 29 fPS p as part of a 0.56 

' -f\) B-O-B-0 torsion 0.11 30 f' conunon o a torn 0.21 PB 
interaction constants 31 fpy p as part of y 1.53 

frR common B a tom 1.86 32 fpó p as part of ö 0.44 

frp conunon B atom 1.45 33 f' pil common B atom 0.23 

fra r as part of a 0.89 34 t"a common R 0.35 

fra common B atom 0.20 36 fo.y cormnon r 0.34 

fry r as part of y o. 51 38 fC<Ö common R 0.79 

fr/i carro:non B atom 0.27 39 f' aê common B a tam 0.32 

f' rê 
common B atom 0.35 41 far common p 0.52 

fRp common B atom 1.50 43 f Bö common p 0.40 

f' Rp common 0 atom 0.75 44 fà" common R 0.27 

fRet R as part of <> 1.39 45 fyê common p 0.44 

Table 6.7 Definitions and final values of the force constants 

and most of the interaction constants of the 

(Bo 2 )~ chain, according to Bronswijk. 

6) R. Loudon, Adv. Phys., 13, 423, 1964, and R. Loudon, 

Adv. Phys., 14, 621, 1965. 

7) J.F. Nye, Physical Properties of Crystals, Clarendon 

Press, Oxford, 1957. 
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VII SODIUM METABORATE CONTAINING B3o6
3- RINGS 

7.1 Introduetion 

The isolated B3o6 J- ring, ç:onE;fsti:t:lg of three cónêhmsed 

Bo
3

3- triangles, occurs in'Sodiiu:ntm~tàborate. Infrared .and 

Raman powder spectra of.th.is:ool!'lpound have been studied'by 

Bril [ 1 ] • The, polar:j,z.~ .R.am~n. spectra of an oriented a~d · 
• . ·.·.,.· n . 

polished single crystal.of Na 3 B3o6 , investigated by the 

present author, h~d riot.: been recorded before. 

7.2 Crystal structure and factor group analysis 

7.2.1 Structure description 

The c~~!\ltal structure of sodium metaborate has been 

detêrmib.~~;,~~Marezio et al. [ 2]. It belongs to space 

group lt.~~-.:, ·i- ~) , and i ts factor group is isomorphic wi th 

point groqp o3d. The primitive unit cell is the rhombohedral 

cell containing two formula units Na3B3o6 • All atoms are 

located on c2 sites {Wyckoff e position) • 

The projections, along the threefold inversion axis, of 

the atoms in the bottam half and top half of the rhombo

hedral unit cell are shown in Figs. 7.1.a and 7.1.b, 

respectively. The crystal is built up of planar B3o6
3- rings, 

and Na+ ions lying in the planes of the rings. These planes 

are perpendicular to the threefold inversion axis. The 

boron-oxygen distances in the B3o6
3- ring are: 1.43 K for 

the intra-annular B-0 distance, and 1.28 K for the extra

annular B-0 distance. 
3-The 'free' s 3o6 ring possesses o3h symmetry. In the 

crystal, however, the ring has o3 site symmetry {Wyckoff 

a position), because only the threefold inversion axis 

and the three twofold rotation axes pass through its 

centre of mass (see Fig. 7.1). 

-76-
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Fig. 7. I Projections, a long the a axis, of the atoms in the bottom half (a) and top half (b) 

of the rhombohedral unit cell of Na
3

B
3
o

6
. 



7.2.2 Factor group analysis 

The result of applying factor group analysis to sodium 

metaborate is given in Table 7.1. 

0 3d 
internal translational librations acoustic total activity 

vibrations vibrations vibrations number of 

vibrations 

Alg 3 1 0 0 4 R 

A2g 4 3 1 0 8 ia 

Eg 7 4 1 0 12 R 

Al u 3 1 0 0 4 ia 

A2u 4 2 1 l 8 IR 

Eu / 7 3 1 l 12 IR 

Fig. 7. I The number of internal and external vibrations 

per symmetry species of point group n3d for 

Na
3

B
3
o

6
• (R = Raman active, IR= infrared active, 

ia = inactive) 

The 21 internal and 3 rotational vibrations of the 
3-'free' a 3o6 ring are distributed among the symmetry 

species of point group n3h as follows: 

f 3A1
1 + 2A2' + SE' + 2A2" + 2E" int. 

f = lA' + lE" rot. 2 

where the vibrations belonging to species E' are bath 

Raman and infrared active, the vibrations belonging to 

species Ai and E" only Raman active, the vibrations 

belonging to species A2 only infrared active, and the 

vibrations belonging to species A2 inactive. The species 

Ai, A2 and E' represent the in-plane vibrations and the 

·species A2 and E" the out-of-plane vibrations. 

The primitive Uilit cell of Na 3a3o6 contains two a 3o6 
3-

rings. The correlation of the internal vibrations and 

librations of these two rings from the free ion symmetry 

DJh' via the site symmetry o3 , to the crystal symmetry o 3d 
is represented in Table 7.2. 
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Free ion Site Crystal 

03h 03 03d 
2 x 3Ai - 2 x 3A1 - 3Alg + 3Alu 
2 x 2A2 - 2 x 2A2 - 2A2g + 2A2u 

(a) 2 x 5E' - 2 x 5E - SE + SE g u 
2 x 2A2 - 2 x 2A2 - 2A2g + 2A2u 
2 x 2E" - 2 x 2E - 2E + 2E g u 

(b) 2 x lA' 2 -----+ 2 x 1A2 - 1A2g + 1A2u 
2 x IE" - 2 x IE - IE + IE g u 

Table 7.2 Correlation of the internal vibrations (a) and 
3- . librations (b) of two R

3
o

6 
r~ngs from the free 

ion symmetry n3h, via the site symmetry n
3

, to 

the crystal symmetry n3d. 

The active internal vibrations and librations of sodium 
metaborate are, respectively: 

3Alg(Ai) + 5Eg{E') + 2Eg(E") + 2A2u(A2) + 5Eu(E') + 

2A2u (A~;> + 2Eu {E") 1 and 

IE (E") +lA {A')+ IE {E") 
g 2u 2 u 1 

where the gerade species are only Raman active and the 

ungerade species are only infrared active. rv<ru) denotes 

a crystal mode of vibration 1 which belongs to symmetry 

species rv of point group o 3d, and which consistsof two 

identical modes, belonging to symmetry species r of point 

group o3h of the two B3o6
3- ringsin the primiti~e unit 

cell. The internal crystal modes Alg (Ai), Eg (E' ) , Ai u (A2) 
and Eu(E') reprasent the in-plane vibrations of the planar 

B3o6
3
- rings, while the internalmodes Eg(E"), A2u<A2) and 

Eu(E"} reprasent the out-of-plane vibrations. 
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7.3 Experimental work 

7.3.1 Preparation of the samples 

n 10 
Polycrystalline samples of Na3 8 30 6 and Na 3 8306 have 

been prepared by melting tagether in platinum crucibles 
n 10 stoichiometrie amounts of Na2co3, and ·820 3 and a2o3 , 

respectively. After heating above the melting point {966°C) 

the melt was allowed to cool to room temperature. A white 

polycrystalline cake was obtained. 
In the cavity inside the solid cake, hexagonal needle

shaped crystals were found. One of them, a small crystal of 
n n Na

3 
83o6 , was added to a Na2o- 8 20 3 melt which was allowed 

to equilibrate at a temperature just below the melting 

point (see Sec. 3.2.2). Subsequently, the melt was caoled 

at a rate of 0.1°C/hr to 950°C, and at a rate of 0.5°C/hr 
from 950°C to 100°C. The transparent platelike crystals 

obtained exhibited a prominent zone axis. Using the back

reileetion Laue methad [ 3 ], this axis was determined to 
be a threefold axis {the crystallographic e axis). Normally 

to this direction, a twofold axis {the crystallographic a 

axis) was identified. 

For the Raman measurements, a few optically perfect 

single crystals were selected. The size of these specimens 

was about 10 x 10 x 2 mm. Three faces parallel to the 
threefold e axis were ground and polished. Two of them 

were perpendicular and one facè was parallel to the two

fold a axis , {see F1g. 7. 6) •. For the purpose of grinding 
and polishing these faces, the polishing device, described 

in Sec. 3.4, was used on a flat glass plate. The polishing 

materials, carborundum (23 and 10 ~) and alumina (5 p), 

were suspended in absolute alcohol and applied successively 

on the plate. Because of the hygroscopic behaviour of the 

crystal samples, each manipulation was performed in a 

glove-bag flushed with dry nitrogen. 

Attempts have failed to obtain single crystals of 

sodium metaborate which are sufficiently thin for infrared 
absorption measurements. 
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7.3.2 Infrared and Raman powder spectra 

Infrared and Raman spectra of the polycrystalline com-
n 10 pounds Na3 a 3o6 and Na3 a 3o6 have been recorded. The 

various spectra are represented in Figs. 7.2 to 7.5 in

clusive. The infrared and Raman wave numbers, taken from 

these spectra, are tabulated in Table 7.3. The infrared 
10 -1 . 

wave numbers of Na3 a3o6 below 450 cm , also listed in 

Table 7.3, have been taken from a spectrum which has not 

been reproduced in this thesis, because this spectrum is 

virtually identical with that of Fig. 7.3. 

Na3nB306 
Lr. R. 

- -
- l585(sh) 

- l573(s) 

- lSSO(s) 

- -
146.0 (S) l462(w) 

1426(s) 1440(w) 

- -
1259(s) -
l224(s) -

962(m) 969 (w) 

- 769(s) 

- -
722 (s) -
706(s) 679(s) 

- 624 (vs) 
530 (w) -
481 (w) 4 73 (s) 

376 (m) 397(m) 

364(shl 389(sh) 
250(s) 239 (w) 

227(s) 217 (w) 

174 {m) 186(w) 

163(sh) l42(sh) 

126(m) 126(s) 

ll2(sh) 

10 Na3 B3o6 
Lr. R. 

- 1604(vs) 

- 1593(sh) 

- -
- -

148l(vsJ l490(w) 

l443(sh) -
- -

1290(vs) 

1255(sh) -
- -

965(m) 973(w) 

- 769(s) 

740(s) 706(s) 

715 (sh) 696(sh) 

-
- 628(vs) 

538(w) -
48l{w) 475(s) 

376(ml 397(m) 

364(sh) 390 (sh) 
250{s) 239(w) 

227(s) 217(w) 

174(m) 186(w) 

l63(sh) 14l(sh) 
126(m} 126(s) 

112(sh) -
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Table 7.3 

Infrared and Raman 

wave numbers of the 

po lycrys ta lline 
. n 

compounds Na
3 

B
3
o

6 10 and Na 3 B
3
o

6
. 

(vs • very strong, 

s = strong, m·= 

medium, w = weak, 

sh = shoulder) 



r 
A 

1481 
1'1 

1290 : ', 
" I I 
1 I I 
1 I 14431 ~ 
I \ 11/ 

740 1255 1
1 1 

I r. \ / I 
I \ /" ,.,.,t \ 
: \ 965 ,' \ 

715/ ', /'· / \ 
\ ,' \ , \ """"'' \ 
\ I \ "; ~---""' \ 1481 I -- ,, I 
,,,~38/ 
\ .. ' "·'' "- ,~ 

I 

1500' 500 750 1000 1250 
cm-1 ." 

Fig. 7.2 Infrared spectra of Na 3nB 3o6 (full line) and 

Na
3

10B
3
o

6 
(broken line) in the region 400-1600 

Î 
A 

100 200 300 500 
cm-1 

600 

n Fig. 7.3 Infrared spectrum of Na
3 

B
3
o

6 
in the region 

50-650 cm- 1• 

-82-

-I cm 



I 
I 

I 
I 

1573 

679 

1550 
769 

1565 

969 

1300 1100 

n Fig. 7.4 Raman spectrum of Na 3 B3o6 . 

160.t; 

1500 
<4----cm-1 

1300 

973 

1100 

706 
769 

I 0 Fig. 7.5 Raman spectrum of Na
3 

B
3
o

6
. 
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7.3.3 Single crystal Raman spectra 

The polished Na
3
na

3
o

6 
single crystal, mounted on a 

goniometer head, was placed into the sample campartment 

of the Raman spectrometer with its threefold c axis 

parallel to the 'laboratory' x axis (see Sec. 2.2.2), and 

its twofold a axis parallel to the 'laboratory' z axis. 

The incident laser beàm, propagating in the z direction, 

passed through two polished parallel faces. The scattered 

radiation, propagating in the y direction, was collected 

through a third polished face (Fig. 7.6). 

The polarization directions of the incident and 

analysed radiation were chosen parallel and perpendicular 

to the c axis. Since this axis coincides with the principal 

axis of the optical indicatrix [ 4 ], complications in

volving birefringence were avoided. 

observed 
scattered 
radiation 

z=a 

/ 
/ 

/ 

fF::±==?JI' 

i 
incident 
laser 
beam 

/ 
/ 

/ 

y 

Fig. 7.6 Orientation of the Na
3

nB
3
o

6 
single crystal in the 

Raman spectrometer. (In this figure, the electric 

vector of the incident laser beam has been chosen 

parallel to the crystallographic c axis.) 
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I: 

i 
I 

i 
I 

·" . ' . 
Z(XX)Y 

1573 

550 769 

158'i 

'- ~.......,....~ 1 
1500 1300 1100 900 700 500 300 100 

+--cm-1 

. 
Z(XZ)y 679 

127 

---------''-----~u 
1500 

4--cm-1 

z(yz)y 

1500 
+--cm-1 

1300 

1300 

1100 900 

969 

1100 900 

700 300 100 

"73 

700 500 300 100 
n Fig. 7.7 Polarized Raman spectra of a Na 3 B3o

6 
single crystal 

z(xz)y and for the scattering geometries z(xx)y, 

z(yz)y. 
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n The polarized Raman spectra of a Na 3 8 3o6 single 

crystal, for the scattering geometries z(xx)y, z(xz)y 

and z(yz)y, are represented in Fig. 7.7. The spectra were 

recorded under identical experimental circumstances. 

7.4 Assignment of the spectra 

7.4.1 Infrared and Raman powder spectra 

In the infrared and Raman spectra of the polycrystalline 
n 10 samples of Na3 8 3o6 and Na3 8 306 , certain bands are due 

to vibrations exhibiting isotape splitting. In Table 7.5 
3-the wave numbers of these bands are given for the B3o6 

rings with various isotape compositions. Assuming that 

the two isotapes 10B and 11B are randomly distributed over 

all boron positions, four different rings are possible with 

abundancy percentages as given in Table 7.4. 

n Na 3 B3o6 
10 Na 3 B3o6 

lOB 0 3-
3 6 0.7% 80.4% 

lOB 1180 3-
2 6 8.8% 18.2% 

lOBllB 0 3-
2 6 37.4% 1.4% 

118 0 3-
3 6 53.1% 0.03% 

3- I Table 7.4 Abundancy percentages of the B3o6 rings with 

various isotape compositions. 

There are four vibrations of the s 3o6
3- ring which show 

isotape splitting. The intensities of the bands due to these 

vibrations agree with the percentages given in Table 7.4. 

Bril f 1 ] has published the Raman powder spectra of the 

isomorphous metaborates of sodium, potassium, rubidium and 

cesium. By camparing these spectra it is seen that the bands 

above 250 cm- 1 resemble each other very much both in wave 

number and intensity. These bands are due to internal vi-
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brationsof the s3o6
3- rings. The lattice vibrations occur 

-1 in the wave number region below 250 cm • 

Na3nB306 
10 Na3 B3o6 

i.r. R. i.r. R. 

108 O 3- -3 6 
- - 1604(vs) 

lOB llBO 3- - l585(sh) - 1593(sh) 
( 1) 2 6 

lOBllB O 3- - l573(s) - -2 6 

llB 0 3- - 1550(s) - -
3 6 

lOB O 3- - l48l(vs) 1490(w) 
3 6 

lOB 1180 3- - - l443(sh) 
(2) 2 6 

lOBllB O 3- 1460 (s) l462(w) - -2 6 

llB 0 3- 1426(s) 1440(wi - -
3 6 

lOB O 3- - 1290(vs) -3 6 

lOB ll80 3- - - 1255(sh) -
(3) 2 6 

lOBllB O 3- 1259(s) - - -2 6 

llB 0 3- 1224(s) - -3 6 

lOB O 3- - - 740(s) 706(s) 
3 6 

lOB llBO 3- - - 715(shl 696(sh) 
(4) 2 6 

lOBllB O 3- 722(s) - - -2 6 

llB 0 3- 706 (s) 679(s) - -3 6 

Table 7.5 Infrared and Raman wave numbers of the bands 
3-due to four vibrations of the B3o

6 
ring which 

show isotope splitting. (vs = very strong, 

s = strong, w = weak, sh = shoulder) 

7.4.2 Single crystal Raman spectra 

It follows from Sec. 7.2.2 that the two s3o6
3- rings 

in the primitive unit cell give rise to the following 

Raman active internal crystal modes: 3A
19

(Ai) + SE
9

(E') + 
2E (E"). For the assignrnent of the bands due tothese modes, 

g 
use has been made of the oriented gas approximation (see 
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Sec. 4.4.3). Neglecting vibrational coupling between the 
3-B306 rings, the crystal Raman tensors may be derived 

from the Raman tensors of these rings using the similarity 

transformation 

2 
E 

m=1 
T (f)'T-1 

m ]..1 m 

where (fv) is the R~man tensor for symmetry species rv of 

point group o3d, arising from the Raman tensor (fll)' for 

symmetry species fll of point group o3h. Tm is the trans
formation matrix for the mth B3o6

3- ring in the primitive 

unit cell. 

The Raman tensors (fll)', given by Pouletand Mathieu 

{ 5 ] , for the symmetry species Ai, E' and E" of point 

group o 3h are: 

(Ai>'=(~ ~ ~\, (E',:c')' =(~ _: ~\, (E',y')' =[: -: ~\, 
o o b) o o o) \o o o) 

(E",1) 1 =(~ ~ ~\, (E",2)' ~·(~ ~ -~\. 
0 c 0) -c 0 0) 

These tensors refer to the following setting of the local 

orthogonal axes x', y', z ': :c '11 c2 and z '11 Cr 
The matrix Tm transfarms the axes :c', y', z' of the 

mth B3o6
3
- ring into the 'laboratory' axes x, y, z (x= a, 

z = a) to which the crystal Raman tensors will be referred. 
The transformation matrices for the rings A and B in Fig. 
7.1 are given by 

TA = ( ~ - ~ ~ \ ' TB = ( ~ ~ - ~ \ • 

1 o o} -1 o o) 
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. . 
,. :·' : ' . . . . . 

·. ü$,~ng thes~ data in the above~mentioned similarity 

transformatiOJ.l yields the results which are represented in 

Table 7.6. The crystal Raman tensors. are given by the sum 

of the tensors classified under the various symmetry 

species of point group o3h. 

Crystal Free ion sylUIUetry 0 3h sylUIUetry 

0 3d A' 
1 E' E" 

0 0 

~) Alg a 0 0 

0 

0 

0 

Table 7.6 Raman tensors, per symmetry species of point 

group DJh' for the various symmetry species 

of point group DJd' 

Applying Eq. 2.3 to the tensors in Table 7.6 for each 

of the scattering geometries z(xx)y, z(xz)y and z(yz)y, 

the Raman intensities have been obtained which are given 
in Table 7.7. 
It fellows from these theoretica! predictions that, as 

far as the internal vibrations and librations of the 
3-B306 ring are concerned, the three Raman scattering 

geometries will yield three different spectra, each of 

which containing bands due to only one ,~f the crystal 

modes A19 (Ai> , Eg (E') and Eg (E") • 
The oriented gas model is not applicable to the trans

lational vibrations of the s 3o6
3- and Na+ ions. According 

to Table 7.1 these vibrations consist of one Raman active 

-89-



.. . 
Crysta.}. scattering Intensl.ty 

symmetry geOinetry Free ion symmetry 03h 
0 3d 

A' . 1 ' E' E" 

Alg z(:v:v)y k.b2 
0 0 

E z(xz)y 0 0 k.c2 
g 

k.d2 
E z(yz)y 0 0 

g 

Table 7.7 Calculated Raman intensities, per symmetry species 

of point group n
3
h, of the crystal modes 

belonging to the various symmetry species of 

point group n
3

d (kis a constant). 

Alg mode and four Raman active Eg modes. The crystal Raman 

tensors, given by Poulet and Mathieu [ 5 ] I for the 

symmetry species Alg and E of point group o 3d are g 
(referred to the 'laboratory' axes x, y, z) : 

Applying Eq. 2.3 tothese tensors for each of the scattering 

geometries z(xx)y, z(xz)y and z(yz)y, the Raman intensity 

per symmetry species is obtained (see Table 7.8). 

It fellows from Table 7.8 that, as far as the translational 

vibrations are concerned, the bands due to the E modes may 
. g 
occur bath in the z(xz)y spectrum and in the z(yz)y spectrum. 

The band due to the Alg translational mode will occur in 
the z(xx)y spectrum. 

The wave numbers and intensities of the bands observed 

in the polarized Raman spectra of a Na3nB 3o6 single crystal 

for the scattering geometries z(:vx)y, z(xz)y and z(yz)y 

are tabulated in Table 7.9. Data have been taken from 
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0 3d Alg Eg 

I z(a:a:)y k.b2 0 
2 

I z(a:z)y 0 k.c 

I z (y z) y 
0 k.d2 

Table 7.8 Raman intensity of the translational vibrations 

per Raman active symmetry species of point 

group n
3

d for three different scattering 

geometries (kis a constant). 

Fig. 7.7. The intensities have been determined by measuring 

peak heights and normalizing the value to the full scale 

intensity 100. For the assignment of the wave numbers to 

the various crystal modes,use has been made of the 

theoretica! predictions given in Tables 7.7 and 7.8. 

intensity 

wave number z(xx)y z{xz)y z{yz)y assignment 
-1 (cm ) Alg . Eg Eg 

1585 l sh - - l 1573 58 - - Alg(Ail 
1550 48 - -
1462} - - 9 } Eg(E') 
1440 - - 6 

969 - - 11 Eg(E') 

769 46 - - Alg (Ai) 
679 - 100 - Eg(E") 

624 > 100 - - A19 (Ai) 

473 - - > 100 Eg(E') 
397 - - 42 Eg(E') 

389 - - sh E
9

(E'} 

239 - 6 19 Eg 
217 - 12 6 E 

186 
g - 15 8 E 

142 
g 

sh 32 E 

127 
g - 72 - Eg(E") 

125 20 - - Alg 

Table 7.9 Wave numbers, intensities and assignments obtained 

from the polari~ed Raman spectra of a Na
3

nB
3
o

6 
single crystal. 
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From the results of the po;Larization measurements it 

is seen that all Raman a~tive internar vibrations except 
-1 one could be assigned to the bands above 250 cm • Of the 

two out-of-plane vibrations E (E") one has been assigned 
-lg 

to the Raman band at 679 cm , while the other one must 

lie among the lattice vibrations. In the wave number 

region below 250 cm- 1 , all Raman active translational 

vibrations (1A1 + 4E ) have been assigned. The Raman band 
-1 g . g 

at 127 cm may be due to the only Raman active libration 

(see Sec. 7.2.2) and/or to one of the two out-of-plane 

vibrations Eg(E"). 
3

_ 
Due to weak interaction between the two s 3o6 rings 

·in the primitive unit cel!, the E (E') and E (E") modes u u 
will have nearly the same wave numbers as the Eg (E' ) and 

E (E") modes. This implies that, in the infrared spectrum 
g n . 

of Na 3 s 3o6 , the bands at 1460 and 1426 (both belonging to 
only one vibration), 962, 481, 376 and 364 cm- 1 pertain 

to the E (E') modes, and the bands at 722 and 706 cm- 1 
u . . 

(this is only one vibration) are due to one of the two 

E (E") modes.The infrared bands at 1259 and 1224 cm- 1 (both 
u 

belonging to only one vibration), and at 530 cm-1 then per-

tain to the two in-plane vibrations A2u<A2>· 
Three infrared active out-of-plane vibrations (2A (A") 2u 2 

+ 1Eu(E")), lying at low wave numbers, and the infrared 

active lattice vibrations could not be assigned for lack 
of polarized infrared spectra. 

7.5 Normal coordinate analysis 

Since it has not been possible to assign all of the 
3-six out-of-plane vibrations OI the planar s3o6 ring 

(2E (E" J + 2A2 (A2"J + 2E (E")), a normal coordinate analysis g u u 
has been carried out for the in-plane vibrations only. The 

assignment of the latter (3A1 (Ai) +SE (E') + 2A2 (A2J + . g g u 
SEu(E')) is given in Sec. 7.4.2. In appendix III data have 

been given for the input of the computer programs (see 

Sec. 3.6). The definitions of the force and interaction 
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I 
\4) 

w 
I 

no. 

1 fR 
2 fr 
3 f<X 
4 fa 
5 fy 

6 fRR. 
7 fRR 
a fRr 
9 fRCI 

10 f' Ra 
11 fRB 
12 fR_s 
13 fRy 

R,r = B-0 stretching 

~.y 0-B-0 bending 

S = B-0-B bending 

description initial final 

principal force constante value value 

(mdyn;Jb (mdyn/.)l) 

B-0 stretching (1.43 Ä) 5.00 5.07 
-B-0 stretching (1.28 1!.) 9,50 9.32 

o-s-o bending (114.5°) 1. 00 0.37 

B-0-B bending (125.5°) 1.00 0.89 

0-B-0 - bending (122.8°) l. 00 0.68 

interaction constante 
common B atom l. 00 1. 24 

common 0 atom 1.00 1.01 

colll1llon B atom 1.00 1.89 

R as part of a 
1 

0.50 0.35 

colll1l\on 0 atom 0.30 0,19 

R as part of B 0.50 0.47 

common B atom 0. 30 0.31 

R as part of y · 0,50 0.40 

description. initial 
no. interaction constante value 

(mdyn/1!.) 
14 f' Ry common B atom -0.30 

15 f" Ry common 0 atom 0. 30 

16 frn common B atom -o. 3o 
17 common B atom 0.30 

18 fry r as part of y 0,50 

19 fCl(l common 0 atom 0.20 

20 fai3 COIII1l\On R 0.20 

21 fny COIII1l\On R 0.20 

22 f' COIII1l\On ay 0 at om 0,20 

23 fes common B atom 0.20 

24 fsy common R 0.20 

25 f' Sy common B atom 0,20 

26 fyy common r 0.20 

27 f' yy common 0 atom 0.20 

Table 7.10 Definitions, initial values, and final values of the force and interaction 
3-constants for the in-plane vibrations of the planar s

3
o

6 
ring. 

final 

value 
(mdyn/ftl 
-0.26 

0.20 

-0.44 
0,18 

0.55 

0.11 

0.22 

0,17 

0.09 

0.12 

0.24 

0.16 

0.27 

0.12 



constants for the internal coordinates (of the in-plane 

vibrations) are listed in Table 7.10, along with their 

initial and final values. 

The initia1 values have been estimated from the 

results of the normal coordinate analyses for the internal 

vibrations of magnesium orthoborate, magnesium pyroborate 

and lithium metaborate. The final values satisfy the 

criteria enumerated in Sec. 3.6. Furthermore, the final 

value of the stretching force constant fR is considerably 

smaller than that of the stretching force constant fr 
which is in agreement with the B-0 bond distances of 
1.43 g and 1.28 g, respectively. 

The mean difference between calculated and observed 
wave numbers was 0.03%. 

7. 6 Raferences 

1) T.W. Bril, Raman Spectroscopy of Crystalline and 

Vitreous Borates, Thesis, Eindhoven Univarsity of 
Technology, 1976. 

2) M. Marezio, H.A. Plettinger and W.H. Zachariasen, 

Acta Cryst., 16, 594, 1963. 

3) B.D. Cullity, Elements of X-ray Diffraction, Addison
Wesley, London, 1967. 

4) E.E. Wahlstrom, Optical Crystallography, Wiley & Sons, 
New York, 1969. 

5) H. Poulet and J.P. Mathieu, Speetras de Vibration et 

Symf!itrie des Cristaux, Gordon & Breach, Paris, 1970. 
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VIII CONCLUSION 

The principle motive for performing the investigation 

described in this thesis has been our interest in the 

structure of glasses in general and of borate glasses in 

particular. 
The Raman spectra of glasses possess a limited number 

of rather sharp lines with moderate half-widths. This 

circumstance reflects the fact that glasses consist of a 

restricted number of structural units with a well-defined 

short-range order. Therefore~application of vibrational 

spectroscopy to glasses might lead to a valuable contri

bution to our knowledge of the glass structure. A direct 

comparison of the vibrational frequencies of a glass with 

the frequencies of crystalline compounds of known structure 

and containing groups which are supposed to occur in the 

glass has been used by various authors in order to ascertain 

the glass structure. However, this method, which has been 

applied so successfully in organic chemistry, is of much 

less value for inorganic enemistry due to the fact that 

"' functional group frequencies cannot be distinguished so 

clearly for inorganic compounds. 

As a perhaps more successful alternative one might 

try to calculate the vibrational frequencies for the 

structural units which are supposed to occur in the glass 

of interest. Such a calculation, basedon a normal.coor

dinate analysis,will only yield accurate results if force 

and interaction constants of known values exist whièh are 

transferable from one molecule to another in the sense that 

their application in normal coordinate analyses of chemically 

related compounds yields calculated frequency values which 

do not differ significantly from the observed frequency 
values. 

In order to find out whether such force and inter

action constants can be found, one has to perform normal 

coordinate analyses on a sufficiently large number of 
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I 

"' Cf\ 

I 

BO 3- 4-
(B02 -) oo B306 

3-
3 B205 

- stretching {6. 23 (1. 35 Jl) {6.86 (1.36 Jl) Jl) Jt) B-0 
5.99 (1. 40 i) 6.18 (1.39 .[} 8.79 (1. 33 9.32 (1.28 

B-0 stretching - 5.74 (1.40 i) {5. 56 ( 1. 39 i) 5.07 (1. 43 i) 
5.24 (1. 40 i) 

- - bending {0. 79 (120.0°) (122.3°) 0-B-0 
0.67 (120.0°) 0.82 - -

0-B-0 - bending p-06 (120.9°) e-20 (126.1°) (122.8°) - 0.99 (116.8°} 1.02 .( 117. 5 °) 0.68 

0-B-0 bending - - 1.05 (116.4°) 0.37 (114.5°) 

B-0-B bending - 0.87 (134.5°} 1.16 (132.8°) 0.89 (125.5°) 

out-of-plane wag 0.20 - 0.15 -
torsion - {0 .18 {0 .13 -0.23 0.11 

Tab1e 8. I Values (in mdyn/R) for the principal force constants of four different 

borate groups. The B-0 distances and bond angles are placed in parentheses. 



chemically related substances. Since only very few data 

could be found in the literature, the outset of our 

investigation has been the interpretation of the 

vibrational spectra of a number of crystalline borates 

with well-known structure, containing structural units 

which are supposed to occur in borate glasses, and the 

performance of normal coordinate analyses to these com

pounds. 
The frequency values are primarily influenced by the 

principal force constants, the interaction constants 

playing a minor role. Therefore, in order that the force 

and interaction constants be transferable, the values of 

the principal force constauts as found by performing normal 

coordinate analyses on a group~ chemically related sub

stances should not vary significantly. 

The values for the principal force constauts of the 
3- 4- -803 group, the 8 205 group, the (802 )

00 
chain and the 

8 306
3- ring have been listed in Table 8.1. The stretching 

force constants take values between 5 .• 07 and 9.32 mdyn/.R., 

the 8-0 bond distances varying between 1.43 and 1.28 .R., 

respectively. For each structural unit the value of the 

stretching force constant increases when the 8-0 distance 

decreases, as was to be expected. The bending force con

stants vary between 0.67 mdyn/.R. (in magnesium orthoborate) 

and 1.20 mdyn/.R. (in lithium metaborate), with the exception 

of the 0-8-0 bending force constant in sodium metaborate 

which has a relatively low value of 0.37 mdyn/Ä. The force 

constauts of the out-of-plane wags and torsions vary 

between 0.10 and 0.20 mdyn/Ä. 

We must conclude from these results that the force 

and interaction constants with values obtained from a 

normal coordinate analysis of one compound are not straight

forwardly transferable to a related compound. Charge dis

tributions will have to be taken into account in order to 

be able to 'adjust' the values of the force constants 

when passing from one molecule to the other. This calls 

for quantummechanical calculations and forecasts a long 

way to be gone in order to reach our goal. 
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APPENDIX I 

I.l Cartesian coordinates of the atoms l to 16 inclusive, 

represented in Fig. 4.1, of magnesium orthoborate, 

atom atom 
no. x y z no. x y z 

1 1. 349500 2. 518320 . 0 9 1.349500 4.766820 4.208000 

2 1.176764 3.170385 -1.169824 10 1.522236 5.418885 3.038176 

3 1.176764 3.170385 1.169824 11 1.522236 5.418885 5.377824 
4 1.705768 1.160226 0 12 0.993232 3. 408726 4.208000 
5 4.048500 1.978680 0 13 4.048500 4.227180 4.208000 

6 4.221236 1. 326615 1.169824 14 3.875764 3.575115 5. 377824 

7 4.221236 1. 326615 :-1.16!;824 15 3.875764 3.575ll5 3.038176 

8 3.692232 3.3367-74 0 16 4.404768 5.585274 4.208000 

I.Z Definitions of the internal coordinates of magnesium 

orthoborateo 

coordinate kind description coordinate kind description 

number number 

1 R1 1-2 19 a7 15-13-16 

2 R2 1-3 20 a a 16-13-14 

3 R3 5-6 21 81 2-1-3 

4 R4 5-7 22 82 6-5-7 

5 R5 9-10 23 83 10-9-11 

6 R6 9-11 24 84 14-13-15 

7 R7 13-14 25 al 2-l..i.3-4 

a Ra 13-15 26 02 3-1-4-2 

9 r1 1-4 27 03 6-5-7-8 

10 r2 5-8 28 04 7-5-8-6 

11 r3 9-12 29 cr5 10-9-11-12 

12 r4 13-16 30 cr6 11-9-12-10 

13 al 3-1-4 31 0"7 14-13-15-16 

14 a2 4-1-2 32 cra 15-13-16-14 

15 "3 7-5-8 33 tl 4-1-2-3 

16 0.4 8-5-6 34 1:2 8-5-6-7 

l7 as 11-9-12 35 T3 12-9-10-11 

18 0.6 12-9-10 36 't4 16-13-14-15 
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1.3 Internal symmetry coordinates for the internal 

vibrations of magnesium orthoborate. 

A 1+2+3+4+5+6+7+8 A 1-2-3+4-5+6+7-8 
g u 

9+10+11+12 13-14-15+16-17+18+19-20 

13+14+15+16+17+18+19+20 25-26+27-28+29-30+31-32 

21+22+23+24 
B1u 1-2-3+4+5-6-7+8 

25+26-27-28-29-30+31+32 13-14-15+16+17-18-19+20 
33-34-35+36 25-26+27-28-29+30-31+32 

1+2+3+4-5-6-7-8 B1g B2u 1+2-3-4+5+6-7-8 
9+10-11-12 9-10+11-12 
13+14+15+16-17-18-19-20 13+14-15-16+17+18-19-20 
21+22-23-24 21-22+23-24 
25+26-27-28+29+30-31-32 25+26+27+28-29-30-31-32 
33-34+35-36 33+34-35-36 

B2g 1-2+3-4-5+6-7+8 
B3u 1+2-3-4-5-6+7+8 

13-14+15-16-17+18-19+20 9-10-11+12 
25-26-27+28+29-30-31+32 13+14-15-16-17-18+19+20 

B3g 1-2+3-4+5-6+7-8 21-22-23+24 

13-14+15-16+17-18+19-20 25+26+27+28+29+30+31+32 

25-26-27+28-29+30+31-32 33+34+35+36 
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APPENDIX II 

11.1 Cartesian coordinates of the atoms I to 14 inclusive, 

represented in Fig. 5.1, of magnesium pyroborate. 

atom atom 
no. x y z no. x y z 

1 0.442594 6.350917 1.593370 8 2.381734 -2.451866 7.338075 

2 0.843975 5.059393 1.525491 9 1.980353 -1.160342 7,405954 

3 1.529784 4,653579 2,674968 10 1.294545 -0.754528 6.256477 

4 2.002153 3.418543 3.159945 11 0.822176 0.480508 5.771500 

5 2.205384 3.306976 4.534495 12 0.618944 0.592075 4.396950 

6 2.173738 2. 363963 2.317710 13 0.650590 l. 535088 6. 613735 

7 0.656747 4.193892 0,456397 14 2.167581 -0.294841 8.475048 

11.2 Definitions of the internal coordinates of magnesium 

pyroborate. 

coordinate kind description coordinate kind description 
number number 

1 R1 1-2 18 a6 7-2-1 

2 R2 2-3 19 t:l7 8-9-10 

3 R3 3-4 20 CIS 10-11-12 

4 R4 4-5 21 <lg 12-11-13 

5 R5 4-6 22 t:llO 13-11-10 

6 R6 2-7 23 Cl11 10-9-14 

7 R7 8-9 24 (X12 14-9-8 

8 Rs 9-10 25 el 2-3-4 

9 R9 10-11 26 132 9-10-11 

10 R10 11-12 27 'I 1-2-3-4 

11 Rll 11-13 28 '2 2-3-4-5 

12 Rl2 9-14 29 '3 2-3-4-6 

13 0.1 1-2-3 30 '4 7-2-3-4 

14 t:l2 3-4-5 31 '[5 8-9-10-11 

15 Cl3 5-4-6 32 '[6 9-10-11-12 

16 t:l4 6-4-3 33 '7 9-10-11-13 

17 0.5 3-2-7 34 'tg 14-9-10-11 
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II.3 Interna1 symmetry coordinates for the interna1 

vibrations of magnesium pyroborate. 

A A g u 

1+7 13+19 25+26 1-7 13-19 25-26 

2+8 14+20 27-31 2-8 14-20 27+31 

3+9 15+21 28-32 3-9 15-21 28+32 

4+10 16+22 29-33 4-10 16-22 29+33 

5+11 17+23 30-34 5-ll 17-23 30+34 

6+12 18+24 6-12 18-24 

APPENDIX III 

III.l Cartesian coordinates of the atoms 1 to 9 inc1usive 

and 13 to 21 inclusive, represented i~ Fig. 7.1, 

of sodium metaborate. 

atom at om 
no. x y z no. x y z 

1 1.471545 0 1.609750 13 -1.471545 0 4. 829250 
2 -o. 735773 1.274395 1.609750 14 0. 735773 -1.274395 4.829250 
3 -o. 735773 -1.274395 1.609750 15 0.735773 1.274395 4.829250 
4 0.695824 -1.205202 1.609750 16 -0.695824 1.205202 4.829250 
5 0.695624 1. 205202 1.609750 17 -0.695824 -1.205202 4.829250 
6 -1.391648 0 1.609750 18 . 1.391648 0 4. 829250 
7 -1.375549 -2.362520 1.609750 19 1. 375549 2.382520 4.829250 
8 2.751098 0 1.609750 20 -2.751098 0 4.829250 
9 -1.375549 2.382520 1. 609750 21 1.375549 -2.382520 4.829250 
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III.2 Definitions of the internal coordinates of sodium 

metaborate. 

coordinate kind description coordinate kind description 

number number 

1 Rl 1-5 34 y4 6-2-9 

2 R2 2-5 35 Y5 6-3-7 

3 R3 2-6 36 y6 4-3-7 

4 R4 3-6 37 y7 16-13-20 

5 R5 3-4 3a Ya 17-13-20 

6 R6 1-4 39 y9 17-14-21 

7 R7 13-17 40 Y10 18-14-21 

a Ra 14-17 41 yll 1a-15-19 

9 R9 14-1a 42 y12 16-15-19 

10 R10 15-1a 43 1-5-2-6 

ll Rll 15-16 44 '2 5-2-6-3 

12 R12 13-16 45 '3 2-6-3-4 

13 r1 1-a 46 1:4 6-3-4-1 

14 r2 2-9 47 '5 3-4-1-5 

15 r3 3-7 4a '6 4-1-5-2 

16 r4 13-20 49 1:7 13-17-14-1a 

17 14-21 50 'a 17-14-1a-I5 

1a r6 15-19 51 Tg 14-1a-15-16 

19 (1.1 4-1-5 52 T10 1a-15-16-13 

20 (1.2· 5-2-6 53 Tll 15-16-13-17 

21 (13 6-3-4 54 1:12 16-13-17-14 

22 (14 16-13-17 55 \)1 8-1-5-2 

23 (1.5 17-14-1a 56 \)2 9-2-5.-1 

24 (1.6 1a-15-16 57 v3 9-2-6-3 

25 131 1-5-2 5a \)4 7-3-6-2 

26 132 2-6-3 59 \)5 7-3-4-1 

27 133 3-4-1 60 \)6 8-I-4!-3 

2a 134 13-17-14 61 v7 20-13-17-14 

29 1\ 14-1a-15 62 v8 21-14-17-13 

30 136 15-16-13 63 V9 21-14-18-15 

31 y1 4-1-8 64 \)10 19-15-18-14 

32 Y2 5..,.1-8 65 \) 11 19-15-16-13 

33 y3 5-2-9 66 v12 20-13-16-15 
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111.3 1nternal symmetry coordinates for the internal 

vibrations of sodium metaborate. 

Alg 1+2+3+4+5+6+7+8+9+10+11+12 A1u 1+2+3+4+5+6-7-8-9-10-11-12 

13+14+15+16+17+18 13+14+15-16-17-18 

19+20+21+22+23+24 19+20+21-22-23-24 

25+26+27+28+29+30 25+26+27-28-29-30 

31+32+33+34+35+36+37+38+39+40+41+42 31+32+33+34+35+36-37-38-39-40-41-42 

43+44+45+46+47+48-49-50-51-52-53-54 43+44+45+46+47+48+49+50+51+52+53+54 

55+56+57+58+59+60-61-62-63-64-65-66 55+56+57+58+59+60+61+62+63+64+65+66 

A2g 1-2+3-4+5-6+7-8+9-10+11-12 A2u l-2+3-4+5-6-7+8-9+10-11+12 

31-32+33-34+35-36+37-38+39-40+41-42 31-32+33-34+35-36-37+38-39+40-41+42 

43-44+45-46+47-48-49+50-51+52-53+54 43-44+45-46+47-48+49-50+51-52+53-54 

55-56+57-58+59-60-61+62-63+64-65+66 55-56+57-58+59-60+61-62+63-64+65-66 

E
9
,l 2(1+6+7+12)-2-3-4-5-8-9-10-11 Eu,l 2(1-6-7+12)+2-3+4-5-8+9-10+11 

2-3-4+5+8-9-10+11 -2-3+4+5+8+9-10-11 

2(13+16)-14-15-17-18 -14+15+17-18 

2(19+22)-20-21-23-24 -20+21+23-24 

2(-26-29)+25+27+28+30 25-27-28+30 

2(31+32+37+38)-33-34-35-36-39-40-41-42 2(31-32-37+38)-33+34-35+36+39-40+41-42 

-33+34+35-36-39+40+41-42 -33-34+35+36+39+40-41-42 

2(43+46-49-52)-44-45-47-48+50+51+53+54 2(43-46+49-52)+44-45-47+48+50-51-53+54 

-44-45+47+48+50+51-53-54 44-45+47-48+50-51+53-54 

2(55+60-61-66)-56-57-58-59+62+63+64+65 2(55-60+61-66)+56-57+58-59+62-63+64-65 

56-si-58+59-62+63+64-65 -56-57+58+59-62•63+64+65 

Eg,2 2+3-4-5+6+9-10-11 Eu,2 -2+3+4-5+8-9-10+11 

2(1-6+7-12)+2-3+4-5+8-9+10-11 2(1+6-7-12)-2-3-4-5+8+9+10+11 

14-15+17-18 2(13-16)-14-15+17+18 

20-21+23-24 2(19-22)-20-21+23+24 

25-27+28-30 2(-26+29)+25+27-28-30 

33+34-35-36+39+40-41-42 3 3-34-35+36-3 9+40+4.1-4 2 

2(31-32+37-38)-33+34-35+36-39+40-41+42 2(31+32-37-38)-33-34-35-36+39+40+41+42 

-44+45-47+48+50-51+53-54 44+45-47-48+50+51-53-54 

2(43-46-49+52)+44-45-47+48-50+51+53-54 2(43+46+49+52)-44-45-47-48-50-51-53-54 

56+57-58-59-62-63+64+65 -56+57+58-59-62+63+64-65 

2(55-60-61+66)+56-57+58-59-62+63-64+65 2(55+60+61+66)-56-57-58-59-62-63-64-65 
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SUMMARY 

For the interpretation of the vibrational spectra of 

borate glasses, a good insight is necessary into the 
infrared and Raman spectra of those crystalline borates of 
known structure which contain similar structural units as 

occur in the glasses. The most important information for 

the assignments of the latter spectra is obtained from 

single crystal measurements. The theoretica! background 

for the performance of these measurements has been given 

in Chapter II of this thesis. 

The growing, orientation and polishing of the single 

crystals have been described in Chapter III. Same remarks 

have been made about the recording conditions of the 

spectra, and about the computer programs used for the 

performance of the normal coordinate analyses. 

In Chapters IV to VII inclusive, four structural 
3- 4-units have been discussed: the B03 group, the B2o5 - 3-group, the (B02 )

00 
chain and the s3o6 ring occurring in 

magnesium orthoborate, magnesium pyroborate, lithium 

metaborate and sodium metaborate, respectively. The internal 

vibrations of these borates could be assigned using in

formation from isotopic substitution, isomorphous .sub
stitution and not in the least from single crystal spectra. 

Normal coordinate analyses, based on these assignments, 
have been aarried out yielding accurate sets of force and 
interaction constants. 

In ChapterVIII, the values of these force and inter

action constants have been studied in order to decide 

whether they are transferable between chemically related 
molecules. 
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SAMENVATTING 

Dit proefschrift levert een bijdrage aan het onderzoek 

naar de structuur van boraatglazen met behulp van vibratie

spectroscopie. 
Voor de interpretatie van de vibratiespectra van 

boraatglazen is een goed inzicht noodzakelijk in de infra

rood- en Ramanspectra van kristallijne boraten, die 

structuureenheden bevatten, die eveneens in de glazen voor

komen. De gegevens, verkregen uit de spectra van uitge

richte (en gepolijste) éénkristallen van boraten, zijn in 

het bijzonder van belang voor de toekenning van de 

vibratiefrequenties. De theorie betreffende de éénkristal
spectra is besproken in hoofdstuk II. 

De technieken, toegepast bij het groeien, het uit

richten, het slijpen en het polijsten van de boraat

éénkristallen, worden in hoofdstuk III beschreven. Verder 

wordt daar ingegaan op de registratie van polarisatie

spectra en op de computerprogramma's die gebruikt worden 

voor het uitvoeren van de normaalcoördinatenanalyses. 

In de hoofdstukken IV t/m VII worden vier structuur-
3- 4-eenheden behandeld: de B03 groep, de B2o5 groep, de 

(B02-)
00 

keten en de B3o6
3- ring, die respectievelijk 

voorkomen in magnesiumorthoboraat, magnesiumpyroboraat, 

lithiummetaboraat en natriummetaboraat. De interne vi

braties van deze boraten kunnen worden toegekend door 

gebruik te maken van isotoopsubstitutie, isomorfe ver

bindingen en vooral van éénkristallen. De normaal

coördinatenanalyses, gebaseerd op deze toekenningen, 

resulteren in acceptabele sets krachts- en interactie
constanten. 

In hoofdstuk VIII zijn de waarden van deze krachts

en interactieconstanten bezien op hun overdraagbaarheid 

tussen chemisch verwante moleculen. 
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STELLINGEN 

bij het proefschrift van 

H.P.A.M. van der Staak 

Eindhoven, 29 januari 1980 



I 

De experimentele fout, veroorzaakt door de ruimtehoek 

waaronder bij de Cary 82 het strooilicht wordt opgevangen 

bij het opnemen van Ramanspectra van éénkristallen, blijkt 

in de praktijk van veel geringere invloed te zijn dan die 

welke ontstaat door afwijkingen van de idealiteit van de 

éénkristallen als gevolg van imperfecties, interne reflec

ties en dubbele breking. 

De banden bij 
Na3ns

3
o6 zijn 

afzonderlijke 

II 

1440 en 1462 cm- 1 in het Ramanspectrum van 

door Bril ten onrechte toegekend aan twee 

vibraties. 

T.W. Bril, Raman Spectroscopy of Crystalline 

and Vitreous Borates, proefschrift Technische 

Hogeschool Eindhoven, 1976. 

III 

De volgens Kleber c.s. meest gunstige condities voor het 

groeien van éénkristallen van magnesiumorthoboraat kunnen 

aanzienlijk worden verbeterd door de afkoelsnelheid van de 

flux te verlagen. 

W. Kleber, W. Fehling en M. RÖhl, Kristall und 

Technik, 2, 489, 1967. 

IV 

Het verdient aanbeveling de Porto-notatie voor de karakteri

sering van Ramanspectra van éénkristallen in de algemene 

vorm te schrijven als i(pa)s. 

T.C. Damen, S.P.S. Porto en B. Tell, Physical 

Review, 142, 570, 1966. 



V 

In de literatuur over vibratiespectroscopie worden de 

waarden van krachts- en interactieconstanten vaak aange

duid met 'reasonable'. De betekenis van dit woord valt of 

staat met de ervaring die de schrijver heeft opgedaan. 

VI 

De conclusie van Schüller c.s. dat de conditionering van 

kleimonsters bij het bepalen van de droogbreukvastheid 

belangrijk is, bleek reeds eerder uit de metingen van het 

verband tussen vochtspanning en sterkte zoals beschreven 

door Poster. 

K.-H. SchÜller, W. Leipold en R. Ächtner, Ber, 

Dt. Keram. Ges., 56, 187, 1979. 

P.K. Foster, New Zealand J. of Sc., 12, 553, 

1969. 

VII 

De toekenning van de Ramanfreguenties aan de vibraties van 

de Bo4
5--tetraëder in TaB04 door Blasse en Van den Heuvel 

is onjuist. 

G. Blasse en G.P.M. van den Heuvel, Phys. Stat. 

Sol. (a), 19, 111, 1973. 

R.J.M. van Stratum, afstudeerverslag Technische 

Hogeschool Eindhoven, 1979. 

VIII 

De Westerse cultuur bevat veel manipulatieve momenten met 

het gevolg dat geen enkel individu zich hieraan volkomen 
kan onttrekken. 

IX 

Menigmaal kan juist het aanmoedigen van een afwijkend 
gedrag een gunstig effect hebben. 



x 

In het kader van de energiebesparing dient bij elke reclame 
over auto's het brandstofverbruik opgegeven te worden. 




