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Abstract

Raman studies have been performed on following systems: CACILICSCl and
CdCL,/RbCl solids and melts; CdCl./KCl solids: PbCL/CsCl solids and melts;
Li>C0Oy/Cs,CO; solids: and Li>COy/LiCland Li;CO,/K,CO; melts, The phase diagrams
suggested by this work are in excellent agreement with the literature and the framework
of the phase diagram for the Li;CO;/CssCO, binary system has been reponted for the
first time.

‘The Raman specira of the compounds with known structures have been discussed in
terms of factor group analysis. It has been possible to characterize the Raman spectra for
the discrete octahedrally coordinated cadmium, CdCly” in Rb,CdCl, and K,CdCl, and
the discrete tetrahedrally coordinated CdCly*™ in Cs;CdCls and the high temperature
phase of Cs;CdCl,. The Raman studies of the solids have provided useful reference fre-
quencies to assist the analysis of the Raman studies of the molten salts.

In the CdCl>/CsCl binary system, a total of five compounds have been identified,
three congruent: Cs;CdCls, CsyCdCl,, CsCdCly, and two incongruent: CsyCd,Cl, and
CsCdsCly,. Cs3CdCls is isostructural with Cs; CoCls and thermodynamically stable only
above 390°C. Below 390°C CsyCdCls decomposes into a mixture of Cs,(dCl, and
CsCl, but the sample quencied to room temperature from the melt may give a metastable

Cs3CdCls. Cs,CdCl, has the KiNiF, structure in the LTP (low temperature phase), but

the salt a SPT phase ition) at about 435°C to a f-K,S0, type
HTP (high temperature phase). The transition takes place over a temperature range from
435°C up to just below the melting point. At any temperature within this temperature
range Raman bands for each of the separate phases may be detected simultancously with

relative i ities that are of the Relative intensity measurements

of bands characteristic of each cadmium coordination as a function of temperature indi-
cated an equilibrium distribution. The enthalpy and entropy associated with the change of

coordination were of the order of those usually observed on fusion. These large values
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are consistent with the major structural rearrangement from a network octahedral struc-

hedral ination. CsyCd,Cl; into CsCdCly and

ture to a discrete
Cs:CdCl at temperatures above 450°C. Raman spectra suggest that the Cd atom has
octahedral coordination within a network structure for solids CsyCd2Cl, and CsCds(l,,.
CsCdCl is hexagonal and there is no SPT from 25°C to the melting point.

For the CdCL,/RbCl and CdCl/KCl solid systems, six compounds: Rb;CdCl,.
RbyCdCly, RbyCd~Cly, Rb,CdyClyg, RbCACly and RbCdCl,, in the RbCl system: and
two compounds: K;CdClg and KCdCly in the KCI system have been identified. Both
K,CdCly and Rb,CdCl, contain discrete octahedral CdCI™ species. The other com-
pounds have network structures with CdClg local units and chloride bridges. Unlike
KCdCly and CsCdCly, the anhydrous RbCACly gave no intense peaks in the Cd-Cl
stretching region of the Raman spectra and probably has an octahedral structure. When
RbCdCly was opened to the atmosphere it gave a different structure which is isostructural
with NH,CdCly and KC4Cl,. The discrete tetrahedral C4Cl,*” structure is favored by
larger and more polarization alkali cations and higher temperature.

In the CdCI./CsCl, CdCL/RbCl and PbCly/CsCl melts, the tetrahedral structure
was indicated. As the CI"/M** 2 4 (M*" = Cd** and Pb™") the discrete tetrahedral MCI3™
species were the principle species present, while as CI"/M** < 4 short-lived tetrahedral
units with bridge structures were suggested. Exchange processes were too fast to permit
detection of separate peaks for the discrete tetrahedron and the bridge species. Raman
spectra indicate that the bond strength between Pb* and CI” ions is much weaker than
that between Cd** and CI” ions,

For the Li;CO,/CsyCO; system, only a congruent compound LiCsCOy has been
identified and the compound forms eutectic mixtures with Li,CO; or Cs,CO;. This com-
pound LiCsCO; undergoes a SPT at about 435°C. The quenched sample from the melt to
room temperature may give a metastable HTP which is stable for a long time at room

temperature or even 77K. Unlike the SPT in Cs.CdCly, there is no dynamic equilibrium
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between the HTP and the LTP. but the transition is Kinetically sluggish. Raman analysis
indicates that the SPT in LiCsCO, is associated with the rotation of CO3™ in the primitise
unit cell. The carbonate ion in molten alkali metal carbonates was found to be relatisely

unperturbed by the cations.
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Chapter 1

INTRODUCTION

1.1 Systems and Purposes

Vibrational spectroscopic studics of inorganic materials have several major pur-
poses: 1) the identification of ionic or molecular species in a particular environment; 2y
the detenmination of the structure of such species; 3) the deduction of qualitative and

quantil about i lecular and i lecular forees related 1o physi-

cal and chemical properties of the materials. The frequencies. intensitics. bandshapes and

polarization characteristics of the bands are usually measured as a function of concentra-

tion, temperature, and pressure. Often, the interpretation of the spec

may be aided by
studies of the same system in the solid, glassy, molten, vapor and aqueous phases. In this
thesis, the Raman spectroscopic studies for some ionic mixtures in the solid and molten
phases will be discussed.

Two or more ionic crystals can be fused together into new, mixed ionic materials

which may have totally different structures and properties from the original members.

The new materials may have interesting and potentially useful physical and electro-optic

properties, such as fast ionic conductivity, ivity and i I pli
behavior. For example, certain ionic crystals can be mixed together under special condi-

tions and compositions to become high The d

of new materials with characteristic structures and properties under specific conditions
has always been an interesting subject of investigation.

The ionic mixtures studied in this program were limited to those made from two
ionic crystals with a common anion. Further, according to whether or not there are the
same number of net charges for two cations, only two types of the ionic mixtures,

MX,/AX and A,CO,/B.CO;, were studied, where A and B are alkali metals ions, X



chloride, M cadmium or lead ion.

In the MX./AX systems the Raman spectra can be interpreted primarily in terms of
metal chloride vibrations whereas the Raman spectra of the carbonate mixtures must be
interpreted in terms of changes o the spectra of carbonate ion due to different environ-

ments.

LL1 sz)/\x ionic mixtures

The structures for these mixtures, especially those rich in AX, have been interpreted
basically in tenms of compound formation. Complex ions may be formed as discrete
species in centain solid compounds and molten stales.

In a molten MX2/AX mixture the M** and A* cations will be surrounded by the
common anions X”. For mixtures dilute in MX> there will be an excess of the A” cations
and the probability of having M as a second nearest neighbor is small. The probability

will be further dimini: if the ic forces in ition for the common anion

are different. Usually the M** ion has stronger polarizing power than the alkali metal ion
s0 that the favorable configuration is M - X - - - A [Lumsden 1961, Forland 1964]. In this
case, the second neighbor of the M>* cation will be A” alone and the local structure may

be considered as a complex MX2

If the lifetime of the complex is long it is reasonable
to consider the isolated species or complex ion model in the interpretation of the spec-
trum, If the interaction with the second neighbor A" ions is sufficiently strong, the for-
mation of a discrete complex may be perturbed. Many short-lived configurations may

exist simultaneously. On the other hand when the ion of the MX: is

increased, the probability of M** as a second neighbor increases. The local structure in
the melt will change. The coordination number of the complex ion may be decreased (e.g.
AIF 10 AIF7); a new binuclear complex may be formed (e.g. AICI; to ALCl3); many
short-lived configurations with a range of coordination numbers with fast exchange may

be observed.

y
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Since the local structure of the melt is dynamic, the apparent structure will depend

on the method of i igation. Vibrational

P scopy is a fast detection method and

any local structure that persists for 107" or 107 second (i.. the time for several vibra-

tional periods) may be detected. On the other hand NMR is a slower process (107 sec.)

and speies that exist for times between 10 and 107 second would be unresolved.
Finally X-ray and elastic neutron ditfmction methods are very slow processes (measured
over hours) and time-averaged structures are obtained. Full understanding ot the molten
state will only come from the interpretation of each complementary method. The Raman
method is important because the detection time is of the order of diffusion times (picosec-
onds). An entity that exists long enough to diffuse or transport several atomic distances
is able to vibrate several times and has the potential to give Raman intensity.

When a molten mixture is cooled to a solid state, complex compounds may form. In
the MX/AX system the most cominon compounds have the formula AMX., AM: X5,
AMX,; and A, MX, with several different coordination types for the central M atom,
Some may contain discrete complex species. such as tetrahedral or the octahedral struc-
ture. e.g. MgCli™ in CsaMgCl, [Brooker 1975] and CACI{ in K,CdCl, [Bergerhotf
1956, Wells 1962]. In other cases network structures may formn, In contrast to the molten
state, the local structure of species in the solid state is kinetically stable, The structure of
the complex compound will be affected by ion size. concentration, temperature, pressure,
purity and the preparational methods. It is important to study the effect of these factors on

the properties of the materials, e.g. ivity, linear, linear optical p

L.12 A,C04/B,CO, ionic mixtures

In these systems complex ions already exist. Ion-pairs may form in molten salts or
aqueous solutions. The mixed crystals may give new compounds and new phases,
Although sulfates and nitrates have been extensively studied there has been little work on

the carbonates.
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An important application of this study is to develop new materials. For example, in
recent years KLiSO, has been under extensive investigation as the prototype member of a
new ABSO, family of ferroelectrics [Hiraishi 1976, Teeters 1982a. 1982b, Fonseca 1983,
Xie 1983, Li 1984]. Evidence of a superlattice to incommensurate transition at 743K was
suggested by Raman studies [Zhang 1987]. Also Cach et al. [Cach 1985] showed that the
phase transition was strongly dependent upon the thenmal history of the sample. Several
studies have shown that other ABSO, crystals undergo phase transitions and exhibit fer-
roelectric and ferroelastic properties [Tanisaki 1980, Rangaprasad 1978, Shiroishi 1976,

Another important application of these studies is that they may help to deduce useful
information about the structures and properties of the pure compounds. For example, as
carly as in 1950 , potassium nitrate was reported by Sawada et al. [Sawada 1958] to be
ferroelectric in phase 11 Many studies have been performed on this compound [Yoshida
1960, Sawada 1961, Tanisaki 1961, Shinnaka 1962, Dork 1964]. In order to further
understand the ferroelectric behavior, A,B,.,NOy mixed crystals were studied, e.g.
(NH,) K-, NO, [Yanagi 1963, 1965] and Rb K,-,NO; [Kawabe 1964, 1965] et al.
These studies were designed to answer a question why ferroelectricity appeared only in
potassium nitrate and not in other nitrates. The results suggested that the crystal structure
and ionic radii play important roles in the appearance of ferroelectricity in KNO; type
ferroelectrics.

The study of mixed systems may give important information about the effect of the
different cations on the structures and properties of the materials in both the solid and
molten states. For example, vibrational spectroscopic studies [Sharma 1979, Sahni 1976,
Narayanan 1973, Teeters 1982c, Ramakrishnan 1985] showed the effect of the crystal
field from different A and B" ions on the perturbation of the SO3” ions in the family of
ABSO, crystals.

Inthis program Raman measurements have been performed on several mixed binary

systems in both the solid and molten states which include C4Cl./ACl (A = Cs, Rb, K),
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PbCLICsCl, Li»COy/B,CO; (B = Na. K, Rb, Cs), and K;COy/Na:COy mixtures (Only
the Li;CO;,/Cs; CO; solids and Li, COy/K; CO, melt will be discussed in this thesis). The

major purposes of these studies are:

a) todevelop Raman spectroscopy as a method complementary to thermal (DSC,

TGA) and diffraction methods (X-ray, neutron) for structural analysis.

b)  to detect compound formation and to study phase equilibra and structural

phase transitions.

¢) toidentify possibly discrete species in both the solid and molten states and to

study their structures and properties.

d)  todeduce intramolecular and intermolecular forces from probe species in vari-

ous phases.

1.2 General Aralytical Method

1.2.1 Determination of ion and phase equilil

Phase equilibria and compound formation in binary or multiple component systems
can usually be studied by the methods of differential thermal analysis and X-ray diffrac-
tion. Laser Raman spectroscopy provides a very good complementary method for these
tasks. In principle, each compound and every different phase of a compound will exhibit
a distinct spectrum, Discrete polyatomic ions may be identified by characteristic bands

and small changes in these bands may be used to distinguish among different

of the polyatomic ions,
If two ionic compounds are fused together, the mixture may form an cutectic mix-

ture, a solid solution, or one or two new ing on the ition. The

new phases formed may be identified in the following ways from characteristic Raman
spectra.
For a simple eutectic system, each component salt exhibits its own characteristic

spectrum. Two sets of Raman bands may be observed at frequencies close to those of the
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pure components. The relative intensity of each mode is proportional to the mole fraction
of each component. The frequency of each mode will be almost independent of composi-
tion of the component.

In a solid solution, there is only one phase. The local environment of probe species
will change with the molar fraction of each component. Both the intensity and frequency
of each mode may vary with composition. If a solid solution consists of two compounds
with common probe species, there may be only one set of bands with frequencies which
vary continuously with the composition from the mode frequencies of one component to
that of the other.

If new compounds forn in a fused binary system, Raman spectra will depend on the
composition of the system. For example, in the CdCly/KCl system, the phase diagram
[Cristol 1978] as shown in fig. 1.1 was suggested. For the x = 0.50 or 0.80 sample (x.
mole fraction of KCl), only one set of bands will be present due to the compound
KCdCly (x =0.50) or the compound K, CdCl (x = 0.80). For the 0 < x <0.50 samples,
two sets of bands will be detected due to the presence of both compounds CACl, and
KCdCly. For the 0.5 < x < 0.8 samples, two sets of bands due to the compounds
K;CdCl, and KCdCly will be observed. For the x > 0.8 samples, two sets of bands due to
the compounds K,Cdls and KCl are presented. Although first order aman scattering is
not allowed for KCI [Agrawal 1975, Wilkinson 1973], weak second order scattering will
be observed.

It is also possible to d ine if a new isan i or congru-
ently melting compound. Again for the CdCl,/KCl system (fig. 1.1), when the moiten
system with composition x = 0.80 is cooled to temperature T" , the following peritectic
reaction begins to occur:

melt n* KCI(S) = K,CdClg s
The extent of the reaction depends on the time that the sample remains at the peritectic

temperature. If the cooling rate is very low, the equilibrium state will be obtained and
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only K4CdCly will be formed. If the cooling rate is very high the non-equilibrium solid
mixture of K;CdCl, and KCdCly will result. Raman peaks due to K, CdCl, and KCdCly
permit identification of the compounds in the mixed system. Therefore, Raman spectr
observed from the quenched and the slowly cooled samples from the melits may be used

to determine whether or not an incongruent compound forms,
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mole fraction of KCI1

Fig. 1.1
The phase diagram of the CACl,/KCl binary system. Redrawn from Ref. [Cristol
1978].
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1.2.2 Studies of structural phase transitions in solids

Studies of structural phase transitions provide information about the subtle forces
that control the packing of ions and molecules in a solid. Various spectroscopic tech-
niques have been employed. such as Raman, infrared, neutron scattering, EPR. NQR, X-
ray and ultrasonic analysis. Raman spectroscopy provides a simple and good method for
this task. The probe species in different phases will generate different Raman spectra.
Usually the frequencies of the bands decrease and the halfwidths incre

gradually due
to anharmonic effects as temperature increases in the absence of a structural phase transi-
tion. However. if a structural phase transition takes place, the characteristic Raman spec-
trum will change. The frequencies of bands may shift abruptly, bands may disappear and
new bands appear.

An early work to introduce the Raman method to the studies of structural phase
transitions was reported by Raman and Nedugadi in 1940 [Raman 1940]. They found the
trigonal-hexagonal structural phase transition in quartz at ~573°C. The work was based
on a study of the 220 cm™' line which broadened greatly and shifted towards the exciting
line as the transition temperature was approached. This was explained as due to the

of the atomic to induce the transformation from the

a to £ phase.

Another early work was a Raman study of a ferroelectric phase transition of SbSI by
Perry and Agrawal [Perry 1970]. SbSI was the first known ferroelectric photoconductor
and has a Curie temperature (7,) of about 288K. Above T, SbSI was found to have an
orthorhombic structure with the space group D%, but as temperature decreased the para-
electric phase transformed into a ferroelectric phase with space group C2,. The tempera-
ture dependent Raman spectra showed a frequency softing of the transverse A mode as T
approached T, from below.

Studies of structural phase transitions by Raman methods have been performed on

many systems. Two excellent, very readable reviews are available on this subject [Scott
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1974, 1983).

1.2.3 Studies of molten salts

Raman spectroscopy provides a good method to study molten salts because i) in
principle discrete species will generate unique spectra: ii) vibrational spectroscopy is a
fast process and is able to detect the symmetry of a local structure with a lifetime as short
as a picosecond.

Two excellent examples to illustrate the use of Raman spectroscopy for studies of
molten salts are the studies of the AICl; - nACI (A = alkali metal) system [Torsi 1970,
dye 1971. Rytter 1973] and those of Gilbert et al. for the AlF; - nAF system [Gilbert
1974, 1975].

For AICly - nAC! melts, Raman results indicated that:

1) Forn 2 1, the AICI] tetrahedral species predominates.

2) Forn < I, the relative intensities of the bands due to AIC!; decreased upon addi-
tion of AICl;, while new bands were detected due to a species identified as AL, Cl3. The
structure of Al;Cl; was considered to b= two distorted A/Cl, tetrahedra with a bridging
CI". In the composition range of n < 1, there was an equilibrium between AICI and
ALCE ie.

2AIC; = ALCEL +CI

For AlF; - nAF melts, changes in Raman spectra with temperature and melt compo-

sition reflected an equilibrium between the species AIF; and AIFy, i.e.
AIFy 5 AIF; +2F

The AIFy ion was detected in AF rich melts while AIF; was observed as the value of n
-+ 1. Spectra could not be obtained for melts with n < 1. The discrete AIFg" species has
an octahedral coordination; while the A/F species has a tetrahedral structure. Quantita-

tive analysis of the intensity ratio of the v, bands of AIF] and AIF}™ as a function of the
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composition of the melt gave an i value of the stoichiometric dissociati

constant K = Xur; * X3- / Xyey [Gilbert 1975].

These two examples demonstrate the two major types of complex equilibria i.e. for-

mation of polynuclear species and change of coordination number. An excellent review
on the vibrational spectroscopy of molten salts was published by Brooker and Pap-
atheodorou [Brooker [983].

In many cases Raman spectra are less than ideal; peaks are often broad, overlapped
or of low intensity. One possible method to assist interpretation of spectra rom molten
salts is the use of Raman studies of the same system in the solid state or solution. Studies
of intensity and bandshape as a function of the concentration and temperature can also be
employed. Furthermore, results from other techniques must be considered and critically
assessed.

X-ray and neutron diffraction are excellent methods to study the structures and
properties for materials in different states. Recent development of a isotope different
method for neutron diffraction studies of molten salts has provided excellent structural
information. The determination of the partial structure factor and partial radial distribu-
tion function by thermal neutron scattering from molten states of different isotopic com-
position was first suggesied in 1966 by Enderby et al. [Enderby 1966]. The method was
based on the fact that the neutron scattering length and cross section, a property of the
nucleus, may vary considerably between different isotopes. Molten NaCl was the first
melt studied by this method [Edwards 1975], but many molten salts have now been stud-
ied, e.g. RbCI [Mitchell 1976], BaCl, [Edwards 1978], CaCl, [Biggin 1981a], ZnCl;
[Biggin 1982b], SrCl; [McGreevy 1982, Margaca 1984] and MClx (M = Mg, Ca, and Sr)
[Bunten 1984]. It has been suggested [Biggin 1981a, 1981b] that the dominant contribu-
tion to the structural properties of ionic melts with a common anion is the size of the
cations and not their electronic structure. In a recent study in 1989, the structure of

molten CACl, has been investigated by X-ray diffraction [Takagi 1989]. The tetrahedral
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configuration CdCl, was confirmed from the first and second peaks of the radial distribu-

tion function. For mixed binary systems, the structure of LiAIC, [Biggin 1986] has been

by neutron di ion of i i enriched samples. The results indicated

atetrahedral distribution of C! ions about A’" ion,

1.3 Comparison with diffraction methods
In contrast to the diffraction methods, the advantages of the Raman method may be:

a

Raman spectroscopy is a fast process and able to detect the syminetry of a local
structure with a lifetime as short as picoseconds. Diffraction methods give

only time averaged nuclear positions.

b)  The Raman method can identify discrete species in different phases and possi-
bly provides information on the various kinetic processes and thermodynamic
equilibria in a system.

<)  Analysis of intensity, shape and polarization properties of Raman bands can

provide i ion about specific i ions among species, i

forces within species and the nature of diffusing species.

d)  The Raman method can produce good results even when a small quantity of an
impurity is also present in a system.

¢)  The Raman method is relatively easy. Sample preparation is relatively easy and
high temperatures present no serious problems. Most samples can be con-
tained in quartz tubes or windowless cells.

The disadvantages of the Raman method may be:

a)  Inthe solid state, even a single crystal, the assignment of Raman bands usually
requires a knowledge of the diffraction results.

b) It is difficult to determine the state of the probe species in a disordered solid

system, or in those systems where first order Raman scattering is not allowed.
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In the molten state. if the vibrational relaxation time is very short (possibly due
to exchange) Raman bands will be very broad and will not gise any informa-
tion about geometry. The Raman method does not give the coordination num-
ber directly.

Usually, the Runan method fails to measure colored samples.

Some samples are easily decomposed by the laser.
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Chapter 2
THEORY
2.1 Raman ing in Ne ing Molecul
When ic radiation of wy is incident on a system, some

scattering of the radiation may occur, the frequencies of the scattered radiations will be
observed at wavenunber wy associated with the incident radiation (Rayleigh scattering)

and pairs at new wavenumbers wo * w; (Raman scattering). The energy difference w;

may be i with di in rotational, vibrational, or ic energy state of
the molecule.

Classical descriptions of the vibrational Raman effect have been developed by
Raman and Plazcek etc. [Raman 1928, Placzek 1934, Long 1977]. When light of a given

polarization impinges on a molecule it induces an oscillating dipole moment

}_’=aE+ﬂE2+yE‘!+--- @0

where a represents the polarizability tensor; E is the electric vector: f. y are the hyper-

polarizabilities. Spontaneous Raman scattering arises due to the linear term in Eq. (2.1).
‘The components of the induced moment vector are related to the electric vector as

follows if we consider only the linear term in Eq. (2.1):
P = auE + ayk, + a.E.

P, wEe* ayE, + anE.

P.=a,E +a,E, +a.E, 22)

where the coefficients a;; (ij =.x, y, 2) are the components of the polarizability tensor. In

general, the polarizability will be a function of the nuclear coordinates. The variation of

4
H
i
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the polarizability with vibrations of the molecule can be expressed by expanding cach
component a;; of the polarizability tensor in a Taylor series with respect to nonmal coor-

dinates of vibrations:

a; = (@) + Z(—-w‘ ):< 10 QQ + (2.3

ng oQ

where (a;)o is the value of ;, at the equilibrium configuration: Q. @ ... are normal

of vibration i with vibrati L ies wi. w ..

and the sum-
mations are over all normal coordinates. The coefficients of the second term in Ey, (2.3)
are of special importance and are the derivatives of the polarizability tensor components

with respect to changes in normal coordinate. a’,;. They are defined as:

@iy = (ﬁ L), [eX0)

0,

The linear induced dipole P has three distinct frequency components:
P(w,)— for Rayleigh scattering;
P(wy - w,)— for Stokes Raman scattering:
ﬁ(w« + w,)— for anti-Stokes Raman scattering.

The amplitudes of the induced dipoles associated with Stokes and anti-Stokes Raman

scattering to the incident electric field are:
Po(wotwy) = {(@ W Er + (@ Wy, * (@ B, 1,
Py(wotwy) = (@' E o + (@' yhEy, + (@' KEs, 10k,

P (wotw;) = (@' Wk Ey + (@' G Eyy * (@' NEx, 1Qr, (2.5)

It is clear from Eq. (2.5) that the condition for Raman activity is that at least one of the
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of the izability tensor derivative (a’,); is non-zero. If the mechanical
and electrical anharmonicities are taken into account, overtone and combination bands

should be considered. Since (a',); is by the i icity, the

selection rule of the fundamental can be applied to the overtones (wjp * 2w, combina-
tions (wp £ (w; £ w; ) ) due 1o the mechanical anharmonicity. But if electrical anhar-
monicity is taken into account, the third and higher terms in the equation (2.3) must be
considered. Therefore the selection rule for overtone and combination bands due to elec-
i &a,

(5===o. . 18

trical anharmonicity is that at least one of the components (‘%'.':‘)o- 30:00,
non-zero.

Similar results can be obtained by a quantum mechanical treatment. According to
the quantum theory, radiation is emitted or absorbed as a result of a system making a
downward or upward transition between two discrete energy levels; and the radiation
itself is also quantized with the energy in discrete photons. The quantum theory treats the
radiation and molecule together as a complete system, and explores how energy may be
transferred between the radiation and the molecule as a result of their interaction.

In the quantum mechanical treatment, if a transition from an initial state i to a final
state f is induced by incident radiation of frequency wj, the amplitude of the transition

moment is given by
[Pols = <¥/lal¥,> E @6
where ¥; and W, are the time-independent wave functions of the initial and final states.
The components of the transition moment are:
[Py)s = (aulsEy, * [ayliEy, * [a:]4E.,
[Pylp = [@pliEsy * [ap)iEy, *+ [ay]4Es,

[Py = [@x)sEy, * [a5)4Ey, +[az]4E,, @n
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where

layly = < ¥ la, ¥, > 2.8
are the matrix elements of the izability tensor. After ion of vibrational and
rotational itions, each of the pure vibrational transition polarizability ten-

sor can be expanded as a Taylor series in terms of the normal coordinates,

&
e, (aﬂ.ﬁE( 000+ < ALY

X +oane (2.9)
225000, Qi

In the approximation of electrical and mechanical hanmonicity the condition for a

Raman active mode is that only one vibrational quantum number changes by unity,

A = £1, The second condition is that at least one of the elements of the derived pol

ability tensor is non-zero.

The complex, apparently random internal motions of a vibrating molecule are the
result of the superposition of a number relatively simple vibrational motions known as
the normal vibrations, Each of these has its own fixed frequency. In a molecule consisting
of n atoms there is 3n degrees of freedom, but only 3n - 6 remain to be combined into
genuine vibrational motions (3n - 5 for a linear molecule), the rest of the freedom corre-
sponds to translational and rotational motions of the whole molecule.

For a free molecule, the symmetry types of the normal modes can be determined by
point group theory from a knowledge of the molecular symmetry and have been well dis-
cussed by many authors [for example, Cotton 1963, Herzberg 1945] and will not be dis-
cussed here.

According to the Placzek theory [Placzek 1934, Woodward 1967, Person 1982}, u*
is a key quantity required to determine the intensity and state of polarization of a Raman

line. It can he divided into a

and an ic part. The ic part can

be described by the mean derived polarizability invariant @’ as defined by
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1
F@ataytay) (2.10)

a =

and the anisotropy part is:

g 0 5 "
e G R
ol = 6@+ +a) @1
‘The quantum ical expression in the odi ion [Placzek

1934] for the differential scattering section into a solid angle Q and frequency range dw
about wy is:

T = A ‘Tl adlf > fadte - w @i

where A, is the wavelength of the scattered light, £, and &, are unit vectors defining the
polarization directions of the incident and scattered lights, and & is the polarizability ten-
sor of the scattering medium, The initial and final states of the system with energy £; and
E,areiand f;and p; is the probability that the system is in initial state i.

If E, > E,. Raman lines occur at lower frequencies (Stokes line) than the incident
exciting line; if £, < E; the Raman lines occur at higher frequencies (anti-Stokes lines)
than the incident exciting line.

The intensity of a Stokes Raman band associated with a shift wy is given by

(wo

I = Cdy “—-ﬂm - exp(-haw KD 4S@RY + 7B .13)

where C is a constant, d, is the d of Oy .k is the constant and T is

the temperature in Kelvin,
Experimentally and theoretically the scattered intensity may be divided into two

parts, polarized and depolarized. When ¢, and ¢, are perpendicular only the depolarized
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component appears (Eq. 2.14) and when &, and £, are parallel both components appear
(Eq. 2.15).

d 4
o depol - d*a @i
dQdw 10 dQdw |
d*a pol 5 d'g i d-a @15
dQdw  dQdwy 6 dQdw )
The time izability tensor can be i as a scalar part @ and a

traceless anisotropic part 4. Then the following equations in terms of intensities can be

obtained:
L(w) = L@ = L)
4
= @3 @ (2.16)
1y(@) = Lu@) = Lip(@) = [} (w) @17

A Taylor series like Eq. (2.3) can be obtained by expanding the scalar part o and traceless

. . " — . Oa . .
anisotropic part # with respect to the normal s

0Q:

]
of molecular orientation, but -o?ﬂ depends on molecular reorientation. Therefore /,(w) (
k

I,(w) ) is identified with the part of the scattered intensity due to pure vibrational relax-

ation, and I ( Ly (w) ) with a ion of vibrati and i i I
According to Egs. 2.16 and 2.17, Z, and I, can be obtained by Raman measurements of
Iyand I spectra which normally are measured as fyy and Iy, for 90° scattered light,
Where VV means the incident laser light and the scattered light are both polarized in the
vertical plane, while VH indicates the scattered light is polarized in the horizontal plane.
The intensity of a particular Raman band and its dependence on the scattering geom-

etry is the result of the polarization property of the band and is related to the symmetry of
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the vibration. The depolarization ratio of the Raman light scattered at right angle to the

incident direction of polarized exciting laser light is:

1 37
Y- G [l e 2.18;
Pt T Bay iy .18
The intensity /; and the ization ratio p are ined by the sy y of the

corresponding vibration. Therefore the bands from modes of different symmetry types
may be distinguished in the Raman spectra of gases, liquids (include melts). solutions and
single crystals by determining the depolarization ratio for every band.

According to Eq. (2.13), the Raman intensity depends on the molar scattering effi-
ciency S, which is given by 45(7): +7(8%)*. The molar scattering efficiency is the
yuantity of real interest in the Raman experiment [Brooker 1986]. A Ri(w) reduction
function has been defined to get the reduced intensity spectrum and to give relative value

of §;, directly. The Ry(w) function is defined as:
Ry(w) = I(w) (wp = wi)™ wy B (.19
where «y is the absolute frequency of the laser excitation line: w; is the Raman shift of

the * normal mode; and B i :ae Bose-Einstein temperature factor for which the Boltz-

man distribution gives a good imation. The molar scattering efficiency §;, can be

obtained directly by integration (Eq. 2.13).

S = _]' Re(wdw (2.20)

Hind.

In recent years, the reduction function has been proven to be useful in the analysis
of Raman spectra [Shuker 1971, Lund 1978, Snyder 1980, Perrot 1970, Brooker 1981,
1988 and 1989, Nielsen 1981, Murphy 1989]. The major advantage [Murphy 1989 of

the reduction procedure is to transform the observed spectra to a common basis for
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comparison under differing sample itions (exciting line, Certain forms

of the reduced Raman spectra can be compared directly with infrared absorption spectra.

The quantitative study of [, and 7, may provide useful information about vibra-
tional reorientational relaxation processes through time correlation function methods
(Long 1977, Gordon 1968, Brooker 1986]. For example, the vibrational comelation func-
tion G, (1) is defined as:

Gn=<0O0 Q1> 220
Where Q, is the i vibrational normal coordinate. G, (f) provides a direct probe of vibra-

tional dephasing and can be obtained from the Fourier transform of the normalized

isotropic Raman profile.
G = Go0) = [[1, (@) expl-iwnide) 222)

Where w represents the frequency measured from the band center, wy.

By the same way, the Raman reorientational correlation function G.g may be

obtained by the ion of the vibrati ibution with the G,,,,,., function.

Guuina = G,(1) * Gaglt) =_|':,(w) expl-iwndw 223)

For narrow bands the slit correlation function should also be deconvoluted from the
observed bandshape [Kato 1978].

Although the various correlation times can be obtained from the integration

r= -[G('m (2.24)

very good approximations of the correlation times can be obtained from the halfwidths of

the bands. If the correlation function G(z) follows an exponential decay with time
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G(t) = Aexpuir (225)

where r is the correlation time, the band profile in frequency space will have a Lorentzian

shape with a full width at half height I'(cm ™) that is related to the correlation time as:

r‘=zcr (2.26)

For a totally ic vibration, the vibrati and i i fon times

and rg can be determined from the halfwidths of the isotropic and anisotropic spectra i.e

L =Ty = I @21
T ™ [} ® Tyl (228)
= xcly (2.29)
R = 7cTg=7¢Cums =T (230

However, the analysis of the bandshape is complicated. For example, the contribu-
tion to isotropic Raman /;,, spectrum may include:

energy relaxation (lifetime broadening);

pure dephasing;

resonance energy transfer;

and chemical exchange reactions (fast exchange).
Also, if two, or several bands overlap, possibly due to several species or a continuous dis-
tribution of bond strength (e.g. hydrogen bonds in H,0), a very broad band profile will

be observed. In this case it is difficult to get accurate relaxation information.




2.2 Raman scattering in crystals

The vibrational spectrum of a molecule in a solid phase will be d

ent from that of’

the molecule in gas or liquid. In a crystal, molecules are in close proximity to other

I The i lecular i ctions may have a signi effect on the vibra-

tional modes and vibrational transitions. Usually the internal vibrational frequencies ot
molecules in crystals are not very different from the corresponding frequencies of the free
molecules. This persistence of the molecular identity in a solid is a consequence of the

fact that the interaction forces within the molecules are much stronger than the forces act-

ing between the vibrational selection rules are changed. The
fundamental vibrational modes of the molecule may be split into additional bands and a
number of new bands may be observed [Sherwood 1972]. Several major effects are:
a) static field effects (site group splitting)

Static field effect is a measure of the influence which the surrounding crystal struc-
ture exerts on the molecule. Non-degenerate internal vibrations may be shifted in fre-
quency, degenerate intemal vibrations may be split if the lower local symmetry of the

crystal is no longer i with and inactive {k Is may become

active,
b) correlation field splitting effects

‘These effects are due to interaction with internal vibrations of the other inolecules in

the same unit cell of the crystal. Both and internal

may be split since the potential energy may be different according to whether or not the
internal vibrations are in phase or out of phase in the unit cell.
¢) Transverse/Longitudinal (TO/LO) splitting

TO/LO splitting is due to the long range ¢lectrostatic forces in a non-centric crystal,
Short range forces can also lead to anisotropy of force constants causing a different fre-

quency for different crystal directions,
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As a result of the periodic nature of the ordered crystal. a range of possible vibra-
tions occur when the atoms (many crystals do not contain molecules, e.g. Rb.CdCly,
CsCdCl; ++ etc.) and/or molecules in adjacent unit cells move in phase or partly out of
phase. The energy difference between such vibrations can be described by a perturbation
of a molecular system, because intramolecular forces are much stronger than intermolec-
ular forces, The energy difference between such vibrations would be expected to be
appreciable for external vibrations which completely depend upon intermolecular and/or
interatomic or interionic forces and such vibrations can be considered as a wave propa-
gating through the crystal structure.

The phase relationship between the wavelike motions of atoms (phonons) in adja-
2,
cent cells may be specified by the wave vector, k = T” where A is the wavelength of the

crystal wave motion and corresponds to the distance over which motions of atoms are in
phase. The wave vectors of an infrared photon (~1000 ¢m™"), or a visible photon in a
Raman experiment (~ 20000 cm ™) are small compared to 10% cm™, and since energy and
wave vector must be conserved in the interaction only K = 0 phornons will be allowed in
infrared and Raman experiments. This selection rule greatly simplifies the treatment of
the vibrational spectra of crystals because it means that selection rules can be deduced on
the basis of the unit cell (factor) group symmetry.

The normal modes of vibraticns or phonons propagating in a solid can be predicted
by theories based on the unit cell group (factor group) analysis [Cotton 1963, Schonland
1965, Johnston 1960, Jones 1969, Heine 1960, Tinkham 1964, Wilson 1955, Bhagavan-
tam 1969, Homing 1948, Winston 1948, Halford 1946, Zbinden 1964, Sherwood 1972].
If a primitive cell contains n atoms there will be 3n degrees of freedom or 3n normal
modes, of which three will represent acoustic modes, which leaves 3n-3 optical modes at
k = 0. The equivalent particles in the crystal structure move in identical phase for these
modes of oscillation. In other words. all the unit cells of the lattice are in the same phase

throughout the period of execution of the fundamental optical modes. The symmetry
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classification of the & = 0 modes of vibrations can be therefore accomplished by taking
into consideration of the factor group of the crystal. instead of the entire crystal. There
are several methods by which the unit cell may be analyzed and the selection rules deter-
mined [Rousseau 1981].

The first method is the factor group analysis of the unit cell [Bhagavantam et al.
1939, 1941, 1962] by which the number of ncrmal modes is determined by applying all
of the symmetry operations of the factor group (unit cell group) for each atom in the unit
cell to obtain an reducible representation. The number of normal modes belonging to
each irreducible representation of the factor group may then be detennined.

The second method is the correlation molecular site group method based on the unit-
cell group correlation [Halford 1946, Homig 1948, Winston 1949, Fateley 1971, 1972,
and Ferraro 1975]. By this method the symmetry properties are determined first for the
unit of interest as an isolated species (molecule) and then correlated to the site symmetry
of the unit which is centered on one of the lattice sites and finally in terms of factor group
symmetry.

The third method [Mathieu 1945] is simply a generalization of the correlation
method carried out on every atom in the unit cell.

The vibrational modes predicted from the unit cell group analysis may be assigned
by several Raman measurements from an ordered crystal oriented in different directions

because of the directi and izati ies of Raman ing. The values of

ratios are ined by symmetry ies of the derived izabili

tensor, which itself reflects the symmetry of the mode of vibration [Long 1977]. For
example [Long 1977], calcite has a trigonal structure, with two molecules per unit cell,
The calcium ions and the carbon atoms of the carbonate ions all lie on the trigonal axis (z
- axis), and the orientations of the two carbonate ions are staggered relative to each other,
The A, and E, modes of the D;, symmetry are Raman active. The scattering tensor for

the A,, and E, modes are:




For the scattering geometry Y(XY)X (Porto notation [Damen 1960, 1966], the four sym-
bols define the propagation direction of the incident radiation (Y), the direction of the
electric vector of the incident radiation (X), the direction of the electric vector of the scat-
tered radiation being examined (Y), and the direction of the propagation of the scattered
radiation (X) in the order Y(XY)X respectively.), the scattered power is proportional to
a},. and since this is non-zero only for one component of each of the E, modes. only the
E, vibrations will be observed for this experimental arrangement. For scattering geome-
try Z(XX)Y, all the Raman active modes will be observed.

Examples to illustrate the determination of the normal modes by group theory will
be given in following chapters in the analysis of the Raman spectra for the molecules
concerned.

However unit cell group analysis will not always predict the correct number of

active fundamentals. For a linear lattice, the motion of the atoms is restricted to a line and

only motion is ids In three motion will be pos-

sible in two di and of the atoms must also

be considered. In certain special directions the normal vibrations will be strictly trans-
verse and/or longitudinal because of symmetry, since the vibrations involve restriction of
the motion of the particles to a plane. For a Face-centered cubic crystal, the two trans-

verse optical modes will be degenerate, but the longitudinal optical mode will occur at
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higher frequency at K = O because such vibrations are associated with a finite macro-
scopic electrostatic field. The difference in frequency between the transverse and longitu-
dinal modes is the transverse/longitudinal splitting.

Crystal samples frequently contain impurities, disorder, distortion [Hodges 1969]
and stacking faults [Christian 1970]. and these can cause striking macroscopic etfects.
Small amounts of impurity may result in different crystal structures from those of pure
materials. Major faults destroy the translational symmetry of the crystal hence changing
the normal modes from their usual plane wave form and breaking down the conservation
of the wave vector rule. The phonons of a branch will still have similar energy over a
continuous distribution and broad bands will be observed. These bands actually represent

a range of frequencies of all the vibrational modes over a range of environments.



-28-
Chapter 3

EXPERIMENTS
3.1 Preparation of Samples

3.L1 CdCIZIACl (A =Cs. Rb, K) and PbCllesCI systems

Anhydrous CdCls (or PbCly)and alkali metal chlorides were dried at ~100°C for a
few hours under vacuum, the temperature was slowly raised to ~250°C, then the samples
were further dried for at least 48 hours. The dried solids were handled in a dry box filled
with nitrogen gas dried by P,Os. Proper amounts of CdCl; (or PbCl,) and ACI were
weighed carefully and mixed well in a mortar, then transferred into 8 mm i.d. quartz
tubes. The mixture of solids was further dried at ~250°C for 2 hours under same condi-
tions as described above before slowly heating it to the melt. The molten mixture was
quenched to room temperature. The sample was then transferred into a 6 mm i.d. quartz
tube and dried again at ~180°C for two hours before being sealed under vacuum, Addi-
tional slowly cooled or quenched samples were further prepared directly in the 6 mm i.d.
quartz tube.
312 AxB(I-x)COS systems

Anhydrous alkali carbonates were dried at about 100°C for a few hours under vac-
uum, then further dried at about 250°C for at least 48 hours. Proper amounts of dried
A;COy and B,CO; were weighed carefully and mixed well in a dry box filled with nitro-
gen gas dried by P,Os. The solid mixture was transferred into a nickel crucible, The
nickel crucible with the sample was put into a quartz tube and dried for at least | hour at
~250°C and further dried at ~400°C for about half an hour under approximately | atm of
CO, gas. The sample was heated slowly to the melt under dry CO, gas, then cooled very
slowly. The fused sample was transferred into a 6 mm i.d. quartz tube and was dried for

at least two hours at ~200°C then sealed under a pressure of 200 mmHg dried CO- gas.
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The quenched samples from the high temperature solids and the melts were directly pre-

pared in the 6 mm i.d. quanz tubes.

All of the materials used to prepare these samples were analytical grade reagents.

3.2 Raman Spectroscopic Measurements

3.2.1 Solids

All Raman spectra of solids at room temperature were obtained directly from sam-
ples in 6 mm id. quanz tubes. Raman spectra were measured with a Coderg PHO
Raman spectrometer. Usually the 488.0 nim line of the argon ion laser was used to excite
the sample, sometimes the 514.5 nm line was also used to reduce the intensity of fluores-
cence for some samples, The power level at the sample was about 0.3 W. Plasma lines
were removed with a narrow-band-pass interference filter. A solution of 0.5 M
Pr(EDTA)” complex as a post sample filter was used to reduce stray-light and ghosts.
Peak positicns were calibrated against the laser plasma lines. The standard 90° scattering
geometry was used. The slit widths of the double monochromator were set at 2 cm ™" usu-
ally, but sometimes were reduced to | cm™ or 0.5 om™ as required for resolution. The
photomultiplier tube was cooled to =20°C. Usually the scan rate was 50 cm ™' min™", for
special cases 10 ™' min™'.

The Raman scattering I:zht was detected with a PMT cooled to -20°C, integrated
with a photon counter and processed with a home-built box-car averager interfaced to the
Memorial university computer. Two data points were collected per wavenumber. At least
two sets of data were collected for each spectrum. Spectra were signal-averaged and
smoothed with a three-point Savitsky-Golay smoothing function. A baseline progran
was applied which corrected the measured intensity for the fourth power frequency factor
and then set the lowest data point to zero and the highest data point to 999 on a relative
intensity scale. This form of data is defined as the /(w) spectrum. The same baseline pro-

gram was applied with the option of correcting for the fourth power scattering factor, the
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Bose-Einstein temperature factor, B = [ ~exp(-hcw/kT)] and frequency factor, w, to
give the reduced or R(w) spectrum which is directly proportional to a point-by-point rela-
tive scattering activity, So(w) in terms of mass-weighted normal coordinates, Q in the
double harmonic approximation. The relationship between the I(w) and R(w) forms of

the spectra is given by following equation:

Sow) = Row) = Iw) - w+ B

3.2.2 Temperature Dependence for Solids
Raman spectra of solids at different temperatures were obtained from samples in 6

mm i.d. quartz tubes heated in an insulated furnace (fig. 3.1) with a proportional tempera-

ture controller. The was i with a ch l-alumel and
the quoted temperature at the sample was constant to about one degree and accurate to
about five degrees. The spectrometer settings used to obtain the spectra from high tem-

perature solids were similar to those for room temperature solids.

3.2.3 Melts

The 6 mm i.d. quartz tubes were still used to contain the molten CdCl./ACI and
PbCl,/CsCl samples, while a graphite window less cell was used for the molten carbonate
samples. The windowless cell with sample was contained in a quartz tube under a pres-
sure of 0.8 atm of dried CO.

The sch i ion of an experi for Raman scattering

from molten salts is presented in fig. 3.2. Polarization of the incident beam was con-
trolled by a half-wave plate and the 90 ° scattered light was analyzed with a polaroid film

placed before the slit. Depolarizati for all the melts

were made by analyzing the scattered light parallel (Z;) and perpendicular (I}) to the

incident laser light. Usually the slit widths of the double monochromator were set at 2

em™, For the PbCl./CsCl sample and the pure PbCl melt, a lower intensity of incident




laser light was employed to get better spectra. Spectra of the PhCIy/CsCL or pure PbCTy
systems were found to have a higher intensity of noise under high intensity excitation.

Perhaps the higher noise arose from the decomposition of the sample,
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Chapter 4

RAMAN STUDIES ON THE STRUCTURES AND PROPERTIES OF THE
COMPOUNDS FORMED IN THE CdCIZICsCl BINARY SYSTEM

4.1 Introduction

A major part of this project is the studies of phase equilibria of raixed binary salts of
divalent metal and alkali metal chlorides in an attempt to identify possible complex for-
mation in the molten mixtures and then to follow the formation of solid compounds as the
melts are cooled. The cadmium chloride - alkali metal chloride system is interesting
because:

i) Cadmium has been shown to form compounds with a wide range of coordination
types due to the intermediate size of the Cd** ion. The coordination number of the Cd
atom may not be equal to the apparent coordination number "m" in the compound

A,CdCl,,. The coordination number is strongly dependent on the other cation and the

The possiblg ination of Cd in solids are found to be:

a) discrete octahedral CACI{™ species

For example X-ray diffraction studies of K;CdClg and 8b,CdCl [Bergerhoff 1956,
Wells 1962] indicated the presence of discrete octahedral CdCl3™ species as shown in fig.
+.1a. Raman spectra indicate a characteristic Cd-Cl symmetric stretching vibration at 229
em™ [Clarke 1972a] or 230 om™* and 221 em™* respectively.
b) discrete tetrahedral CACl,*" species

For example Raman studies indicated that [NE#,),CdCl, contains discrete CdCl,*
species [Davis 1971]. The characteristic Raman band due to the v, mode is at 265 cm ™'

= Reter to this work
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[Davies 1971]. The discrete CdCl,™” ion was found to be present in the high temperature
solid CsyCdCly (above 435 °C) as shown in fig. 4.1b with the v, frequency at 260
om™™). The metastable compound Cs,CdCls at room temperature and the stable form of
Cs3CdCls at temperatures above 390°C contain discrete tetrahedral CACL*" species with

S 1% :
the v, frequencies about 275 cm™ " and 268 em™ " respectively. In the molten salts rich

in ACI the tetrahedral CdCl,* species was found to be the dominant species and the 1,

band was centered at 261 cm ™",
¢) octahedral network structure

The room temperature solids Cs:CdACl, and Rb,CdCl, are isostructural with
K, NiF, with an octahedral network structure as shown in fig. 4.l¢. The Cd-Cl stretching
frequencies are 198“ and 207 z‘m".l for Cs;CdCl,; and RbyCdCl, respectively.

ii) The number of the compounds formed and the corresponding compositions in the
solid states are strongly dependent on the alkali ion. Usually large cations stabilize large
anions but the solids formed in the alkali metal chloride cadmium chloride systems pro-
vide anomalous examples. Inthe CACl,/KCl system, K,CdCls is a stable compound but
K, CdCl, can not be formed. In the CdCl,/CsCl system, CsyCdCl, can be prepared but
not Cs,CdCle. In the CdCl,/RbCl system, both Rb;CdClg and Rb,CdCl, are stable com-
pounds.

iii) Even compounds with the same formula (A, CdCl,) and similar crystal class
may have structures that are very different for different cations. The effect of the alkali
cation on the coordinational structure of the Cd atom is complicated. For example, the
ACdCls-type compounds KCdCly and RbCdCl, were suggested to be isostructural with
NH,CdCly [Brasseur 1938, MacGillavry 1939]; CsCdCl; grown from solution was sug-
gested to be hexagonal (space group p6;/mmc) and has two crystallographically distinct
types of cadmium ions with a complicated chain structure containing strings of pairs of

linked CdCl, octahedra [Brasseur 1938, MacGillavry 1939]; NMe,CdCly [Adams 1971]
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is isostructural with NMMey NiCly which has a single chain of CdCls octahedra linked by
opposite faces [Stucky 1968]. The structures of CsCdCly and RbCdCly were found to be
dependent on the preparation method of the ciystals grown from melts or aqueous solu-
tions [Siegel 1964, Chang 1975, Mgller 1977]. The different structures of these com-
pounds with different cations exhibited different characteristic Raman spectra. Raman
spectra of NH,CdCly have shown two intense bands at 244 and 219 em™ [Bergerhoff
1956] (or 244 and 222 cm™ [Adams 1971]) at 25°C in the Cd-Cl stretching region.
However Raman spectra showed a single symmetric stretching band at 249 cm™ ™ for
CsCdClyand a band at 251 em™ for NMe,CdCly at 25°C [Adams 1971].

The effect of alkali ion, temperature and other factors on the structures and proper-
ties of the complex compounds and their mixtures have been systematically studied in the
present work. In this chapter the phase equilibria, compound formation and the structures
and properties of the compounds formed in the CdCly/CsCl binary system will be dis-
cussed. A special structural phase transition in Cs,CdCl, will be described in chapter 5.
The structures and properties of the CdCl/RbCI (KCl) fused binary systems and the
CdCL/ACI (A = Cs, Rb and K) molten states will be discussed in chapters 6 and 7
respectively.

There is an additional reason to study the C4Cl./CsCl binary system. Although the
phase diagram for this system has been reported many times [Dergurov 1949, Seifert
1965, 1968, 1979, 1986, Filippov 1973, Belyaev 1972, Iskandarnv 1976], the results are
not in full agreement. Table 4.1 lists results for seven studies reported by several authors
from 1965 to 1986. Except for the compounds Cs,CdCly and CsCdCls, there are argu-
ments about the other compounds. Fig. 4.2 presents a recently reported phase diagram by
Seifert and Thiel [Seifert 1986]. Five compounds, CsCdsCly;, CsCdCly, Cs;Cd+Cly,
Cs,CdCl, and Cs,CdCls were identified.



4.2 Results and Discussion

4.2.1 Compound Formation

Raman spectra obtained from solid samples of different compositions at room tem-
perature are presented in fig. 4.3 (mole fraction of CsCl from x = 0.80 1 0.40) and fig.
4.4 (x=0.3310 0). The frequencies of the peak maxima for the most characteristic bands
and the corresponding compounds suggested are listed in table 4.2. Five compounds,
CsyCdCls. Cs=CdCly. CsyCdyCly, CsCACly and CsCdsCly, have been identificd,
Cs3CdClg:

The compound with this formula forms from the melt but is only stable above
390°C. It has a strong peak at 268 cm™' claracteristic of a discrete tetrahedral CdCl,*
species. At 390°C the compound decomposed into a mixture of Cs;CdCly and CsCl and
exhibited the similar spectrum to that of pure Cs,CdCl, at room temperature (fig. 4.5b).

The fast cooled sample gave a form at low with a ch

Cd-Cl frequency at 275 cm™" (fig. 4.5a). The solid corresponding to a mixture with com-
position x = 0.80 was found to be a mixture of CsCl and Cs; CdCls when cooled from the
melt and kept above 390°C and a mixture of 2CsC! and Cs, CdCl, from 390°C to room

temperatur.: (fig. 4.3). The increased intensity in the 150 cm™

region with the increase of
CsCl can be attributed to weak second order scattering from solid CsCl.
CSZCdCl4:

Slowly cooled samples of the composition x 2 0.67 exhibited similar spectra at

room temperature with a characteristic intense band at 198 cm ™

except that samples with
composition x > 0.67 showed additional weak bands in the 100 - 150 cm™ region due to
second order scattering from CsCl [Agrawal 1975] (fig. 4.3, x =0.80, 0.75, 0.67). These
results suggest the formation of a stable room temperatuie compound CsyCdCly. The

similarity of the spectra observed for both the slowly and fast cooled Cs,CdCl, suggests

a d. This was observed to have a high temperature phase
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with a transition which started at about 435°C but was not complete until 460°C. The
high temperature phase of Cs>CdCl, has a strong peak at 268 cm™' characteristic of the
discrete tetrahedral CdCL™ (fig. 4.5¢).

CstClJ:

The sample of the composition x = 0.50 gave a unique spectrum and a characteristic
intense band at 249 em™ (fig. 4.3, 0.50). This peak (249 em™') can be identified in the
spectra for the slowly cooled x = 0,40, 0.33, 0.25, 0.22 and 0.20 samples and the fast
cooled x = 0.60 sample (fig. 4.3, x = 0.40 and fig. 4.4, x = 0.33, 0.25, 0.22 and 0.20).
These results suggest the formation of a compound with the formula CsCdCly. It is also
a congruent compound.

Cs,Cd,Cly:

The Raman spectrum for the x = 0.60 sample was strongly dependent on the cooling
rate when it was prepared. For the quenched sample there were two intense bands at 198
and 249 cm™, and a very weak band at 221 cm™ (fig. 4.6a). When the cooling rate was
moderately low as 1°C/min, the relative intensity of the 221 cm™ band was slightly
increased. However, if the cooling rate was very low (a few degrees per day in the tem-
perature range 440 - 450°C) the 221 cm™" band was much stronger and the band at 249
cm™ became very weak as shown in fig. 4.6b. This observation is in agreement with
Seifert's result [Seifert 1979] which indicated a solid-solid reaction between CsCdCl,
and CsCdCl, to form the incongruent compound Cs3Cd,Cl; at about 450°C. The band
at 221 em™ is attributed to this compound Cs;Cd-Cl,. The bands at 198 cm™ and 249
cm™ were assigned to Cs2CdCl and CsCdCly that resulted because the cooling rate was
still not low enough.

CsCdgCly
For the samples with the composition 0.17 < x < 0.50, there were bands at 249 and

215 em™, and a broader shoulder centered at about 195 cm ™. while for the x = 0.17
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sample there were only two bands at 215 and 196 cm ™ (fig. 4.4). For the x <0.17 sample
a new peak was observed at 231 em™" which was assigned to CdCly. These results sug-
gest the formation of the compound CsCdsCl,, on the CdCl, rich side. In fig. 4.7 three

pairs of spectra are illustrated to show the results obtail

d from the fast and slowly
cooled samples with x = 0.20, 0.17 and 0.14. The relative intensity of the band at 231
cm™" depends strongly on the cooling rate. The peak is intense for the fast cooled x =
0.17 sample (fig. 4.7 CsCdsCly, F), but has almost disappeared for the slowly cooled
sample (fig. 4.7 CsCdsCly, S). The result indicates that CsCd<Cly; is an incongruent
compound and the peritectic reaction is:

CsCdsClyy,, = CdCl,,, + liquid

The weak shoulder centered at 231 cm™" for the slowly cooled 0.17 (fig. 4.7 CsCdCly,
S) sample may be due to a small error in the composition or a cooling rate that was not
low enough in the peritectic temperature range.

|

For the x < 0.17 samples, the relative intensity of the band at 231 cm ™ increased as

the concentration of CdCls increased. The intense band at 231 cm™

was assigned to the
Ay, mode of CdCly with space group R3m (D3,) [Donnay 1963]. The result is in good
agreement with previous Raman studies [Anderson 1981] which indicated the intense A,
bandat233 ¢ L em™.

The analysis described above indicates that the present Raman results are in excel-
lent agreement with Seifert's [1979, 1986] results regarding compound formation. How-
ever, these are not in full agreement about the structural phase transition in Cs,CdCl,.
‘This structural phase transition was reported to occur at about 459°C [Seifert 1986). The
present study indicates that the structural phase transition takes place over a wide temper-
ature range from 435°C to just below the melting point with a dynamic equilibrium

between the two solid phases.



4.2.2 Structures and Properties

4.2.2.1 Compound CsszCl s

Cs,CdCl, is a congruent compound. Raman spectra measured for samples over a
range of temperatures indicate a structural phase transition which occurs over a wide tem-
perature range from 435°C to just below the melting point. At any temperature within
this temperature range the high and low temperature phases coexist and have an equilib-

rium distribution which is on the A study of the structural phase

transition and the solid-solid phase equilibrium will be discussed in the next chapter.

The room temperature solid Cs2CdCl, is tetragonal [Siegel 1964].a =b = 5.26 £

and ¢ = 16.88 4, and isostructural with K, NiF, (Balz 1953]; space group Zy/mmm (D}]):

two formula per unit cell and one per primitive cell. Each cadm‘um atom is bonded to six

chloride nei inan and each shares four cor-

ners with other octahedra. Factor group analysis based on the Dy, group has been given
in detail by Brooker [Brooker 1975] for K, NiF ; type compounds in the Raman studies of
the solid K MgCl;. The vibrational modes are:

Tup=2A,0 + 44y, +2E, +5E, + B,,

The two A, and two E, modes are Raman active. The totally symmetric vibration of A,
should appear in the XX, YY, ZZ components of the scattering tensor, and the doubly
degenerated E, modes in the ZX and ZY components in the Raman spectrum of a single
crystal. Four bands have been detected (fig. 4.5d) and assigned (table 4.3) by comparison
with the peak position and relative intensity of the corresponding band in the polarized
Raman spectrum of a single crystal of Rb,CdCl, [Aleksandrov 1985a] which is isostruc-
tural with Cs,CdCly. The most intense band in the spectrum of Cs;CdCl, occurs at 198
em™ which comesponds to a similar band at 208 cm™ in Rb,CdCl,. The present Raman
results are in good agreement with the predictions from factor group analysis based on
the known crystal structure from the X-ray studies [Siegel 1964]. In previous Raman

e
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studies of this compound [Clarke 1972a] two bands observed at 251 and 231 ™ in the
symmetric Cd-Cl stretching region have not been detected in the present study. Only an

intense band at 198 ecm™' was observed in this region. Careful Raman studies indicated

that there was no large frequency shift of the band at 198 em ™

ina temperature range 15
-435°C. At435°C a structural phase transition took place.

The high temperature solid Cs:CdCl, is isostructural with f-K: 80, [Seifert 1986]
which has an orthorhombic pseudohexagonal unit, four formuia units per primitive cell;
space group Pnma (DL5) [Wyckoff 1965b}. Discrete CdCl,*" tetrahedral species are pre-
sent. The Cs* ions and CdCl,*" ions sit on positions with m (c,) symmetry. The correla-
tion diagram for the internal modes of C4Cl,™" in this type of structure has been dis-

cussed in detail by Brooker [Brooker 1975]. The 36 internal modes are:
Turernat = 6Ag + 6By, + 3By, +3A, + 3B, + 6B, + 6By, + 3B,,.
and the 45 external modes are:
Toutermi roury = A¢ + Bug +2Ba, # 2By, + 24, + 2B, + By, + B,
T evternat immstanory = 6Ag + 6By + 3Bye + 3A, + 3B, + 6B, + 6By,.

Although the 24 lattice modes are theoretically Raman active, the combination of high
temperature and Rayleigh wing scattering preclude the possibility of detecting the weak
broad exteral vibrations. Band overlap cue to broadening by thennal motion at high
temperature also severely limits detection of the site and correlation field effects of the
internal modes of the CdCl,* ion.

The Raman spectrum obtained at about 450°C is shown in fig. 4.5e and the frequen-
cies of the bands observed and their assignments are listed in table 4.3. The results are
consistent with the factor group analysis and X-ray result [Seifert 1986]. Two bands at
268 and 102 ™' can be assigned to the v, and vy modes of the tetrahedral cdcl™
species based on the Ds, factor group. The shoulders at about 85 and 250 cm ™ on the
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low frequency sides of the bands at 102 and 268 cm™ respectively are due to the v and
vy vibrations. Since there is a dynamic equilibrium between the high and low temperature
solids Cs:CdZls, the four weak bands at 40, 65, 92 and 194 cm ™ observed in the spec-
trum are attributed to the low temperature Cs, CdCl, solid phase.

4.2.2.2 Compound CstCIJ

Several X-ray studies have been reported for CsCdCly. Ferrari and Baroni [Ferrari
1927] suggested a cubic, perovskite type structure, while Ndray-Szabo [Néray 1947] indi-
cated a monoclinic symmetry. Siegel and Gebert [Siegel 1964] reported that crystals
grown from the melts developed with hexagonal symmetry, but those grown from solu-
tion are predominantly hexagonal with small amounts of a cubic modification present.
Chang and Mcpherson [Chang 1975] have confirmed that the compound crystallizes in
the hexagonal space group P6;/mmc and has two crystallographically distinct types of
cadmium ions. One of the Cadmium ions, Cd(l), occupies a site having D;, symmetry.
while the other, Cd(2), exhibited C;, site symmetry. This structure was considered as
intermediate between the CsNiCly structure which consists of infinite linear arrays of
octahedral sharing faces and the perovskite structure which consists of a three-
dimensional network of octahedra sharing comers. Further, M¢ller [Mgller 1977] found
that the compound grown from a dilute solution of CsCl and CdCl; formed birefringent
white crystal which is different from crystal grown from the melt. Further, w hen a precip-
itate of composition CsCdCly was left for about three months in the mother liquor. it lost
its birefringence and had formed an ideal cubic perovskite structure. On heating crystals
of CsCdCly with the perovskite structure to about 230 °C the crystals gradually becane
birefringent, und X-ray results showed that both the cubic and the hexagonal forms wi:re
present. This solid state transformation was reported to be very sluggish. The presence of
a trace amount of water appears to stabilize a cubic perovskite structure which is different

from the hexagonal structure of the crystal grown from the melt.
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Factor group analysis based on the P6;/mmc space group [Chang 1975] predicts 87

optical modes of vibrations with 33 Raman active modes [Gorban 1990].

54, + 6E,, + SE,

20
The Raman spectrum from polycrystalline CsCdCly is presented (fig. 4.6d) with the fre-
quencies and assignments given (table 4.4). The polarized Raman spectr of a hexagonal
single crystal CsCdCly have been recently studied by Gorban et al. [Gorban 1990] at 300,
77 and 2K, and by Kuok [Kuok 1983]. The present results are in good agreement with
the previous studies. However, the band at 208 cm™" observed by Kuok [Kuok 1983] was
not detected in present study or in that of Gorban et al. Further a band at 196 ¢m ™ was
observed and assigned to the E., mode by Gorban. Although the band appeared in our
spectrum, it might be due to the Cs,CdCl, impurity not CsCdCly. The spectrum (fig.
4.6c) for the quenched sample showed an intense band at 249 cm ™, and a weak band at
197 cm™". But for a slowly cooled sample, the band at 197 cim™" became very very weak
(fig. +.6d) and a new weak band at 221 cm™ appeared which indicates that a solid-solid
reaction took place between the compounds Cs:CdCly (197 cm™) and CsCdCly (249
em™) to form a new compound Csy Cd: Cl; (221 cm™),

The present studies indicate that CsC4Cly is a congruent compound. Measurements
of Raman spectra for samples at temperatures from room temperature up to the melting

point indicated that there were no structural phase transitions over this rangr

4.2.2.3 Compound Cs3CdCls

The compound Cs; CdCls is unusual. DTA and X-ray pattems [Seifert 1979] indi-
cated that it is not stable below 395°C at which temperature it decomposes into a mixture
of Cs2CdCly and CsCl. The sample quenched from the melt to room temperature could
give a metastable form at room temperature. The Raman spectra observed for this com-

pound in both the stable (390°C) and metastable forms (25°C) are shown in fig. 4.5.
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Cs3CdCls is tetragonal [Seifert 1979], isostructural with CsyCoCls, with four for-
mula units in the unit cell and two per primitive cell; space group Zy/mem (DY), Each Cd
atom is tetrahedrally surrounded by four Cl atoms as discrete species. The other chloride
atoms have only cesium neighbors which surround them octahedrally. Factor group anal-
ysis for optic modes of vibrations of the tetrahedral CACl,* was given in detail by
Brooker [Brooker 1980] for an isostructural compound Cs; MgCls. There are 54 normal

modes:

Tyt = 31 + 343, + 2B,

¢

+4Bs, +6E, +2A,, + 64y, + 3B, + By, +9E,.

Since the CACly™" ion has a Dy, site symmetry, the internal and external modes of
CdCLy* are:
Tt imemat = 2A1g + Biy + 2By + 2E, + Ay, + 24y, + 2B, +2E,
Tt everat wanstowory = Bag * Eq + Ay + E,

= Ayt Eg+ By +E,

T cuct 2 evemat rotatory.

The Raman spectrum of the metastable crystalline Cs;CdCls at room temperature (fig.
4.5a) indicated the presence of the C4CI,*" tetrahedral species. Peak frequencies and ten-
tative assignments (table 4.3) are in excellent agreement with the factor group prediction
based on the X-ray result [Seifert 1979]. The v, band observed at 275 cm™" is consistent
with the v, frequencies for C4CL*" in the stable high temperature solid (268 cm™ in
C52CdCly) and in the molten state (261 cm™). Two components were detected in the v,
region at about 103 and 110 cm™', while only one component was observed for v- at 77

cm™. The vy band appeared at 261 cm™ on the low frequency side of the v, band. It

seems very probable that the 261 cm™ band is due to the A, factor group component of

vy in Fermi with the A, of v,. Raman
for C4Cly*" in the molten phase confirmed that v, and v, are almost coincident. Four

weak external lattice modes were detected below 70 cm™ and although difficult to assign
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they provide strong evidence to indicate that the CsyCdCls has the CsyCoCly erystal
structure.

The stable form of the sample with the composition Csy CdCls at room temperatire
is a mixture of Cs,CdCly and CsCl. The spectrum for the sample with the composition
Cs2CdCly - CsCl at room temperature is also shown in fig. 4.5, The relative inteusities,
peak positions, and the number of the bands observed are the similar as those in the spec-
trum obtained from Cs2CdCl, at the same temperature except for a little difference due to

the second order scattering of CsC/ in the 150 cm™ region.

4.2.2.4 Compounds CstsClll and CsstZCl.,

The Raman spectrum of solid CsCdsCl,, at room temperature is shown (fig. 4.4, x =
0.17) and the band positions are collected in table 4.4. The Raman spectrum (fig, 4.4, x =

0.17) shows a strong band at 215 cm™

and a broader low frequency shoulder centered at
about 196 cm™ in the Cd-Cl stretching region, The relative intensities of the two bands at
196 and 215 em™ are independent of the cooling rate of the sample from the melt (fig.
4.7 CsCdsCly, F. S). Therefore both the bands are attributed to the same compound
CsCdsCly,. The frequency for the broader shoulder (196 em™) is very close to the Cd-Cl
stretching frequency for Cs;CdCl, (198 cm™). The presence of two relatively strong
peaks in the Cd-Cl stretching region may indicate two different crystallographic sites and
two different types of octahedral cadmium.

The compound Cs;Cd,Cl5 is stable only at temperatures below 450°C. In this work
the pure compound has not been prepared because the reaction between the two solid
phases is very slow. The Raman spectrum obtained for this compound containing
Cs.CdCly and CsCdCly impurities is shown in fig. 4.6. The characteristic band at 221
cm™ in the Cd-Cl stretching region is attributed to this compound. The frequency of this

band suggests that the Cd atom may have an octahedral coordination geometry since the

band position at 221 cm™ is in the range of CdClg hing fr ies from
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198 cm™ (Cs2CdCly) to 249 cm™ (CsCdCly). This agrees with the X-ray result [Seifert

1986] which d that the Cs;Cd>Cly is i with Rby Mn,Cl;

which has octahedral coordination of the Mn atom.
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Table 4.1
The compounds suggested by previous studies in the CdCl./CsCl binary system.

Seifert Cs,CdCly  Cs;CdCl,  CsyCdiCl:  CsCACl,  OCCly,

(1965)

Seifert Cs,CdCly  Cs;CdCl,  CsyCdsCly  OCICH, GG Clyy

(1968)

Belyaev CsyCdCls  CsyCdCly CsCdCly

(1972)

Filippopv CsyCdyCly  CsCdCly

(1973)

Tlyasov  Cs,CdCly Cs:CdCl, cscdcly a=+p-
(1976) et
Seifert Cs,CdCly  Cs;CdCl,  CsyCdsCly  CsGACly  CsCdyCly,

(1979)

Seifert Cs,CdCly  Cs;CdCly  CsyCd:Cly  CsCdCly  CsCdyClyy

(1986)
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Table 4.2
The Raman frequencies (cm™') of the characteristic bands in the Cd-Cl stretching
regions and the corresponding suggested compounds in the CdCl>/CsCl system.

composition frequency <ompound
0.80 198(5)" Cs,CdCl,
0.75 198 (s) Cs,CdCl,
0.67 198 (s) Cs,CdCly
0.60 21 (s) Cs,Cd2Cly
050 249(5) CsCdCly
0.40 196 (br) CsCdsCly,
215 (m) CsCdsCl\,
249(s) CsCdCly
033 196 (br) CsCdsCly,
215¢s) CsCdsCl,,
249(s) CsCdCly
0.5 196 (br) CsCdsCly,
and 215¢(s) CsCdsCly,
on 249 (w) CsCdCly
00 196 (br) CsCdsCly,
205(5) CsCdsCly,
249 (vw) CsCdCly
017 196 (br) CsCdsCl,,
215(5) CsCdsCly
231 (vw) CdCly
0.14 196 (br) CsCdsCly,
215(5) CsCdsCl,
231(s) CdCl,
0 31 cdct,

= s-strong, w - weak, m - medium, br - broad. vw - very weak
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Table 4.3

The vibrational frequencies (cm™) and tentative
for Cs;CdCl, and Cs; CdCls.

signments of the bands obsened

Cs,CdCl, Cs\CdCl
e’ HTP metastable stable aignmens”
T Pos Imem
() (D) (D)
(298K (723K) 77K 1298K) 1668K)
2 E, 0w 3w latce
69(w) By Adlvw) 43.5(vw)
9uw) Ay, 60(w) £9.5(w)
198(5) Ay, 68(w) 67.5(w)
85(w) 78.5m)  77(bn) 9tbr) v
102(w) 104m)  103m)  104(br.m) “
112.5(m) 110(m) vy
250(w) 264.5(m)  261(w) v
268(s) 8Sm) 275(s)  268(s) v

“ LTP - low temperature phase: HTP - high temperature phase

== Assignments for the tetrahedral CdCly™ in the Cs; CdCls and the HTP of Cs,CdCl,.
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Table 4.4

The vibrational frequencies (cm™) of the bands for compounds CsCdCly and
CsCdsCly.

C5CACh CsCdsCly,
Poymme unknown
b thiswork ¢ assignments
30 Ex
46 How) 45 A 41.5(m)
52 S8vw) 52 Ex, 45(w)
71 68Sw) 69 Ey, 54(w)
85 820w 83 Ei, 59(m)
15 116s) 116 Ay 64.5(m)
128 129s) 129 Ey 73(s)
156 led(vw) 163 Ey 98(m)
170 196 Ey 108(br)
208 129(m)
248 249(vs) 249 Ay 145(br)
196(br)
215(s)

A-vs (very strong), s (strong), vw (very weak), w (weak), br (broad). m (medium).
b- Ref. [Kuok 1983]
¢ - Ref. [Gorban 1990]
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Fig. 4.1

Examples of the structures of the three major coordinations types of Cd** with C1°
ions. (a): discrete CdCIy™ species in K,CdCl, [Bergerholf 1956]: (h): discrete
cdet” species in the high temperature solid Cs.CdCly [Cs,MgCl,, Brooker
1983]; (C): linked CdCl,, octahedral units in the low temperature solid Cs,CdCl,
(K:MgCl,, Brooker 1983].
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Fig. 4.2
The phase diagram of the CdCl., CsCl system, Redrawn from Ref. [Seifert 1986).



Fig. 4.3

Raman spectra obtained for the CdC/CsCl binary sy stem with mole traction of
CsCl0.80, 0.75,0.67, 0.60, 0.50, and 040 respectively. Temperature 25°C; Slits 2

cm

0.40

050
CsCdCl

0.60
Cs,Cd o€l

067
C5,CdCl,

075

100 200 300
Wavenumber (cm™)



V.

o
s
o

0.22

02§

0 100 200 300 400

Wavenumber (cm ™)

Fig. 4.4

Raman spectra obtained for the CdCIy/CsCl binary system with mole fraction of
CsC10,0.14,0.17,0.20,0.22, 0.25, and 0.33, respectively. Temperature 25°C. Slits
2em™.
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Fig. 4.5

Raman spectra obtained for Cs,CdCl s and Cs,CdCl, in various solid phases. Slits 2
-
cm .
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Fig. 46
Raman spectra obtained for Cs3Cd,Cly and CsCdCly. Cs\Cd,Cly: (a) cooling rate
1°C/min; (b) a few degrees per day in the range 440 - 450°C. CsCdCly: (¢)
quenched; (d) slow cooled. Temperature 25°C. Slits 2 em ™.
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Fig. 4.7
Raman spectra obtained from fast (F) and slow (S) cooled samples respectively for
the x = 0.20,0.17 and 0.14 samples. Temperature 25°C. Slits 2em™ .
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Chapter §

RAMAN STUDIES OF A DYNAMIC PHASE
EQUILIBRIUM IN SOLID Cs,CdCl,

5.1 Introduction

In the last chapter, the compound formation and the structural properties of the com-
pounds formed in the CdCl>/CsCl binary system have been discussed. In this chapter, a
special structural phase transition in solid CsyCdCl,, one of the compounds identified in
the CdCl/CsCl system, will be discussed in detail.

Structural phase transitions in the crystals of perovskite families have been widely
investigated by many methods. The symmetry aspect of the structural phase transition in
perovskite-like crystals was reviewed by Aleksandrov [Aleksandrov 1978] in 1978. Scott
[Scott 1974, 1983] also described these phase transitions in reviews of light scattering.
Most previously reported phase transitions were detected below or near room tempera-

ture, Relatively few high itions have been studied. Most of the structural

phase transitions in layered perovskite-like A MX, crystals of the K. NiF,-type were
observed in compounds with large organic cations and alkali metal A" ions [Aleksandrov
1985]. These structural phase transitions were found to be associated with the re-ordering
of cations, rotation and distortion of MX units with retention of octahedral coordination.

The low temperature solid Cs: CdCl, belongs to the family of the K, NiF s-type crys-
tals [Siegel 1964]. The present study on the structural phase transition in Cs.CdCl, is
unusual because:

i) There is a change in coordination number as the structure transforms from array
octahedra to discrete tetrahedra in the solid state. Usually the array network structure will
only be broken at the melting temperature but in the Cs:CdCl, crystal the coordination

number changes from six to four at a temperature far below the melting temperature.
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if) The phase transition is associated with a dynamic equilibrium between two coor-
dinations of cadmium over a range of tempemntures. The transition was found to start at
about 435°C and continued until essentially completed at about $59°C which is just
below the melting point of 473°C.

iii) The formation of a compound Cs,CdCls from the reaction of CsCl with
Cs;CdCl, was also found to occur over a range of temperatures, The reaction began at
about 365°C and was completed at 395°C. For mixtures of Cs,CICl, and Cs, CdCls at
tesnperatures above 395°C the Csa CdCl, (phase-II) appeared to dissolve in the Cs,CdCls
to form a solid solution in which the cadmium is in the form of CdCl, ™ ions.

The structural phase transition in the Cs,CdCl, crystal has been reported before by
Seifert and Thiel [Seifert 1986] from X-ray and DTA studies. However, they reported a
phase transition point at 459°C which is not in full agreement with present result, The

dynamic equilibrium between the two solid phases has not been reported previously.

5.2 Results and Discussion
Raman spectrum for Cs:CACl, at room emperature is presented in fig. 5.1, An

! and three weaker bands at 42, 69 and 92 cm™" have been

intense band at 198 cm”
observed (table 5.1). The spectrum is similar with that obtained from the isostructural
compound Rb,CdCl, as a single crystal [Aleksandrov 1985] which has four correspond-
ing bands at 46, 85, 89 and 209 cm ™', The vibrational spectrum of Cs,CdCly is in good
agreement with the prediction based on X-ray studies (Seigel 1964]. Cs.CdCl, is
isostructural with K: NiF ,; space group Iy/mmm (D4}). Each cadmium atom is bonded to
six chloride neighbors with an octahedral local unit. Each octahedral unit is linked by
sharing four corners with other octahedra.

The effect of temperature on the Raman spectra for the compound Cs, CdCl, has
been measured very carefully from 25°C to above the melting point (Fig. 5.1, table 5.1).

Frequencius decreased, and bandwidths increased smoothly as temperature increased to
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435°C. At about 435°C a new set of bands appeared at 85, 102, 250 and an intense band
at about 269 cm™' (table 5.1). These have been assigned to the vy, v, v; and v, modes of
a discrete tetrahedral CdCl,*" ion respectively (table 5.1). A further increase in tempera-
ture caused the relative intensity of the new bands to increase relative to the bands due to
the low temperature phase. The two sets of bands coexisted in a temperature range from
435°C up to about 460°C. At about 4+73°C the sample began to melt and the pairs of
bands at 85 and 102 cm™ and 250 and 268 cm ™" coalesced into two broad bands centered
at 105 and 261 cm™ (table 5.1). At the melting point the halfwidth of the v, symmetric
stretching mode of C4Cl,*™ increased from about 18 cm™ to 35 cm™', The experiments

strongly suggest that a structural phase transition took place in the temperature range

from 435 to 460°C and the phase change was complete before the sample melted. The
spectrum of the high temperature solid of Cs2CdCly is similar with that of Cs. MgCl,
which contains the discrete MgCl3™ species [Brooker 1975]. Further the similarity of the
Raman spectra observed for the high temperature solid phase and the melt suggests that
the similar tetrahedral complex species existed in these two phases. These results indi-
cate that the structure of the Cs,CdCl, crystal transformed from the K, NiF, type net-
work stucture to a structure with discrete tetrahedral CdCl,*" species. The new bands
have been attributed to the CdCl,* ions in the new solid phase (table 5.1). The v, fre-

'at

quency of the totally symmexric vibration with tetrahedral symmetry is 268 cm”~
452°C inthe solid phase, while it is 261 cm™ in the melt.

The phase transition in Cs,CdCl, has been reported before by Seifert and Thiel
[Seifen 1986] from the X-ray and DTA studies. The compound was found to have a tran-
sition point at 459°C. It was proposed that the K,NiF,-structure type with connected
CdCly-octahedra transformed to the B- K150, type, space group Puma (D3), with iso-
lated tetrahedra. The measured transition enthalpy was reported to be of the same magni-
tude as the melting enthalpy although numerical values were not reported. It was reported

that the melt undercooled by 14°C (melting point 473°C) and at 459°C the low
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temperature modification crystallized directly. Therefore, the structural phase transition
temperature was taken as 439°C for the compound Cs;CdCl; as indicated on the phase
diagram [Seifert 1986] (Fig. 4.2).

The major results of the present study are essentially in agreement with the work of
Seifert and Thiel. Since DTA scans speeds are normally relatively fast. The refatively
slow solid state equilibrium could be easily missed. Furthermore, X-ry posvdler pattem
would be less sensitive to the more disordered high temperature phase,

Raman measurements in the present study indicated that almost all of the low tem-
perature phase transformed to the high temperature phase at 459°C, but that the transition
took place over a temperature range from 435°C up to 460°C. A dynamic equilibrium
between the two solid phases (two coordinations of cadmium) was indicated by the varia-

tion of the relative intensity of the characteristic bands due to the two solid phases

a

function of temperature, The low temperature phase did not transform completely to the

high phase at i i no matter how long the sample
remained at a specific temperature within the temperature range. For example, identical
spectra have been observed for the sample monitored over 16 hours at an intermediate
temperature of 440°C. As the temperature increased the relative intensities of the bands
at 40, 65, 92 and 194 cm™ due to the network low temperature phase decreased and the
bands at 268 cm™' and about 100 crn”™' due to the new phase increased. The pattem

reversed as the d d. These iments indicated that the equilibrium

was a function of temperature.

Many studies for the structural phase transitions in A, MX, and AMX; perovskite
layer-type crystals have been performed in recent years, and mechanisms have been pro-
posed. Blinc et al. [Blinc 1978] have proposed a model to describe the structural phase

transition in the (CH; NH;),CdCl, as an ori i der-disorder transition

of the CH; NH, groups. Each CH;NH group has four possible equilibrium orientations

in the cavities between comer-sharing CdClg octahedra. Kind et al. [Kind 1978] reported
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that NH(CHa); NHy MnCly und two di: i structural phase itions at
336 and 305 K w hich were governed by the rotational motion of the rigid chains around
their long axis. Hidaka et al. have explained the struc sral phase transitions in com-
pounds AFeF, ( A = Rb, Cs ) [Hidaka 197%a] and KMF, ( M = Fe, V. Ti ) [Hidaka
1979b] as the rotations of’ MF, octahedra about the [100] and [010] axes. A EPR study

hy Aleksandrov [Aleksandrov 1985a. 1985b] et al. suggested that Rb, CdCl. underwent

a structural phase trnsition near 133K, The structural phase transition was connected

with tilts and additional distortion of CdCly octahedra. In all these cases the mechanisnis

were described as orientations of cations and/or the rotation and distortion of MX, octa-
hedra around one or several symimetry axes in the network structures. In present case, the
structural phase transition in CsyCdCly is unusual, This compound is the first one in the
family of the K; NiF-type crystals to have the network structure broken in the solid state
at a temperature far below the melting point, and a change in coordination number from
six to four for the divalent metal cation.

In the normal phase transition [Denbeigh 1968), such as those described above.
there is a discontinuous change of entropy or volume over a very small temperature inter-
val. Since entropy and volume are firs: derivatives of the chemical potential with respect
1o pressure and temperature this type of transition has been classified as first order. An
important criterion of the first order transition is the fact that the observabie physical

properties show no sign of the impending drastic structural change. Ehrenfest [Denbeigh

1968] and others have proposed the ibility of higher order iti i with
second and third derivatives of the chemical potential but even true second order transi-
tions have been difficult to document. A number of "second order type” transitions have
heen reported and characterized by a gradual increase in the heat capacity up to the tran-
siton temperature followed by a rapid decline when the heat capacity falls to the value of
the high temperature phase. It is usually difficult to determine whether or not the heat

capacity reaches a finite maximum (true second order transition) or rises to infinity. This
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type of transition has been labelled a lambda transition because of the shape of the heat
capacity versus temperature plot. There is strong evidence to indicate that in the pretran-
sition temperature region of the lambda transition the low temperature phase and the high
temperature phase are able to co-exist along a temperature pressure equilibrium cune
rather than just at a particular temperature and pressure [Denbeigh 1968]. The famil
transition of NaNO; at about 275°C provides a good example [Reinsborough 1967, Mus-
tajoki 1957, Brooker 1978 and Newns 1966]. Heat capacity measurements |Reinsborough
1967 and Mustajoki 1957] have shown that the rise in heat capacity associated with the
order-disorder transition begins well below the transition emperature, perhaps as low as
room temperature. Mustajoki [Mustajoki 1957] reported an enthalpy and entropy of tran-
sition for NaNO; based on the arbitrary assumption that the phase transition started at

170°C. Reil and Wetmore [Reil 1967] were reluctant to caleulate a

transition enthalpy from their data because of the uncertainty in the temperare at which
the transition started and the inabiiity to show that the heat capacity was finite over the
transition temperaturc: (275°C). Ciffraction [Lefebvre 1984] and spectroscopic [ Brooker
1978] measurements have shown that the characteristic disorder of the high temperature
phase co-exists in dynamic equilibrium within the ordered lattice of the low temperature
phase. The fraction of the NOj ions in disordered positions increases with temperature
until the inter-ionic forces can no longer support an ordered lattice and the NOY ions
become disordered over two equivalent lattice sites.

The results of the present Raman study indicated that Cs, CdCl, has a lambda type
transition that started about 435°C and was essentially complete at 460°C. Between 435
and 460°C the low temperature phase with Cd*' in an octahedral site co-existed in

dynamic equilibrium with the high temperature phase with Cd* intetrahedral s

s,

In order to further understand the structural phase transition, mixtures of CsCdCly
with CsCl and 2CsCl have been studied (See phase diagram, Fig. 4.2). The mixture of
Cs,CdCl; + |CsCl forms the compound Cs;CdCls above 390°C but may exist in a
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metastable form at rom temperature {Seifert 1986 and chapter 4 in this thesis]. The com-
pound Cr,CdCls is isostructural with Cs,CoCle and contains discrete CAClL* species.
On heating the metastable compound to about 200°C. it decomposed into a misture of
CraCdCl and C5Cl. Further heating of the mixture to 395°C gave the stable form of the
compound Cs CdCls.

Raman spectr which illustrate the temperature dependence for the C- C/CT, - CsCl
and Cx,GACT, - 2CsCl mistures are presented in figs. 5.2 and 5.3 respectively. [n the tem-
perature mnge from room temperature o 365°C. these spectra are similar with those of

the pure d Cs.CdCly at a i At 365°C, a new set of

bands appeared due to CdCI™ in the high temperature phase. CsCdCls. The relative
intensities of the new bands increased and old bands decreased as the temperature
increased similar to the spectra obtained from pure CsyCdCl,. The two sets of the bands
coexisted over a temperature range from 365 to about 390°C when the bands due to the

low temperature phase of Cs»CdCl di The of the

Raman bands characteristic of CACly*™ can be attributed to the reaction of CsCl with
Cs;CdCly-1 to form the stable compound Cs; CdCls.

Raman spectra which illustrate the temperature dependence for the Cs.CdCly +
0.5CsCl mixture are presented in fig. 5.4. When the sample temperature was 395°C all
the excess CsCl reacted with Cs. CdCl, to produce Cs;CdCls and the sample consisted of
a mixture of Cs;CdCly-11 and Cs3 CdCls. Above 395°C the relative intensity of the bands
due to the CACly* continued to increase which suggests that more CdCly*" is produced.
It would appear that the Cs,CdCl, dissolves to form a solid solution with the cadmit. 1 in
the form of the tetrahedral CACl,*". When the sample temperature reached 435°C the
remainder of the Cs;CdCl,-I gradually converted to Cs,CdCl,-I in a similar manner to
that of the pure CsyCdCl.

In order to confirm the unusual two coordination equilibrium for Cs:CdCl, a sample

prepared with excess GICly was studied. A mixture of 3 CsCl and 2 CdCl; can be
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into an ij d Cs.Cd:Cls (Fig. 4.2) under caretully con-
trolled conditions just below 450°C. Nomnal cooling of this mixture usually results in a
mixture of Cs;CdCl,, CsCdCly and a small amount of CsyCd:Cl-. Raman spectra
obtained from this mixture at elevated temperatures indicated that the Cs. CICT, portion
of the solid exhibited the same chamcteristic phase transition as the pure compound. For
instance. at 440°C the characteristic peaks for CsCACly. Cs:GICH (D and CsCICT, (L
low temperature phase) were identified at 248, 268 and 196 o ™' respectisely.

Studies of the intensities of the characteristic bands may further provide some guan-
titative information about the structural phase transition and the dynamic phase equilib-
rium, The relative intensities of the intense bands at 194 and 268 cm™ due to the (w0
phases of CsyCdCly were measured for samples over the temperature range of the transi-

tion. The spectra were treated in both the I(«) and R(w) forms check on internal

consistency because of potential errors due to baseline construction. For the l(w) Spee-
trum level baseline was achieved by numerical subtraction of a linear baseline as shown
(Fig. 5.4, 410°C for example). The spectrum in the R(w) format had a much more level
background (Fig. 5.5) but it was also necessary to subtract a linear baseline. The relative
intensities were calculated by numerical integration and checked by the weight of paper
traces. The spectra were also curvefit to two product functions in onder to provide assur-
ance that proper baselines had been chosen and to provide an assessment of the extent of
bands overlap. When the relative intensities measured for the I(w) spectra were corrected
for the frequency and temperature factors the two set of data gave the same values
(within 10%). The relative intensity data corrected for temperature and frequency factors
(Table 5.2) provide an assessment of the relative concentrations of the octahedral and

tetrahedral cadmium as a function of temperature,

At any time within the crystal it appears that the coordination of any cadmium ion

can switch from to with a rate constant. The

rate constants have not been measured but from the approximate time required for the
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intensity ratio to stabilize at a fixed temperature it was possible to infer that the rate con-
stants were of the order of minutes at near 390°C and of the order of seconds near 450°C'.
At a given temperature there was an equilibrium concentration of the two sites, The fol-
lowing ideal equilibrium was assumed:
&
Cdy, = (dy, (5.0
&
where Cd,y, represents the state of the Cd** ion with octahedral coordination in the net-
work structure, Cd,y, represents the state of Cd* with tetrahedral coordination in the
high temperature phase, k and A’ are rate constants, The intensity of a Raman band is
given by [ =IC, where J is the intrinsic molar scattering coefficient and C is the concen-

tration of the species. At a given temperature the intensity ratio reflects a concentration

ratio (5.2).
Lasg sy _ JunConiy
—_—— e D = JQ (s,z)
Liosom 1 JinCaiy

Where Q = Cey,, / Cay, is a pseudo-equilibrium constant (reaction quotient) of the

structural phase transition; and J = Jy, / J, 1, is a constant.

From a kinetic viewpoint, the rat tants can be as
k « exp(~GIRT) (5.3)
k' < exp(-G'IRT) 5
and
Q = kiK'
= exp(-AG%/RT) (5.5

AG is a thermodynamic constant which reflects the standard change in free energy that

accompanies the reaction between the two kinds of coordinations referred to some
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standard state of the substances involved. Essentially this treatment leads toa form of the
Gibbs-Helmholtz equation and suggests that a plot of InJQ against I/T should be linear.

There are a number of problems with this type of treatment for an equilibrium in a solid

phase. It was not possible to define a standard state or to evaluate activity coeflicients
since it was not possible to alter an equilibrium position at a constant temperature by a

variation of concentration. Furthermore the value of J. the ratio of the relative molar scat-

tering factor, can not be easily evaluated although a value of about unity can be estimated

from a comparison of the relative intensity of pure phase I compared to pure phase 11,
Nevertheless some insight about the nature of the phase transition may be inferred.

‘The value of JQ at each temperature was determined from the ratio of the integrated
intensities for the two bands at 268.5 and 194 ¢m™" (Table 5.2). A plot of InJQ versus /T
was not linear but had an S shape (Fig. 5.6). The shape of the curve is reasonable since
below 435°C there is only phase II and above 460°C there is only phase [and the value
of InJQ should go to negative and positive infinity at these temperatures.

TFor the mixtures of Cs2CdCly and 0.5CsCl in the temperature range 390 to 440°C
the plot was almost linear and a linear regression of the six points gave value of 4.8 £ 0.3
K for the slope and 8.5 + 0.5 for the intercept. If the heat capacity, €, was constant over
this temperature range it would be possible to estimate values of AH and AS. For the
value of AS, it was also necessary tu assume that J was unity since InJ contributes to the
value of the intercept. The values for AH (40 £ 3 kJ mol™") and AS (70 £ 4 J mol' K™")
obtained in this way were too large since they are as large as normal heats and entropies
[Newns 1966 and Holm 1973]. The value of AS obtained from AH/T for a transition tem-
perature of 460°C (55 £ 5 mol™ K™') is also too large. The assumption that the heat
capacity would be constant is unreasonable and inconsistent with previous studies of sec-
ond order phase transitions. In fact, second order phase transitions are accompanied by a
significant increase in the value of C,, up to the transition point at which temperature the

value of C,, usually retums over a small temperature interval to low nonmnal values. The
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AC, term for the reaction would tend to decrease the values of AH and AS estimated
from the values of InJQ. The S type curve for the plot of inJQ versus |/T can be consid-
ered the spectroscopic equivalent to the lambda shape of the C,, versus T plot. Although
in the present case it seems reasonable to conclude that the enthalpy and entropy of tran-
sition are probably of the same order of magnitude as those of melting as reported by
Seifert and Thicl [Seifert 1986], the limitations on the evaluation of these parameters pre-
c¢lude unambiguous evaluation. The Raman method suffers from the same problem (i.e.
the pre-transition increase in C,) that precludes the calculation of precise enthalpy and
entropy of transition from C,, versus T data,

The large enthalpy change reflects the major structural rearrangement from the net-
work octahedral coordination of the low temperature phase to the discrete CdCl,*
molecular ion of the high temperature phase.

The value of AS is also large by comparison to entropies for many phase transitions
[Newns 1906). For example the entropy change is only 2.3 J/(mot K) for the displacive
phase transition of Rb.CdCl, which involves a simple tilt of the octahedra [Aleksandrov
19852, 1985b]. Newns and Staveley [Newns 1966) have listed the values of AS for the
phase trnsitions of S8 inorganic salts. The average value of AS was close to 10 J/(mol
K) although values as high as 33 J/(mol K) were found. Solids with large entropies of
phase transition were found to have comrespondingly small entropies of fusion (and visa
versa), Newns and Staveley [Newns 1966] associated large entropies of transition with
the onset of orientation disorder in the high temperature phase. The magnitude of AS,,.,,,
was related to the number, n, of equivalent distinguishable orientations available to the
molecule or molecular ion, i.e. AS = Rin n. The small values for enthalpies of fusion
result because the orientation disorder normaily presents only in the liquid state was
already present in the solid. Similarly Timmenmnans [Timmermans 1961] has identified a
class of orientationally disordered solids composed of rigid, compact molecules of

approximately spherical shape (globular molecules) and with entropies of fusion below
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20 J/(mol K). Since many of these orientationally disordered solids low under stress they
have also been called plastic crystals. The term “premelting” has been used to describe
the change associated with the transition to the orientationally disordered phase. The high
temperature phases of NaC70; [Toupry 1978]. KCIO, [Toupry 1983]. NaNO); [Newns
1966. Brooker 1978] and KNO, [Newns 1966, Brooker 1978] have been identified as ori-
entationally disordered crystals.

On the basis of the measured enthalpies and entpies of trnsit

it would appear
that the high temperature phase of Cs:CdCl, is orientationally disordered. The discrete
tetrahedral C4Cl,*" ion sits in the cavity created by the Cs* fons in a structure that in cer-
tain ways resembles the room temperature K350, but without apparent order in the orien-

tation of the Cd-Cl bond direction. The CACl,™ ions are not free to rotate but rapidly

among several distingui: but it equivalent positions, The
fact that the Raman bands for the CACl,*" ions are relatively broad together with high
intensity and lack of structure in the Rayleigh wing further suggests disorder of the tetra-
hedra.

It is interesting to note that local order increased around the cadmium ion in the
transition from the low temperature o the high temperature phase although the measured
overall entropy increased. The frequency of the Cd-Cl stretching vibration increased from
194 10 268 cm™" when the coordination changed from octahedral to tetrahedral which
implies that the bond strength is greater and the bond length is shorter for the Cd-Cl bond
in the tetrahedral coordination. In addition the halfwidth of the band at 194 an™" (29
om™) is much greater than the halfwidth of the band at 268 cm™ (16 am™). Since the
halfwidth of a band may be inversely related to the range of environments and perhaps

thermal amplitudes it can be concluded that there is a greater distribution of bond lengths

for the 1l i cadmium. N heless the overall order of the crystal
decreases because of the change in the Cs* sub-lattice and the orientational disorder of

the CdCl, ion.
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5.3 Conclusion:

Raman spectra for Cs: C4Cl; measured for samples over a wide range of tempera-
ture from the room temperature solid to the molten salt revealed the presence of an
unusual second order phase transition. The transition occurred over a range of tempera-
ture from 435 10 460°C and hetween these temperatures the two solid phases co-existed
in dynamic equilibrium. The transition is associated with the re-arrangement of the coor-
dination about the cadmium ion from an amay type octahedron at low temperature to a

discrete tetrahedral CdCl,*" polyatomic ion at high temperature. Measurement of the

entropy of transition indicated that the high phase was ori i y disor-

dered.



Table 5.1

o e

Raman frequencies (cm™") and :\ssigmncms“ for the difterent phases of Cs, CdCl,.

Phase II Phase I melt
298K 723K 743K
D, 2
2E,
69 E,
85 (sh) v,
9 4,,
102 (i) v»
105 (m) vy * vy
198 4,
~250 (w) vy
268 (vs) v, 261 (vs) v + 1y

a

ion.

Assignments for phase Il are based on the unit cell group analysis by analogy to RbCiCT, [
drov 1985a) while the 1.signments for phase If and the melt are for the discrete CdCT, " tetrahedral
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Table 5.2
The equilibrium constants calculated from relative Raman intensities for the struc-
tural phase transition in pure solid Cs;CdC/, and mixtures with CsCl.

nQ? T(K)

Cs-Cdcl, +0.5CsCl +1.0CsCl 2.0CsCl
o0 -0 -0 633
0.33 -1.63 638
-2.65 175 0.36 643
001 290 141 6.43
0.82 38 30 653
1.0 658
119 40 37 663
+00 ‘o0 668
125 673
142 683
151 693
o 1.62 703
0.-2.45 708
0.64.-1.51 1.66 713
0.36,-0.52 715
023,037 718
0.8 721
115, 1.06 723
254 725
2712 729
273 731
+o0 +00 732

a  Obtained from intensity ratio for spectra corrected for the temperature and frequency factors, i.e. the
Riw) spectra,
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Fig. 5.1
Raman spectra obtained for pure Cs,CdCl,. Spectraa— c are for the sample heated
to the listed temperature; d— f for the sample cooled to the listed temperature; g— i
for the sample again heated to the listed temperature and j for molten phase.
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Fig.5.2

Raman spectra obtained for samples at diffzrent temperatures from the mixture
Cs3CdCl, + 1 CsCl. CsyCdCls is formed above 390°C. Slits 2 em ™.
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Raman spectra obtained for samples at different setaperatures from the mixture
Cs,CdCl, + 2 CsCl. CsyCdCls is formed above 390°C. Slits 2 cm™.
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Fig.5.4
Raman spectra obtained for samples at different temperatures from the compound
Cs,CdCl, at the temperatures as indicated. Slits 2cm™ .
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Raman spectra in the R(w) format at selected temperatures to illustrate the baseline
employed for the relative intensity i The sample f

p!
spectra are: 461, 457, 456 and 450°C in the order from top to bottom,
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Fig. 5.6
The plot of InJQ v, I/T for the phase transition in pure Cs,C4Cl, and mixtures with
CsCl. A: Above 459°C the transition to Cs.CdCl,-I is complete and all the cad-
mium is tetrahedrally coordinated. B: Below 435°C the cadmium is all octahedrally
coordinated in pure Cs,CdCl,-II. C: Above 395°C the reaction of CsCl with
CsyCdCly is complete. D: Below 365°C all the cadmium is octahedrally coordinated
as Cs;3 CdCls reverts to Cs,CdCly-1l and CsCl.
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Chapter 6

RAMAN STUDIES OF THE CCMPLEX HALIDES IN
THE SOLID CdCl,/RbCI AND CdCl,/KCI SYSTEMS

6.1 Introduction

The structures and properties of the compounds formed in the CdCl./CsCl system
have been discussed in chapters four and five. Five compounds, Cs; CdCls. Cs:CdCl,.
Cs3Cd2Cly, CsCdCly and CsCdsCly, have been identified. At room temperature the
inetastable compound Cs, CdCls contains discrete tetrahedral CdCI3™ species: while oth-
ers have octahedral network structures, Unusually the larger and the more polarizing Cs*
ion stabilizes the compound with lower chloride number in contrast to the Rb* and K*
ions. In this chapter Raman studies of the CdCl./RbCl and CdCl,/KCI systems will be
discussed in order to understand the effect of the temperature, alkali metal ions and other
factors on the structures and properties of the compounds formed in these systems.

The compound Cs,CdCl, was found to undergo a structural phase transition from a
K, NiF, type layered perovskite-like low temperature phase with linked local CdCl units
into a structure with discrete tetrahedral CdCI3™ species in a temperature range from
about 435°C to below the melting point. A dynamic equilibrium between the low and

high temperature solid phases in the temperature range was discovered by Raman mea-

The relative ion of the two solid phases depended on the tempera-
ture only within the temperature range. Rb,CdCl, is isostructural with Cs,CdCl,. The
question arises whether or not there is a similar structural phase transition in solid
Rb,CdCl,. Since different alkali metal cations exhibit different effects on the coordina-
tion structures of complex ions MX>™ in the MX,/AX systems, one can not simply pre-
dict the structural properties for these complex ions, especially in the solid states. In the

MgCl,/ACI (A = alkali metal ion) systems, the discrete tetrahedral MgCl;™ ions were



-80-

found in Cs:MgCl, solid at room temperature, but not in Ky MgCly or RbyMyCl,

[Brooker 1980]. For the CdCly/ACI systems, one would predict that the ability of Rb" to

stabilize a tetrahedral species in solid must be weaker than Cs” and stronger than £, At
room temperature Rb,CdCl, should not contain discrete tetrahedral species. Even if the
CdCIy species were stable in RbyCdCly in the high temperature solids, similar 0
Cs+CdCly, we would predict that the phase transition should oceur at a higher temperi-
ture compared to that in Cs» CdCl.

Reports of compound formation in the CACly/RBCI system are inconsistent, P.
Bohac [Bohac 1973] reviewed nine references from 1875 to 1973 including his own work
(table 6.1) [Godeffroy 1875, Rimbach 1902, Hofmann 1926, Dergunov 1949, Gromahov
1950, Seifert 1968, Drobasheva 1971, Belyaev 1972). Most recently Seifert et al. [Seifert
1979] reported six compounds, i.e. RbyCdCly, RbyCdCly, Rb\Cd:Cly, Fb,Cd(Clyg,
RbCACly and RbCdsCly, (table 6.1). The phase diagram suggested by Seifert et al.
[Seifert 1979] is presented in fig. 6.1. The compound formation of this system was reex-
amined in this work.

Only two compounds. incongruent K,CdCl, and congrient KCdCly, were identitied
in the CdCly/KCl system [e.g. Cristol, 1978]. The phase diagram is presented in fig. 1.1,
The compound formation was restudied in a composition range x = 0.50 to 0.80 (x - mole
fraction of KCl) in this study to find out that whether or not there is a compound
K,CdCl, (similar to Rb,CdCl, and Cs,CdCl, in the RbCl antt CsCl systems).

In the CdCl,/ACI (A =Cs, Rb and K) systems, the compounds with common for-
mula ACACly have been reported. Although it has been suggested that the crystals are
isostructural the results are not consistent. The effect of alkali metal cation size may
affect the structure. The structure of RbCdCly was reported to depend on the method of
preparation. Crystal grown from a melt was found to have a different structure from that
grown from a aqueous sclution [MacGillavry 1939, Wyckoff 1965a, Swanson 1967,
Natarajan 1971, 1978, Barr 1974, Seifert 1979].
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6.2 Results and Discussion
6.2.1 Compound formation

6.2.1.1 CdCLy/RbCl system

The Raman spectra obtained from several samples in different compositions for the
CdCly/RbCI system at room temperature are presented in fig, 6.2 (mole fraction of RbCl,
x. from 0.80 to 0.56) and fig. 6.3 (x from 0.50 to 0.17). The characteristic peak frequen-
cies in the most intense region and the corresponding compounds identified are listed in
table 6.2. The presert Raman results based on the analysis of the characteristic bands in
the Cd-Cl stretching region are in excellent agreement with the Seifert’s work [Seifert
1979]. Six compounds, Rb,CdCly, Rb.CdCly, RbyCd-Cly, Rb,Cd;Clyg, ROCACly and
RhCdsCl,, have been identified.
Rb"CdCI“:

The Raman spectrum for the sample with x = 0.80 was dependent on the cooling
rate of the sample from the melt (figs. 6.4a, 6.4b). For the quenched sample two intense
bands at 208.5 and 218 cm™" were observed (fig. 6.4b). But for the stowly cooled sample

only one band centered at 220 cm™'

characteristic of the discrete octahedral CdClg™
species (fig. 6.4a). The result suggests that Rb;CdClg is an incongruent compound. The
band at 220 ¢m™ is due to this compound. The band at 208.5 cm™ for the quenched

sample is attributed to the compound Rb, CdCl,.
RbZCdCI.‘:

‘The compound of this composition exhibited a unique spectrum at room temperature
with a characteristic intense band at 208 cm™' (fig. 6.2, 0.67 sample). The result suggests

the formation of a compound Rb,CdCl,. The similarity of the spectra obtained from both

the fast and slowly cooled samples at room suggests a

The present Raman result is not in full agreement with the X-ray and DTA studies
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[Seifert 1979] which suggested an incongruent compound. However. if the peritectic
temperature is very close to the melting point and the concentration of the other phase is
low in the fast cooled sample. it would be hard to tell whether or not a compound is an
incongruent compound by the method which described in chapter | in this thesis. How-
ever. in principle, careful Raman measurements for a full range of conditions, especially
in the peritectic temperature region should distinguish between an incongruent and a con-
gruent compound.

There is no evidence to suggest the formation of the Rb,CdCls compound |Gro-
makov 1950]. The Raman spectrum indicates that the x = 0.75 sample is a mixture of
Rb,CdCl, and Rb:CdCl, (fig. 6.2,0.75 sample).

RbyCd, Cly:

The Raman spectrum for the x =0.60 sample was strongly dependent on the cooling
rate (fig. 65). Two intense bands at 232 cm™ and 207 cm™ were observed for the fast
cooled sample (fig. 6.5b), while only one band at 232.5 cm ™" was detected in this region
for the slowly cooled sample (fig. 6.5a). The result suggests formation of an incongruent
compound Rb; CdsCly. The intense band at 232 cm ™ is attributed to this compound. The
band at 207 cm™ is due to Rb:CdCl,. In comparison to CsyCd-Cl,. pure Rb\Cd Cly
was much easier to prepare although both compounds are incongruent melting. A rela-
tively pure Rb3CdyCl; crystal was prepared in this work. CsyCd.Cl; is formed by a
solid-solid reaction between Cs CdCl, and CsCdCly and it is difficult to prepare the pure
compound. Rb;Cd,Cl; is formed by a peritectic reaction: RbyCdyCly = Rb,Cd,Clyy +
liquid (fig. 6.1) [Seifert 1979]. The frequency of the intense band at 232 ¢m ™" for the fast
cooled RbyCdCl; was slightly lower than the corresponding band at 232.5 cm™" for the
slowly cooled sample. A small amount of Rb,Cd,Cl,o (229 cm™") may be present in the

fast cooled sample.
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RbCd3Clyp:

A sample with the exact composition of this compound RbiCdyClyo (x =0.57) was
not prepared but the Raman spectrum for the sample with x = 0.55 provides evidence for
its forraation. Raman spectrum depended on the cooling rate of this sample trom the melt
(figs. 6.4¢, 6.4d). Only one band at 229 cm ™" in the Cd-Cl stretching region was observed
(fig. 6.4¢) for the slowly cooled sample, but two bands at 232 and 209 cm ™' for the fast
cooled sample were detected (fig. 6.4d). The presence of the band at 229 cm™" for the
slowly cooled sample suggests an incongruent compound. The bands at 232 and 209
em™ for the fast cooled sample are due to Rb; CdsCly and Rb,CdCl respectively. The

! and the appearance of the band at 209 cin”™' due to

disappearance of the band at 229 cm™
the Rb.CdCl, in the fast cooled sample indicate a lower peritectic temperature of
Rb,Cd,Cl)y compared to that of RbyCd,Cl,. These results are in excellent agreement

with Seifert's work (fig. 6.1) [Seifert 1979].

RdeCI3:

The compound formed from the melt exhibited a spectrum with no intense charac-
teristic band in the Cd-Cl stretching region. The formation of this compound is suggested
by the fact that the samples with composition 0.50 < x < 0.57 (fig. 6.2) gave a band at
229.5 cm™ (Rb,Cd,yClyo); the samples for 0 < x < 0.50 (fig. 6.3) gave a band at 215 cm ™
(RbCd<Cl},), only for x = 0.50 was there no intense band in the Cd-Cl stretching region
(fig. 6.3, 0.50 sample). The result suggests that the compound RbCdCl; grown from the
melt has a cubic symmetry [Femandez 1978] and no allowed Raman bands or it may
have a disordered sructure. The similarity of the spectra for both the fast and slowly
cooled samples indicates a congruent compound.

The compound RbCdCl, is unusual. The crystal grown from the meit (phase I)
absorbs a trace amount of water (0.1%) (Bohac 1973] in air and transforms into an

ordered structure (phase II) which is isostructural with NH,CdCl; and KCdCly. The
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amount of water absorbed is not sufficient for a true hydrate. RbCACl, (ID) gave a unique
spectrum with two chamcteristic intense bands at 247.5 and 217 em™ in the Cd-Cl
stretching region (fig. 6.6b). When the sample was dried at 200°C for a few hours the
phase II structure changed back to the phase [ structure and the two chamacteristic bands
at247.5and 217 cm™" disappeared completely (fig. 6.6¢).
RbCdCly

Raman spectrum of this compound was dependent on the cooling rate of the sample

from the melt. It has a strong peak at 215 cm™

which has the same value as the corre-
sponding band observed from CsCdsCly, (fig. 6.3). For the fast cooled sample a band at
233 em™ due to pure CdCl; appeared. The result suggests an incongnient compound for-

mation. The peritectic reaction is:

RbCdsCly,, Q15em™) = CdCly, | (233em™) + liquid

This compound has been identified before by Seifert et al. [Seifert 1968, 1979]. The
present measurements on two different sets of samples with different compositions
showed that the composition of this compound is about x = 0.3. Perhaps the error is due
10 the sublimation of CdCl, at high temperatures.

6.2.1.2 CdCl-_,IKCI system

Several previous Raman studies [Bues 1955, Tanaka 1963, Maroni 1970a, Cristol
1978] have been performed on this system. The Raman spectra obtained from three sam-
ples with x =0.50, 0.67 and 0.80 (x, mole fraction of KCl) at room temperature are pre-
sented in fig. 6.7. The peak frequencies in the Cd-Cl stretching region and the compounds
identified are listed in table 6.4, Two compounds K,CdCl, and KCdCly have been iden-

tified in this composition region.

KCdCly:
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The compound gave a unique spectrum with two characteristic intense baads at
248.5 and 221.5 om™ (fig. 6.7d). The identical spectra observed from both the fast and
slowly cooled samples suggest a congruent compound.

K,CdClg:

The Raman spectrum for the sample with x = 0.80 was strongly dependent on the

cooling rate of the sample (figs. 6.7a, 6.7b). For the quenched sample there were two

.5 em”™ (fig. 6.7b). For the slowly cooled sample there was

intense bands at 248.5 and 2!
only one band at 230 em™ (fig. 6.7a) characteristic of the discrete CdCly™ species. The
peritectic reaction is:

K.CdCly,, = KCl,,, + liquid

The peritectic rea:tion rate is very low. Great care must be exercised in the preparation of
this compound. Even with a cooling rate as low as 0.2-1.0°C/min the pure compound
was not obtained in the present work, but a mixture of K;CdClg, KCdCly and KCI. The
compound was prepared by very slowly cooling the sample from the melt, especially in
the temperature range of the peritectic reaction. The temperature was maintained at about
450°C for ten hours for the preparation of a relatively pure sample.

Unlike the CsCl and RbCI systems, there is no evidence to suggest formation of a
compound with formula K:CdCl. The sample with x = 0.67 was found to be a mixture
of KyCdCl, and KCdCl, (fig. 6.7c). These results are in good agreement with the most

recent work by Cristol etc. [Cristol 1978].
6.2.2 Structures and properties

6.2.2.1 K,CdCl and RbCdCl¢

K,CdCly is with a bi ic cell [ ff 1956]:

isostructural with Ky MnCl,. The space group is DS, (R3c). Discrete CdCl{™ octahedral
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units are present. The cadmium atoms sit on the positions (2b) with C,, symmetry: K(1)
on (2a) (Ds): K(2) on (6e) (C:): and Clon (120 (C,) respectively. Factor group analy sis

based on the Dy, group predicts 63 optic normal modes of vibrations. The correlation
diagram is shown in table 6.3. The mode distribution is:

Tu=4A +6As *5A4,+TA, +10E,+ 12E,
Tawsc = A * E,

Fomiemit it =2 Ar *2 Az + 3 E, +3 A, +3 Ay, * 0 E,
Tremit =2 A +4 Ay *6 E+2 A, +3 Ay, +S E,

Both the A, and £, are Raman active; Ay, and E, are infrared active:

are both Raman and Infrared inactive. The Raman spectrum of Ky CdCl, at 25°C is pre-
sented in fig. 6.7. The characteristic spectrum suggests that the crystal K CdCl,, contains
discrete CdCI{™ octahedral species. The peak positions and tentative assignments are
listed in table 6.4. An octahedral species has three Raman active normal modes, v, (4, ).
v (E,) and v (F,). Usually the frequencies of these modes increase in the order vs < vy
< v,. In solid state, the degenerate v; and vs modes are usually split by crystal field
forces and overlap. The most intense band at 230 cm ™' was assigned to the symmetrical
stretching v, vibration of the CACI3” ion. Four bands centered at 124, 134, 146 and 156.5
cm™ were assigned to the v, vibrations. The band at 104.5 cm™ was due to the v mode
(table 6.4). The present Raman studies are in good agreement with the prediction from
the factor group analysis based on the known structure from X-ray studies [Cristol 1978]
and are in excellent agreement with the previous Raman studies [Clarke 1972a). The fre-
quency of the v, mode was reported to be 229 cm ™.

The Raman spectrum of the compound Rb;CdCl, is presented in fig, 6.4a. The sim-
ilarity of the spectra of K,CdClg and Rb,;CdCl, at room temperature suggests that
Rb,CdCl, is isostructural with K4 CdCl,. Octahedral CACl;" species are present. The v,

peak was centered at about 220 cm™'; the v, modes at 137, 150 and 158 cm™: and the vy
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at 116 cm™ (table 6.4). In contrast to the spectrum of K, CdCls the bands in the v» and vs
regions for Rb,CdCl, are slightly broader.

Previous studies [Clarke 1972a] suggested that the central Cd atom of complex
CACIE™ with the alkali metal cations series has a tendency to have six coordination lig-

ands in the solid state. The present studies indicate that both K,CdCls and Rb,CdCly

contain discrete CdCIy species. It seems that if a pure compound A,CdCl, forms in the

CdCly/ACI system, the crystal will contain the discrete octahedral CACIS™ species.

It can be seen that the v, frequency of the symmetric vibration in the CACly” species
has a higher value for a lighter alkali metal ion, 230 em ™ for K, CdCl and 220 cm™ for
Rb,CdCl,,. The same trend has been observed for A, CdCl, compounds. The frequency of
the most intense band is about 198 cm™ for Cs,CdCl,, while 207 cm™ for Rb,CdCl,.
However, in the molten states the tendency of the peak maximum of the v; mode in the
CdCI; species was reported to go to an opposite direction. The center frequency of the
v, band decreased regularly along the series Cs* > K* > Na* > Li" [Clarke 1972a]. The
result was explained as due to a corresponding increase in the polarizing power of the
surrounding alkali metal cations. Clearly there is a different effect of the alkali metal
cations on the complex species in the solid and molten states. In soiids, the vibrational
frequency depends strongly on the packing form of the atoms. Usually, the symmetric
frequencies for a probe anion have higher values for the lighter alkali metal cations.
Another example is the v, frequency of CO3™ in A>CO; compounds which increases reg-

ularly from 1040 cm™ for Cs2CO; to 1090 cm™ for Li, CO;.

6222 Rb,CdCl, 4

Rb:CdCl, is a well-known compound with K, NiF,-type crystal structure (space
group I,/mmm (D}}), z = 2) at room temperature [Aleksandrov 1985a, 1985b], isostruc-
tural with Cs, CdCl,. The complete factor group analysis for this type of crystals has been

worked out for the isomorphic K.MgCl, structure [Brooker 1975]. and has been
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discussed in chapter four in the analysis of the spectrum of Cs,CdCl,.

‘The Raman spectrum of RbCd(Cl; at room temperature is presented in fig. 0.2 (x =
0.67 sample). Peak frequencies are listed in table 6.5. Four bands have been observed.
The results are in excellent agreement with the predictions from factor group analysis
based on the Dy, group and are in good agreement with previous Raman studies [Alek-
sandrov 1985a, 1985h]. Two of the four bands (89 and 85 em™) were observed and
resoived in Aleksandrov's Raman spectra by means of polarization measurements. The
two corresponding bands overlapped to give a broad band in our Raman spectrum
obtained from a polycrystalline sample. Band resolution showed that the two compo-
nents of these broad band centred at about 88 and 84 cm ™" respectively. The cormespond-
ing bands in the spectrum of Cs, CdCly are well separated, at 69 and 92 cm ™',

In chapter five the structural phase transition of Cs,CdCly was discussed. The
structure of Cs» CdCl, transformed from K, NiF type to a structure with discrete CJCI3™
species at about 435°C. Rb,CdCl, is isostructural with CsyCdCly. ESR, X-ray and opti-
cal studies by Aleksandrov et al. [Aleksandrov 1985a, 1985b] indicated that Rb,CdCl,
undergoes a structural phase transition at about 142K. It was demonstrated that this phase
transition only involved the distortion of CdCl, octahedral unit.

Raman measurements over a wide temperature range from room temperature to
above the melting point have been performed (fig. 6.8). The result indicates that the com-
pound Rb,CdCl, did not show any high temperature phase transition even up to just
below the melting point. In order to break the network structure and create the tetrahe-
dral ion, a sufficiently large activation energy would be required. The activation energy

needed in Cs;CdCl, is much lower than it in Rb, CdCl,.

6.22.3 RbCdCly and KC dCI3

KcdClyis ic [MacGill 1939, 1947, Wyckoff 1965a].

The space group is Pnma (D25 with four formula units in the cell. Each cadin.um atom is
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surrounded by a distorted octahedron of chlorine atoms. The structure as a whole can be
represented as strings of pairs of these octahedra extending along the ¢ axis, the individ-
ual octahedron in a string sharing edges with one another. Factor group analysis based on
the Dy, group has been discussed in detail for the isostructural molecule NH,CdCly by
Adams et al. [Adams 1971]. 60 normal modes of which three are acoustic modes are pre-
dicted:
10, +5B,, + 10By, + 5By, +5A, + 10Byu + 5By, + 108,

Ali the A,. By, Bx, and By, modes are Raman active.

The Raman spectrum obtained from solid KCdCly at room temperature is presented
in fig. 6.7d. The peak frequencies are listed i table 6.4. Ten bands have been observe. A
comparison of the spectrum of KCdCly with that of NH,CdCly [Adams 1971] indicates
that KCACl, is isostructural with NHyCdCl;. Bands at 221.5 and 248.5 o™ in the Cd-
Cl stretching region in the Raman spectrum of KCdCly correspond to the bands at 222
and 244 cm™" [Adams 1971] or 219 and 244 em™" [Clarke 1972] for NH,CdCl;.

The room temperature solid RbCdCly was suggested to be isostructural with
NH,CdCly and KCdCl;y [MacGillavry 1939, Wyckoff 1965a, Swanson 1967, Natarajan
1971, 1978, Barr 1974, Seifert 1979], with the space group Pnma (D%S). The structural
parameters of the unit cell and the atomic positions were also reported in detail [Swanson
1967, Natarajan 1978). The polarized Raman spectrum of a RbCACl; single crystal
[Natarajan 1978] exhibited two Raman bands in the Cd-Cl stretching region, at 220 and
250 em™.

Figs. 6.9 and 6.10 present the spectra of the compounds CsCdCly, RbCdCly and
KCdCly, grown from the melts, at room temperature and 77K respectively. In the Cd-Cl
stretching region there are two bands, at 248.5 and 221.5 em ™, for KCdCl, one band. at
249 em™, for CsCdCly, and no intense band for RHCACly at room temperature. These

results suggest strongly that CsCdCly, RbCdCly and KCdCly have different structures at
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room temperature, The result is in disagreement with previous studies which suggested
that these two compounds are isostructure. [MacGillavry 1939, Wyckoft 1965a, Swan-
son 1967, Natarajan 1971, 1978, Barr 1974, Seifert 1979]. Raman spectrum of RhCACly
is presented in fig. 6.9b. The present Raman study is in disagreement with previous
results. Bzuds at about 250 and 220 em™ [Natarajan 1978] were not observed in the
spectrum of the RhCACly sample grown from the melt in the present study.

It was reported that the crystal of RbCdCly grown from the melt had the tetragonal
structure at room temperature which stayed unchanged for one month in a closed glass

ampoul. However, after opening the ampoul in air the crystal became milky after four

hours and changed to the i ification after two weeks in air
[Bohac 1973]. Seifert et al. [Seifert 1986] found that the crystal of RbCACly grown from
the melt had a cubic perovskite structure, At room temperature this structure was reported
to transform to the orthorhombic GdFeO,-type with a transition temperature of 114°C,
However the orthorhombic form was only metastable. After several weeks a stable modi-
fication was formed with the NH,CdCls-structure (this crystal could be crystatlized
directly from an aqueous solution).

In order to study the unusual properties of this crystal, careful Raman studies have
been performed in this work. The crystal of RbCdCl; (I) grown from the melt did not
have the orthorhombic NH,CdCl; or KCACly structure at room temperature, The Raman
spectrum of this crystal did not show any intense bands in the Zd-Cl stretching region
(fig. 6.6a). Even after at least one year the Raman spectrum remained the same and the
crystal did not transform to a modification with NH,CdCly structure. The result is in dis-
agreement with Seifert’s work. However, when the quartz tube was opened to the air for
one week the sample gave a different spectrum. Apparently the crystal absorbed a trace
amount of water. It was reported that the content of the water absorbed was only 0.1%
[Bohac 1973]. The water was an impurity which stabilized a different structure, RbCdCly
(I). The spectrum of the solid RbCACly (II) displayed two strong peaks at 217 and 247.5
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cm™ in the Cd-Cl stretching region at room temperature (fig. 6.6b. table 6.4). The spec-
trum of RbCACly (1) is similar with that of a single crystal RbCACl, reported by Natara-
jan et al. [Natarajan 1978], The result suggests that RbCACly (I is isostructural with
NH,CdCl; and KCdCl;. In order to confirm the result, the RbCdCl; (II) sample was
dried at about 200°C for a couple of hours, then a spectrum was recorded at room tem-
perature immediately. The peaks at 217 and 247.5 cm™ disappeared completely (fig.
6.6¢). As expected the NH,CdCly-type structure, RbCdCl; (II). transformed back into an
anhydrous room temperature structure, RbCACly (I). In our conclusion, the stable modi-
fication of this compound at room temperature does not have a NH, CdCl-type structure:
while the wet RbCdCly (1) is isostructural with NH,CdCl;. The structure suggested by

previous studies is really for RbCACl; (I) which absorbed a trace amount of water,

6.2.2.4 RbyCd,Cl,

X-ray measurements [Aleksandrov 1988] suggested that Cs; Cd,Cl; is isostructural
with SryTi:0; [Ruddlesden 1958]; space group [4/mmm (D}}) with two formulas per
unit cell. The atoms have been placed in the positions: Rb(l) 2b with Dy, symmetry;
Rb(2) de Cy,: Cd de Cy,: CI(1) 2a Dy, CI(2) 8g Cs, and CI(3) 4e Cy,. Factor group
analysis based on the Dy, group predicts seventy two normal modes. The mode distribu-
tion is [Shabana 985]:

T =24, +2E, + 2Ay, + 2E,

Twns = 24y, +2E,

Tiwar = 24y, +2E, + 2Ay, + 2E,

Ty =24y, +2E,

Ta =24, + 2By, + 4E, + 2Ay, + 2By, + 4E,

T =24, +2E, + 24,

20

+2E,

Tyt = 8A1, + 2By, + 10E, + 124y, + 2B,

2 20

+ I4E,
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Cucoic = Az + E,
All the g modes are Raman active, the Ay, and E, infrared active and B, inactive.
Raman spectrum of the crystal Rb;Cd;Cl5 is presented in fig. 6,54 and the peak frequen-
cies are listed in table 6.4. Five peaks have been observed. A Raman spectrum for an
isostructural compound Rb, Mn-Cl- of a single crystal was reported [Briat 1984, Six
bands at 36, 78, 98, 115, 166 and 242 cm™" were observed. The present work indicates
that the spectrum for RbyCd,Cly is similar with that for Rb,Mn.Cl-. Therefore
RbyCdCly is isostructural with SryTiyO; or Rby MnyCly. The present work is consistent

with the X-ray studies [Aleksandrov 1988].

It is interesting that the compounds RbyCdiCly. Rb:CdCly, Cs\Cd+Cl, and
Cs2CdCly have the same tetragonal crystal structure (space group Dy, two formula units
per unit cell). CsyCd,Cl; and RbyCd,Cly are incongruent compounds, while CsyCdCl,
and Rb,CdCl, are congruent compounds. Perhaps it is the similar crystalline structure for

the incongruent A;Cd,Cl; and congruent A,CdCly that results in the difficult in the

of the pure i A;Cd+Cly, it for CsyCd+Cly.
Actually there were similar problems for the preparation of the compounds for the similar
systems [Katsumata 1982, Kohles 1982, Briat 1984, and Shabana 1985]. Briat ct. al
reported the preparational methods of the compounds Rb, MnCly and Rb; Mn,Cly, while

the pure compound Rb; Mn,Cl, was not obtained by Shabana in his thesis work.
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6.2.2.5 Rh4Cd3C|m and RdeSCIII

The pure compound Rb,CdClio was not prepared in this work, However the char-
acteristic frequency of the Cd-Cl stretching vibration was found to be about 229 cm ™
(fig. 6.4c, table 6.2). For RbCdsCl,, the stretching mode centers at about 215 cm™" (fig.
6.3,0.67 sample; table 6.2).

Tuble 6.6 summarizes the structures and vibrational frequencies in the most intense
regions for some compounds formed in the C4Cla/AC (A =K, Rb, Cs) systems. These
results indicate that:

a) the frequency decreases as the coordination number of the central Cd atom
increases.

b) in the network structure with CdCl, local unit, the frequency decreases in the order
of ACACly > A,CdCl,.

¢)  the frequency decreases as the mass of the alkaline metal cation increases.

The frequencies 229 (Rb,Cd;Clyo) and 215 cm™ (RbCdsCl,)) are just between the
frequency region for ACACIy (248 cm™) and A:CdCl, (208 cm™ for Rb,CdCly and 198

am™ for Cs,CdCly). According to the analysis described above about the relationship

between the coordinational structure and ical stretching vibrati q 3
the Raman results suggest that the compounds Rb,Cd3Cl,o and RbCdsCl,, have network

structures with local octahedral CdClg units.

6.3 Summary

Until now we have discussed the structures and properties for the compounds
formed in the CdCly/AC! systems. It can be seen that the ability to stabilize the com-
pound A,CdClg increases in the order Cs* < Rb* < K, but decreases for A CdCl; com-
pound along this series. In the CdCl,/CsCl system there is no compound Cs CdClg, but
Cs2CdCly: in the CdCL:/RbCI system there are both Rb,CdCly and Rb,CdClg; while in
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the CdCL/KCl system there is no K:CdCl,, but K,CdCl, Both Cs,CdCl, and
Rb,CdCl, have the same K,NiF, type crystal structure with linked octabedra. Both
K,CdCl and Rb,CdClg contain discrete CdCly species. The Cd atom in other com-

pounds A, CdCl,, have octahedral coordination structures e:

ept C5y CdCls which con-

tains discrete tetrahedral Cd/Cl}™ species in both the metastable low temperature phase

and the stable high temperature phase.

Although Cd follows a favourite trend to form an octahedml coordination structure,
the coordination number is still dependent on the alkali cation in case and the tempera-
ture, In summary:

a) In the solid state, the larger the size of the cation, the more stable the tetrahedml
CdCI3 species, conversely for octahedral CdCl, unit. K CdCly can not be formed;
Rb>CdCl, has the octahedral structure until melting; Cs, CdCl, has octahedral stuc-
ture at low temperatures but tetrahedral in the high temperature solid phase; while
[NE,],[CACL,] [Davies 1971] contains discrete tetrahedral CICI3™ species even at
low temperatures.

b,

There is a trend to stabilize the CdCl3™ species at higher temperatures. The low
temperature solid Cs; CdCl; has an octahedral structure, but the high temperature
phase contains discrete tetrahedral cdacry species. In the molten states tetrahedral
coordination of cadmium is the normal form even in the pure CdCly melt (melts will
be discussed in chapter 7),

As mentioned before the formation of the complex compound of the cadmium ion
with chlorides is unusual. Normally one expects large cations to stabilize largs anions and
one would expect Cs,CdClg rather than K, CdCl,, This unusual behavior can be related
to the special coordination properties of the Cd atom. The Ay CdCl, structure is unusual

but must result from the overall packing stability of the K" and Rb' salts.
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Table 6.1
The compounds identified by several previous studies on the CdCly/RbCl binary
systern,
Godeffroy Rnscact,
(1895)
Rimbach RhCuCLy
(1902)
Hofimann R Cct, RICLCL RRCuCH,
(1926)
Dergunov RhyCuct; ROGICH,
(1949)
Gromakov Rb\CUCly RhCuCl
(1950)
Seifert b, CdCl, RbyCdCl,  RMGHCl,  RB,GAWCl,  RRCUCH  RACUCI:,
(1968)
Drobasheva  gnicurt, RRGUCH,
(1971)
Bohac RhCuCl, RhCyCly RhCuCly
1972)
Seifert R, CUC, Rb, Cact, R0\CyCly RbCuCty
(1973)
Seifert R, CaCl, RbyCACl,  RO\CHCl;  Rb,GINCl,  RbCUCl,  RBCUCl,,

(1979)




Table 6.2

The Raman fr
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(cm™) of the

bands in the Cd-Cl stretching
regions and the corresponding suggested compounds in the CdClL/RDCT systems,

composition frequencieston™) compounds
X fast cooled slow cooled fast cooled slow cooled
RbCl
0.80 208.5
218 220 Kn,Cuact,
0.75 208 208 Rty R,
218 218 Rb,CC, Rb, Gl
067 207 207 Ruycuct, Rbacact,
0.63 207.5 207 Ry cuct, e
2335 335 RbVCyCly W
0.60 207 Rhscuct,
325 2325 Rty K,
0.56 209 Rnycuct,
32 229 Rb\CityCle K Gyl
0.50 e RhCaCH, RnCucly
0.33 215 215 RICILClyy LN
248 248 RhCact, Rt
0.17 215 215 RHCULCly, RBCULCY,.
232 232 cuer, cuer
KCI
@80 2 KCact
248.5 Kkeuer,
230 230 Kicacl, Ko,
067 221 21 Keuct
248.5 2485 Keuct,
230 230 K.,Cucly
0.50 21 21 Keuct, Kauer,
2485 248.5 Keucty Keuen




Table 6.3
The correlation diagram for K ,CdCly

CdCl§” intemal

point group site group factor group

0, Cy (S¢) Dyq
Ay / Ar \ Ay
Ty Ay

El E' EI

T, A = Au
. \ "
\ . £

CdClg” external

T, A, _— Ay
\ Ay

E, ——————

T A Au
\ = A
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Table 6.3 (continued)

K(1)2a K(2)6e
site symmetry factor group site symmetry factor group
D, Dy, Gi Dy,
di - i ==
Au § g.
S . B o= qu
E, — E,




Table 6.4
The frequencies (cm ') of the bands observed from solids K.CdCl,, RbiCdCl,.
RbyCdCly, KCdCly and RbCdCly (IT) at room temperature,

K.CdCl,  Rb,CdCl, assignments | RbyCd:Cl  KCACly,  RbCACI,

phase (II)

36(w)
67.5(w) 52(w) 55.5(w) 52(m) 42.5(m)
72(sh) 84.5(m) 81(m)
104.5 (m) 116(br) vs 92.5(m)
80(s) 101.5(m) 101(w)

124(m) 137(br) va 106.5(m)
134(m) 150(br) 143(m) 113.5(w) 114.5(w)
146(w) 158(br) 232.5(vs)  12l(w) 122(w)
137.5(w) 142(m)
156.5(s) 157(w) 158(w)
178(w) 163(w)
185(w) 220.5(m)  217(m)
230(vs) 221(s) v 2485(s)  247.5(s)

* w - weak: m - medium; br - broad; sh - shoulder: s - strong; vs - very strong
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Table 6.5

The Raman frequencies for the bands in Rb:CiCl, and Cs,CdCl, compounds at room
temperature

RbCACl, Cs»CdCly intensity
207 209" 108 strong
88 89 92 wenk
84 85 69 weak
546 2 very weak

* Ref. [Aleksandrov 1985b]
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The center frequencies (cm™') of the most intense bands and structures for some
coordination compounds in the CJCl/ACI (A =K. Rb, Cs) systems at room tempera-

ture.,
compounds structure frequency (em™)
Rb,CdCly Cdcly” species 221
KiCdcl, CdCly species 229
CsyCdCly CUCly species 275
CsaCdely CdCl} species 268 (>435°C)
Cs:CdCly 198
RbsCCt, network” 209
CsyCdyCly network 221
RbyCdCly network 232.5
RbyCdyClyg network 229
CsCdCly network 248
RLCACI (1) network -
RbCdCly () network 2475
217
Kcdcly network 2485
2215
CsCdsCly, network 215
RbCdsCly, network 214

“ network of linked octahedral CdCly units.
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T(C)
700

600
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Fig. 6.1
Phase diagram of the CJCI./RhCI binary system. Redrawn from Ref. {Seifert 1979].
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Fig. 6.2

Raman spectra observed for the CJCI/RACE solid systems with x from 0.80 to 0.56.
Temperature 25°C; Slits 2em ',
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0.43
RbCdCly

0.50

0 100 200 300 400

Wavenumber (cm™')

Fig. 63
Raman spectra observed for the CJCI/RACE solid systems with x from 0.50 1 0.17.
Temperature 25°C; Slits 2 cm .
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\/\WJL o
Rb,CdsClyg
©

®
Rb,CdClg
(a)
— T T T T T 1
0 100 200 300 400

Wavenumber (cm™')

Fig. 6.4
Raman spectra observed for slow and fast cooled 0.80 and 0.56 samples to show the
peaks due to incongruent compounds Rh,CUCl, and Rh,Cd\Cl,,. Temperature 25°C;
Slits 2 «m™'. (2) slow cooled Rh,CdCl,; (b) fast cooled Rh,CUCl,: (¢) slow cooled
Rh,Cd \Clyo; (d) Fast cooled Rh,Cu(Ctyy.
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(O]

RbyCdyCl,
+ Rb,CdCl,

©

Rb3CdyCl;

@)

x

400

Wavenumber (cm”')

Fig. 6.5

Raman spectra observed for slow and fast cooled 0 63 and 0.60 samples to show the

peaks due to i Rb\CUC

slow cooled Rh,Cu,Cl-; (b) fast cooled Rh,Cd.
fast cooled 0.63 sample.

25°¢; Slits 2.em ' (a)
(¢) slow cooled 0.63 sample: (d)
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Fig. 6.6

Raman spectra of RhCuCly (I) and (II). (a) RhCUCI; (), before opening the quartz
tube; (b) RhCdCI, (), afier opening the quartz tube for a week; (c) RbCJCI, (1), after
drying the RbCdCly (IT). Temperature 25°C; Slits 2 cm™'.
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Kcdcly
(d) 0.50

(c) 0.67

)
K.(CdCl,
(@

=0

T T —r—

T
0 100 200 300 400

Wavenumber (cm™')

Fig.6.7
Raman spectra observed for the CJCI/KCl binary system. Temperature 25°C; Slits 2
em’", (a) slow cooled K,CuCl,; (b) fast cooled K,CuCly; (¢) slow cooled 0.67 sample;
(d) slow cooled KCuCl;.
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(solid)
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Fig. 68

Raman spectra for samples at different temperatures for the compound RhyCJCl, at
the temperatures as indicated. Slits 2 cm ',
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Fig. 69

Raman spectra for solids C\CuCl,, RhCACly, and KCJCI,. Temperature 25°C; slits 2
om’!. (a) CsCdCly; (b) RACUCL; (€) KCCly.
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Fig. 6.10

Raman spectra for solids C\CuCly, RACUCE,, and KCJCI,. Temperature 77K: Slits 2
om ', (@) CxCUCHy: (b) RACUCI; (€) KCUCT.



-12-
Chapter 7

RAMAN STUDIES OF THE CdCllesCl AND
CdCl1,/RhCI MOLTEN SYSTEMS

7.1 Introduction

In chapters four, five and six. Raman spectra of the CdCl./ACI (A = Cs, Rb, K)
solid systems have been discussed. The coordination property of the Cd atom depends on
the type of the alkali cation in case and the sample temperature in the solid systems.
Three types of coordination of the Cd complex dominate in the solid states i.c. discrete
tetrahedron, discrete octahedron and linked octahedra. The larger the size of the cations
and the higher the temperature, the more stable the tetrahedral configuration, conversely
for the octahedral structure.

The coordination structure of a complex species in melt is much more complicated
compared to the solid state. A species is under complicated thermal motions in the molten
state. One must consider both the kinetic and thermodynamic (energies) stability of a
species in the studies of the local structure. A discrete species must have both kinetic and
thermodynamic stability. The lifetime of this species should be long enough to detect by
some experimental methods but the apparent structure could depend on the method of

ratis is a relatively fast detection method and any local
structure that persists for [0™"' or 1072 second may be detected. NMR is a relatively slow
process and species that exist for times between 10 and 10" second would be unre-
solved. X-ray and elastic neutron diffraction are very slow processes and time-averaged

structures are obtained.
In the CdCl:/AC! melts, there is strong evidence for the existence of the cdcl™
species in the ACI rich melts but there is much uncertainty about the coordination and

structure of the CdCl, rich melts. Previous studies [Clarke 1974] indicated that at very
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high temperature, in the molten state. the tetrahedral complex CACl,™ ion was found to
exist predominantly in the ACl-rich mixtures. Even when the molten system was diluted
by another molten solvent, like molten potassium tetrachloroaluminate, C4Cl,*" was still
the most important cadmium complex species [Clarke 1974]. Recently X-ray studies
[Takagi 1989] the hedral ion (C4CL,) in the pure CdCls melt.

Furthermore, as early as in 1969, the calorimetric studies [Bredig 1969] have suggested
strongly in favor of the stability of a tetrahedral CdCl,*" ion in the molten state.

The CdCl; species was found in aqueous solutions [Davies 1968]. Raman spectro-
scopic studies [Clarke 1972b] and electrochemical measurements [Inman 1961, 1965]
indicated that C4Cl5 existed in molten sodium nitrate-potassium nitrate solvents, In the
molten CdCl,/ACI (A = Cs, K) system, Clarke et al. [Clarke 1972a] suggested that when
either CsCl or KCI was added to molten CdCls, the bandwidth of the Cd-Cl stretching
band decreased vary rapidly and became symmetric. The peak frequency of the intense
Cd-Cl stretching mode was reported to increase to a maximum value at C/7/Cd*" = 3.
These authors suggested that the structural unit involved might be CdCl; or else CdCl,*
with two chlorides shared with neighboring cadmium ions in the CsCdCl; melt. No stud-
ies have confirmed whether or not the CACI3 species is a stable species in the CdCl./ACI
mlts, Although in principle discrete species generate unique spectra, it is sometimes
hard to identify the species. One of the methods to assist the interpretation of a Raman
spectrum from the molten state is to study the same system in the solid, glassy, vapor and
aqueous phases. In this chapter, an excellent example of this kind of studies will be pro-
vided. Interpretation of the spectra of the CdCl;/ACI (A = Cs, Rb) melts can be aided by
the studies of the same systems in the solid states.

In this chapter the effect of the concentration of the alkali cations and different alkali
cations on the coordination property in the CdCl;/AC! (A = Cs and Rb) molten systems

will be also discussed.
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7.2 Results and Discussion

7.2.1 CdCLICsCl melts

Polarized and depolarized Raman spectra (I(v)) over a frequency range from 50 -
400 cm™ for the molten CACL/CsCl systems in a composition mnge from « = 0 to 0.80
mole fraction of CsCl are presented in fig. 7.1. The cornesponding polarized and depolar-
ized reduced spectra (R(v)) obtained by employing a reduction R(v) function in fig. 7.2

and the isotropic spectra in fig. 7.3. A schemati fon of an experi seat-

tering geometry for the imeasurements of the polarized and depolarized spectra are shown
in fig. 7.4. The isotropic spectra were generated from the corresponding reduced spectra,
Ry - 1.33R] . Take the spectrum of the Cs;CdCly melt as an example. The procedure
used to ouain an isotropic spectrum is shown (fig. 7.4). The center frequencies of the
most intense bands in the R, spectra, the values of the Fullwidth at Half Height (FWHH,
[y,) from the reduced isotropic spectra, the values of the T',, from the R spectra are
also listed in table 7.1.

x20.67

Almost identical spectra have been observed for the x 2 0.67 melts (fig. 7.1-7.3).
The center frequencies and FWHH for the Cd-Cl stretching v, mode have the same val-
ues (table 7.1). The result indicates that the three melts contain the same complex
species. The fact that the Raman spectra for x 2 0.67 are essentially identical suggests
that the maximum coordination number of the cadmium ion is four in the CsCl rich melts.
This result is in excellent agreement with previous studies (e.g. ref. [Clarke 1974, 1972a,
1972b]) that suggested that the CdCl,*" ion exists in the AC rich mixtures.

The characteristic Raman spectra suggest that the complex species has a tetrahedral
structure. For a tetrahedral species, the distribution of the normal modes is A; (v)) + E
(v2) + 2F5 (v3, v4). All the four vibrations are Raman active. Usually the frequency of the

vy mode is higher than that of the v mode. For examples the v, peak is at about 460
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em™, vy at 762 cm™ for the CCl, molecule in the liquid [Brooker 1986]: and the v, at
about 350cm ™", vy at 487 cm”' for the tetrahedral AICL; species in the AICIy/KCl melts
[Dye 1971] (fig. 7.5). For an octahedral molecule, three normal modes v,. v: and v are
Raman active, v; and v, are infrared active. Usually the frequencies of these Raman
active modes increase in the order vs < vy < v,. Forexample, the v, peak centers at 373
am™, vy at 281 cm™ and vg at 175 cm™ for NBCl; [Bues. 1973): and v, at 535 o™, v
at 390 ™ and vg at 345 om™ for AIFS” [Gilbert 1975].

The assignments of the bands of the tetrahedral species are based on the careful
measurements of the polarized and depolarized spectra, It appears that the v(E) and
v4(F) bands normally expected for a tetrahedral species overlap and give rise to a broad

depolarized band at 105cm™". The v, and v; modes appear to be almost coincident but

may be di iated by the small di in peak freq and large di in
halfwidth, The v,(A) mode in the R,,, spectrum has a peak maximum at 261 cm™" and a
halfwidth 35 cm™ whereas the v, mode in the R has a peak maximum at 260 em™ and
a halfwidth 63 cm™'.

It appears that the v| and v; have similar frequencies. For a tetrahedral species, the
frequencies of the v, (A;) and v, (E) are independent and the v; (F) and v, (F) are depen-
dent on the mass of the center atom. Normal coordination calculation, fora model MCl
with a fixed force constant, indicated that the frequencies of the vy and v, modes decrease
with increase mass of M whereas the v, and v, modes remain at constant frequencies (the
calculations will be discussed in detail in chapter 9). The mass of Cd is approximately
that will give the v, = vy while for more heavy atoms v; < v|. In fact the vy may have a
lower frequency than the v, for a tetrahedral CdCl,*" species in the solid state. The
metastable Cs;CdCls contains discrete CACl,* species with the characteristic v, fre-
quency 275 cm™ and v; 261 cm™ at 25°C [chapter 4 in this thesis]. A similar result was

reported for (VE?,): CdCl, solid for which the v, mode centers at 265 cm™' and v, at 250



-6~

cm™ [Davies 1971},

Band resolution (fig. 7.6) gave that the intensity ratio of the depolarized band at 260

cn”™ in R and the polarized band at 261 em™ in Ry of the Cs:CdCly melt is about
0.083. The values of the relative intensities are 1468.85 (R ) and 15111.7 (R,,) respec-
tively (fig. 7.6). Since Ry = R, + 1.33R then R) / R, = 0.083. The large value of the
ratio of the relative intensities is about that expected for the vy mode of a tetrmhedml
species, The depolarization ratio of the v; mode of a tetrahedral species is expected to be
very small (p£0.01).

The similarity between the Raman spectra of the high temperature solid and the melt
of Cs;CdCl, further supports the tetrahedral structure, Table 7.2 tists several C-Cl sym-
metrical stretching frequencies for the three possible coordination states in solids. The
frequency of the v, band for the C4Cl,*” species in melts is 261 ca™ which is close to
the v, frequency 268 cm™ for the discrete CdCI,*™ species in the high temperature solid
Cs,CdCly at 452°C. X-aay that the high solid of

Cs>CdCly contains the discrete tetrahedral CdCl,*” species [Seifert 1986].

x<0.67
For the x < 0.67 systems, the assignments of the species were based upon a close

examination of the variation of the relative peak intensities, center frequencies and band-

widths with composition.
The Raman spectra (fig. 7.1-7.3) of the melts with different compositions indicated
that:

i) As x decreases the frequency of the most intense band increases gradually 1o a max-
imum value 264.5 cm™ at x =0.50, then decreases gradually (table 7.1). The depo-
larized bands at ~265 - 282cm™ and about 105 cm™" are observed in these spectra.

ii) The FWHH of the v, band increases gradually from 35 cm™ for the x =0.80, 0.75

and 0.67 melts to 123 cm™" for the x =0, the pure C4Cl; melt (table 7.1).
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iii) The v, bands in the isotropic spectra (fig. 7.3) of all melts are symmetric.

The variation tendency of the with the ition suggests a

configuration in all of these melts.

Tt was reported that the spectrum of the CsCdCly melt might be explained by a tetra-
hedral CdCl,™ species or a CdCI; species with Dy, syrmetry [Clarke 1972a]. The pre-
sent Raman studies indicate that there are at least two reasons to suggest that the CdCl5
species is not the predominate species in the CsCdCl; melt.

i) The FWHH of the intense polarized band increases gradually as the concentration
of CdCl, increases. For the x = 0.67, 0.60, 0.56 and 0.50 samples the values of the
FWHH of this band are 35, 44, 50 and 61 cm™ respectively (table 7.1. figs. 7.1-7.3). If
the CdCl; species exists w1 the CsCdCly melt, the melts with x = 0.56 and 0.60 should
contain two species, ie JdCly and CACL™ (discrete CACL* species exist in the x =
0.67 melt). The FWHH of the v; band should be almost the same for these two samples
and the value should be at least 61 cm™ (the value of the FWHH of the v, band for the
CsCdCly melt).

iii) The peak frequencies of the v, bands for the x = 0.67, 0.60, 0.56 and 0.50 sam-
ples are 261, 262.5, 263, and 264.5 cm™ respectively. If the CdCl; species was stable, the
v, band for the x = 0.56 and 0.60 samples should contain two components one due to
CdCl; and another due to CdCl,*". The relative intensities of these bands should change
as the concentration of the CdCl, changes, i.e. as the relative concentration of the CdCl}
and CACl,*" species changes. However both the isotropic spectra remain very symmetric
(fig. 7.3) for all of these samples. Band resolution for the intense polarized band indi-
cates that there is only one band for the x = 0.67, 0.60, 0.56 and 0.50 samples and that the
shift in peak maximum is coniinuous (figs. 7.6 and 7.7). Raman spectra of the KCI/AICl;
melt [Dye 1971] showed two separated polarized peaks in the Al-Cl stretching region due

to two discrete species, AICI; and ALCl7 (fig. 7.5). The relatie intensity of the bands
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due to the AICI; and AL Cl; species changed as the change of the concentration of KCI.
Clearly there is no evidence to suggest the presence of a two species equilibrium in the
CdClL/ACI melts with x < 0.67. It seems very possible that the lifetime of the €7~ fon on

the Cd becomes too short for discrete species to bz identified.

The vibratig and i i fon times can be related to the FWHH of

the isotropic and anisotropic spectra [Brooker 1986]. If the correlation function Gtt) is

exponentially decaying with time
G(r) = Aexpt/r
where 7 is the correlation time, the band profile in frequency space will have Lorentzian

shape with full width at haif height (cr ™) which is related to the correlation time as fol-

lowing equation.
= rer

For a totally ic vibration, the vibrati and i i times [, and T'g can

be determined from the halfwidth of the isotropic and anisotropic spectra i.c.
Liw=T, =Ty
Cauieg =Ty =T, + T
7' =xcl,
T7 = rclg= el -Ty)
The approximate values of the calculated T';,, are listed in table 7.1 (Since the depolariza-
tion ratio of the v, band is very small and the presence of the vy interferes it is difficult to
measure the [, of the v; band to obtain the reorientational time.). The values of the
T',,, of the species in the x = 0.80, 0.75 and 0.67 samples are the same as expected (0.38
ps). When the concentration of the CsCl decreases, the value of the T,,, decreases. The
long lifetime (0.38 ps) indicates a discrete, stable C4C{s*" species which gives a well

defined, characteristic Raman spectrum of the tetrahedron. When the concentration of the
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CsCl decreases the lifetime of the tetrahedral complex ions decreases. Many short-lived
linked tetrahedral ions with fast exchange CI” between these ions appear to exist in these
melts.

The analysis above suggests that the structure of the complex ion changes with the
change of the composition of the melt from discrete CdCl,*" species in the x 2 0.67 melts
to short lived. linked tetrahedral ions in the x < 0.67 melts and results in the shift of the
characteristic vibrational frequencies. For example, the depolarized vy mode shifts toward
a higher frequency with the increase of CdCls. The continued presence of the vy mode
(higher than v,) indicates the retention of the tetrahedral coordination rather than octahe-

dral,

722 CdCIz)RbCI melts
Raman spectra of the CdCl;/RbCl melts are presented in figs. 7.8-7.10. The peak
frequencies and values of the T,, T, . and 7, are listed in table 7.1. These results indi-

cate that there is the same variation in the for different ions of the

alkali metal ions in both the CdCL,/CsCl and CdCl;/RbCl melts. Similar analysis as
described above for the CdCly/CsCl melts suggests that there are the similar complex
species structures in the CdCly/RbCI melts as inthe CdCl,/CsCl melts.

The comparison of the spectra obtained from the C4CL/CsCl and CdCly/RbCl sys-
tems gives information about the effect of the different alkali ions on the cadmium com-
plex ions,

i) The central frequencies of the v; modes for these two systems are of almost the
same values in the corresponding compositions in the molten states, even for the discrete
cdct* species (261 cm™" for both CsCl and RbCl) or bridged CdCl; unit. The values
are different in the solid states, For example, the central frequency of the most intense
band is about 198 cm™ for CsyCdCly, 207 cm™ for the isostructural compound

RbyCdCly at room temperature. The result indicates that there is little effect on the



-120-

vibrational frequencies to replace the Cs* by Rb' in melts. but much larger effect in
solids.

ii) Although the central frequency of the v, mode of the complex ion does not shift
for different alkali metal ions. the FWHH of this band is changed (table 7.1, fig. 7.11).
For instance, for the x = 0.80 sample the halfwidth is 6 cm™ greater for the rubidium
sample than for the cesium sample. This difference continues for x < 0.80 but should
approach zero for pure CdCl,. The halfwidth of the vy mode is almost unaffected.

The dependence of the bandwidths on the Rb" and Cs” ions reflects the magnitude
of the interaction among the alkaline cations and the cadmium complex ions. The broad-
ness of the bandwidths for the CdCl/RbCI melts indicates a stronger interaction (greater
range of environments) among the Rb* and the complex ions compared to that among the
Cs* and the complex ions in the molten states. Meanwhile the same result was obtained
for the solid state which has been discussed in the last chapter. The linked octahedm
could be broken into discrete CACl,"" species in the high temperature solid Cs,CdCl,,
but not in RbCdCl,. In conclusion, the interaction among the alkali metal cations and
the Cd complex ions increases with decrease in size of the alkali cations in both the solid

and molten states.

7.23 Pure CdCl, melt

Many previous studies have been performed on molten CdCl, by several methods,
but the coordination structure of the cadmium ion suggested in molten CdCl was incon-
sistent. An earlier Raman measurement by Bues [Bues 1955] suggested that CdCly

! was

retained its layer structure in melt. A broad Raman band peaked at 215 cm”
reported. Clarke [Clarke 1972a] et al. found that the Cd-Cl stretching vibration had a
complex bandshape which changed with temperature. They suggested that there were a
number of different coordination geometries of C4** in the C4Cl, melt. A recent X-ray

studies by Takagi et al. [Takagi 1989] indicated the tetrahedral configuration (CdCly).
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! which was in dis-

Their Raman spectrum showed a single polarized band at 229 cim”
agreement with other studies [Takagi 1989, Bues 1955, Tanaka 1963] at about 210 - 217
o™,

Because of the high scattering intensity in the low frequency region. it is hard to
analyze the I(v) spectrum for this kind of melt. In order to deduce the structural informa-
tion froin the analysis of the bandshape, the reduced spectrum was obtained in the present
study. The /(v), R(v) and isotropic Raman spectra for the CdCl, melt are presented in
figs. 7.1, 7.2 and 7.3 (x = 0) respectively. The central frequency in the Cd-Cl stretching

region in the /(v) spectrum is about 215 cm™ which is in good agreement with the most

previous studies [Bues 1955, Tanaka 1963]. In the R(v) spectrum the peak maximum

! since the background scattering is reduced. Further there is a

shifts to about 238 cm”
depolarized band at ~281 cm™". Like other spectra obtained from the C4Cl./CsCl and
RbCl melts, the intense band in the isotropic reduced spectrum of the C4Cl; melt is sym-
metric. These results suggest that the basic tetrahedral CdCl coordination structure is
retained in the pure CdCl, melt.

Crystalline CdCl has a typical layer structure with a comer-shared linked CdClg

unit. Raman overa wide range from 25°C to above

the melting point (fig. 7.12 I(v), fig. 7.13 R(v)) indicated that no structural phase transi-

tion was observed in the solid states within this range. The peak
decreased and the bandwidths increased gradually with the increase of temperature. At
about 560°C, a few degrees below the melting point (568°C), the frequency of the Cd-Cl

ing vibrational mode to 228 cm™. However, when the temperature

increased to about 580°C (above the melting point), the frequency of this band increased
10238 ¢em’™" in the molten state (fig. 7.14). Usually if a complex species has the same
coordination in both the solid and molten states, the frequency of the intense band for the
melt would have a lower value compared to that for the solid state. For example, as dis-

cussed in chapters four and five, the v, frequency for the CdCl,*" species is about 261




-122-

on™ in the Cs;CACL, melt (475°C). but 268 em™ in the high temperawre solid
Cs:CdCl, at 452°C. The increase of the v, frequency suggests that the coordination
number of the Cd** decreases as the solid CdCly melts. The result further supports the
tetrahedral structure in the CdCl, melt.

The Raman studies indicate that molten C4/CY, has the cadmium ions with tetrahe-
drally coordinated structure. The extent to which a Raman peak merges into a back-
ground scattering reflects the stability of a coordination sphere. Weak. hroad Raman scat-
tering superimposed on a broad Rayleigh wing is indicative of ill-defined. short-lived
species. For example, only a weak shoulder can be observed on the Rayleigh line for
molten CaCly, SrCl, and BaCl, in which no stable discrete complex species exist [Bun-
ten 1984] However, a strong Raman band can be resolved for MgCly [Bunten 1984,
Huang 1976] in which it has been suggested that the Mg:‘ ion also retains a basic letrahe-

dral coordination. The relatively high intensity for the peak centered at 215 em ™'

in
molten CdCl, (fig. 7.13) indicates that the cadmium forms well defined complex species

inthe pure CdCly melt.

7.3 Conclusion

‘The tetrahedral coordination is the favorable configuration of the cadmium ion in
the CACL/ACI (A = Cs and Rb) melts. For the x 2 0.67 melts discrete CACL,*" species
are present. For the x < 0.67 melts (including the pure CdCly melt) short-lived tetrahe-
drally coordinated complex ions persist (with Cd-CI-Cd bridges). The short-lived local
tetrahedral units have a continuous distribution of the Cd-C1 bond lengths due to the fast
exchange of the bridged CI” ions among local CdCl, units. As a result the Cd-Cl stretch-

ing Raman band becomes very broad. The i jon between the cadmi hlorides

complex ions increases with the decreased size of the alkali metal ion.



Table 7.1
The center frequencies (cm ™) and the FWHH of the v, and v; bands, and the values
of the calculated vibrational lifetime of the complex ions for the CdCl./CsCl and
CdCL/RbCl molten systems,

b
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composition Vi Ly isn T
2 vy T,
mole fraction of ACI (em™) (em™) (ps) (em™) m™)

CsCl
0.80 261 35 0.30 260 63
0.75 261 35 0.30 260 63
0.67 261 35 0.30 260 63
0.60 262.5 44 0.24 265 66
0.56 263 50 0.21 270 70
0.50 2645 61 0.17 276 73
0.40 261 78 0.14 281 85
0.33 254 100 0.1t 282 104

0 238" 123 0.09 281 125
RbCl
0.80 262 4i 0.26 260 63
0.75 262 41 0.26 260 63
0.67 262 41 0.26 260 63
0.63 262 45 0.24 262 64
0.60 262.5 49 0.22 263 66
0.56 263 55 0.20 267 68
0.50 264 63 0.17 276 3

Calculated from T,

2150m”

vidsn

Vi I(y) spectrum



Table 7.2

Several Cd-Cl ical vibrati ies of possible inati states
in the cadmium chloride aikali metal chloride binary system.

state frequency (cm™) [§&)

cdcly K,CdCls 230 25
Rb,CdCls 21 25

cdCl Cs,CdCls 275 25
268 390

Cs,CdCl 268 452

linked CsyCacl, 198 25

octahedra

Rb,CdCl, 209 25
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Fig. 7.1

I(v) Raman spectra for the molten CdCl/CsCl system. Slits 2 em™ . X - the mole

fraction of CsCl; T - sample temperature.
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Fig. 72
R(v) Raman spectra for the molten CdCly/CsCl system. X - the mole fraction of
CsCl; T - sample temperature.
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Fig. 7.3
Isotropic Raman spectra (Ry - 1.33 R ) for the molten CdCl/CsCl systems. X . the
mole fraction of CsCl; T - sample temperature.
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Fig. 74
A example of the method to obtain the isotropic spectrum (the example is for the
Cs;CdCly melt). @ The intensity at 261 cm™" in R} is due to v;.
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Fig. 1.5
Raman spectra for the A/ClyKCl melts [bye 1971).
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Wavenumber (cm™')

Fig. 76
Band resolution for the isotropic (top) and depolarized (bottom) spectra for the
Cs,CdCl; melt. The smooth line is the best fit curve calculated with a Lorentzian

function for isotropic spectrum (top) and a product function for depolarized spec-
trum (bottom).
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Wavenumber (cm™')

Fig. 7.7
Band resolution for the isotropic speztra of the CdCly/CsCl melts with x = 0.60
(top), 0.56 (middle) and 0.50 (bottom). The smooth line is the best fit curve calcu-
lated with a Lorentzian function for each of the spectra.
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Fig. 7.8

I(v) Raman spectra for the molten CdCly/RbCI system. Slits 2 em™. X - the mole
fraction of RbCI; T - sample temperature.
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Fig. 79

R(v) Raman spectra for the molten CdCly/RbCI system. X - the mole fraction of
RbCI; T - sample temperature.
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Fig. 7.10
Isotropic Raman spectra (Ry - 1.33 R | ) for the molten CdCly/RbCI system. X - the
mole fraction of R6CI; T - sample temperature.
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Fig. 7.11
Plots of FWHH vs. compusitions tor the CdCly/CsCl (x line) and the CdCl.'RbCI
(A line) molten systems. n = CI™/Cd*".
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Raman spectra, R(v), for solid CdCly at dilferent emperatures at the emperatures

as indicated. Slits 2 em™".
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Chapter 8

RAMAN STUDIES OF THE PbCL,/CsCl SOLID SYSTEM

8.1 Introduction

In the previous chapters. Raman studies of the structural properties of cadmium
chloride alkali metal chlorides have been discussed in detail. Lead chioride is an ionic
crystal but has a special character of the electrical conductivity due only to the movement

of chlorides [Mendes-Filho 1979]. From the point of view of the electrical conductivity

lead chloride was i as a typical anioni s with number £,
=0,7.= 1 and 1, = 0 for all temperatures up to the melting point at 510°C [Melo 1979).
The ionic motion was explained by the Schottky mechanism through the mobility of
anion vacancies [De Vries 1963, Simkovich 1963, Mott 1957]. The Raman modes of
PbCl, at room temperature were divided into two classes reflecting the special, different
motions of the Pb™* and CI” ions, one involving motions of the lead ions at frequencies
below 100 cz™'; and the other involving motions of the chloride ions corresponding to
frequencies greater than 100 cm™ [Ozin 1970).

In the solid state PbCl, exhibits a higher electrical conductivity [De Vries 1963,
Simkovich 1963, Julido, 1973]. At room temperature the ionic conductivity of solid
PbCl, is around 108 ohm” cm™!. This is halfway, on the logarithmic scale, between the

low ionic conductivity of solid NaCl at room and the high ivity of

superionic conductors, e.g. RbAg,[s [Mendes-Filho 1979].

However, in the molten state it was reported that the PbCl; melt has a different
effect of pressure on the electrical conductivity compared to the CdCl; melt (Cleaver
1990]. The P6Cly melt was found to have a reduction of conductivity with pressure but,
in an opposite way, the conductivity of the CdCl, melt increases with pressure.

The electrical conductivity is related to the number of the current-carrying ions in a



-139-

system, hence related to the inability to form stable complex ions in melts. It is interest-
ing to compare the structures, and the kinetic and thermodynamic stability of the complex
ions in both the solid and molten states for these two kind of MX, salts, CdCl, and
PbCLs.

Many previous studies have been performed on pure PbCly [e.g. Ozin 1970, De
Vries 1963, Simkovich 1963, Julido 1973, Mendes-Filho 1979, Oberschmidt 1980, Melo
1984, Zelezny 1988] and the lead chloride alkali metal chlorides molten systems [e.g.
Balasubrahmanyam 1963, Maroni 1971]. The formation of the complex ions in the lead
chloride alkali metal chloride melts has been suggested previously [e.g. Lantratov 1953,
1960: Yoshida 1973; Boardman 1949; Barton 1959; Balasubrahmanyam 1964}, but rela-
tively few studies have been reported on the lead chloride alkali metal chlorides solid sys-
tems [Oyamada 1974}, In this chapter the P6CL,/CsCl solid systems with different com-

positions will be discussed.



8.2 Results and Discussion

8.2.1 Compound formation

A thermodynamic study suggested that three compounds, Csy PbCly. Csy PbCI, and
CsPbCly, formed in the PbCL,/CsCl binary system [Struktur 1952]. The phase diagram
suggested by Struktur is presented in fig. 8.1. However an earlier phase equilibrium study
gave a phase diagram with compounds of different compositions [Gromakov 1950].

The Raman spectra obtained from several samples with different compositions for
PbCly/CsCl at room temperature are presented in fig 8.2 (mole traction of CsCl, x. lrom
0.83 to 0.60) and fig 8.3 (x from 0.50 to 0). Two compounds. Cs,PbCl, and CsPbCl,.

have been identified by the present Raman studies.

Cs4PbCle:

Raman spectra for samples with x =0.83 and 0.80 are essentially identical (fig. 8.2).
The characteristic Raman spectra suggest the formation of a compound Cs;PbCl,. An
intense band centered at about 201 cm™ at room temperature was observed in the Pb-Cl
symmetrical vibrational region of the Raman spectrum of Csy PbCl, characteristic of a
discrete octahedral PbCl;” species.

Cs4 PbClg is an incongruent compound. The peritectic reaction was suggested to be

[Struktur 1952]:

Cs,PbCl,, = CsCli, + liquid

Compared to K,CdCls and Rb,CdCls, the peritectic reaction of Cs,PbCl, is much faster.
The preparation of this compound is relative easy. In principle, the sample with composi-
tion x = 0,80 quenched from the melt to room temperature should give a mixture of com-
pounds Csy PbClg, CsPbCly and CsCl. Since CsPbCly was found to have a poly-domain
structure [Hidaka 1983], no characteristic Raman bands in the Pb-Cl symmetric stretch-

ing region and no intense peaks in the external, low frequency region were observed in
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the present study. CsCl gave only weak second order scattering in the 150 cm™' region.

Therefore both the fast and slowly cooled x =0.80 samples gave similar Raman spectra.

CsPbCly:

Similar Raman spectra were observed for the samples with composition 0.50 < x <

0.80 (fig. 8.2). The relative intensity (relative to the Rayleigh background scattering at
low frequencies) of the characteristic bands due to the octahedral PHCly species
decreased with the decrease of the mole fraction of CsCl (fig. 8.2). At x =0.50 the char-
acteristic bands due to PbCI3 disappeared completely (fig. 8.3) and only a weak peak at
about 57 em™ and a broad band at 113 cm™ were detected and attributed to CsPbCly. No
intense bands were observed in the Pb-Cl symmetric vibration region for the x = 0.50
sample (fig. 8.3). When the composition of CsCl further decreased, a set of the bands due
to pure PbCl; appeared. The relative intensity of the bands due to PbCl, increased with
the decrease of x. These results suggest the formation of the compound CsPbCly with
only two weak Raman bands at room temperature. No other compounds were identified
inthe PbCl; rich samples.

CsPbCly was found to be a congruent compound. Both the fast and slowly cooled x
=0.50 samples gave similar Raman spectra. The result is in good agreement with Struk-
tur's work [Struktur 1952].

The compound Cs, PbCl, suggested by Struktur [Struktur 1952] was not identified
in the pres at Raman studies. The spectrum of a sample with the composition x = 0.67
suggests that this sample is a mixture of the compounds Cs4 PbClg and CsPbCls (fig. 8.2,
x=0.67).




8.2.2 Structures and Properties

8.2.2.1 CsPhCl

An early X-ray study [Ducloux 1924] reported that Cs, PbCly is isostructural with
K,CdCl,, space group R3c (D5,):a = 13.187 and ¢ = 16.641 &: z = 6, Discrete vetahe-
dral PbCl," species were proposed. However another X-Ray measurement [Petrov 1987]
indicated that Cs,PbClg is monoclinic, space group B2/b with a 13449, b 9417, ¢
13.181 &, and y91.61° . The Pb atom was found to be octahedrally coordinated to six CI
atoms to form a discrete octahedral PbC¢” species.

Raman spectra of solid Cs; PbClg at 77K (fig. 8.4a) and at room temperature (fig.
8.4b) are presented. The peak positions of the bands are listed in table 8.1. The character-
Istic Raman spectra suggest that Cs, PbCl, contains discrete octahedral PbCly” species.
The v, mode, totally symmetric Pb-Cl vibration, appeared at about 201 ¢m™ at room
temperature and at about 202 crm™ at 77K. Broad bands centered at 98 and 116 cm™
were atiributed to the vs and v; modes respectively. At 77K the corresponding broad
bands resolved into six peaks at 83,93, 100.5, 108, 119.5and 131.5 cm ™' respectively.

The octahedral PbClg" species appeared to be present in solid Cs, PbCl, at all tem-
peratures. The Raman spectra obtained from Cs;PbClg over a wide temperature range
from 25”(; to above the melting point are presented in fig. 8.5. The solid sample at differ-
ent temperatures gave similar spectra which indicate that there is no structural phase tran-
sition within this temperature range.

Usually a peak shifts to a lower frequency with an increase of temperature in the
absence of a structural phase transition. An interesting result of the present study is the
fact that the v, mode of the Pb-Cl strerching vibration of the PHCI{™ species shifted

slightly to higher ies at higher The center fr ies at come-

sponding temperatures were found to be:
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T(°0) 25 100 200 300 350 400 450 500
vy (em™) 201 201 201.5 2015 202 2025 204 207

In the molten state, this peak shifted abruptly to about 236 cm ™" at 560°C. The large shift
of the v, frequency from the solid to the melt suggests a change of the coordination struc-
ture of the complex ion. Discrete tetrahedral PbCIT™ species were found to be present in
the molten samples with x 2 0.67. The Raman spectra of the PbC/./CsCl molten systems

with different compositions will be discussed in chapter 9.

8.2.2.2 CstCIJ
Room temperature

At room temperature, the structure of CsPbCly has orthorhombic symmetry, space
group Ponm (D) [Hidaka 1983]. It was reported that CsPbCl; has a poly-domain struc-
ture caused by the antiferrodistorted transitions. The distribution of the domains was
found to be strongly dependent on the size of the sample and on the cooling or heating
rate when the transitional temperature is surpassed [Hidaka 1983].

The Raman spectrum obtained from CsPbCl; at room temperature is presented in
fig. 8.4d. No intense bands in the Pb-Cl symmetric stretching region but two broad weak

! was due to a

bands at about 57 and 113 cm™ were observed. A weak peak at 36 cm”
plasma line, The characteristic spectrum suggests a disordered poly-domain structure.

A previous Raman was ina range from

-165°C to 25°C [Hirotsu 1971]. Two broad bands centered at about 60 and [17 cm™
were observed at room temperature. There were no more peaks observed up to 600 cm ™

at 25°C. The present Raman study is in agreement with Hirotsu's work.
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Below room temperature
Below room temperature, EPR measurements [Cape 1969, Cohen 1971] indicated
that a structural phase transition took place at about 190K. The X-ray, neutron diffraction.

NQR and Raman scattering c that a d-order transition

occurred at about 200K [Hidaka 1983]. It was reported that below 200K CsPbCly has
monoclinic symmetry, space group P2,/c (C3,) [Hidaka 1983]. But Raman studies per-
formed by Hirotsu [Hirotsu 1971] over a temperature range from -165°C to 25°C sug-
gested that no phase transitions occurred in CsPbCly below room temperature,

‘The Raman spectrum obtained from CsPbCly at 77K is presented in fig. 8.4¢c. The
peak frequencies are listed in table 8.1. The Raman spg:ctrum is consistent with Hirotsu's
result obtained at 108K [Hirotsu 1971] (table 8.1) and with Hidaka's result obtained at
13K [Hidaka 1983] in the low frequency region. Four more weak peaks at about 150.5.
162, 185.5 and 200 cm™" were observed in the present study. In the present study it was
not possible to study the sample over a temperature range from 77 to 300K to investigate
possible phase transitions. However the fact that the Raman spectrum for CsP6Cly at 77K
is so different from that at 298K suggests a significant structural change.

Above room temperature

Many previous studies (NQR, elastic, optical, X-ray, neutron diffraction, Raman,
EPR and theoretical) have been performed on solid CsPbCly above room temperature. It
was reported that CsPbCl; undergoes three phase transitions occurring at 37, 42 and
47°C [e.g. Mller 1957, 1959, 1960; Sakudo 1969; Natarajan 1971; Hirotsu 1970, 1971;
Fujii 1974; Aleksandrov 1976; Cohen [971: Imaoka 1972; Harada 1976; Sakata 1978;
Chabin 1980a, 1980b].

Temperature dependent Raman spectra obtained from CsPbCly above room temper-
ature are presented in fig. 8.6. Almost identical spectra were observed at room tempera-
ture and at 35°C (fig. 8.6). The broad band at about 113 ¢m ™ at room temperature shifted

slightly to 112 em ™ at 35°C. When the temperature increased to 50°C, another broad,
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high frequency band appeared at about 136 cm™ (fig. 8.6). This result indicates that
CsPbCly has a different crystal structure at room temperature and above 50°C. Because
there were no intense characteristic bands in the Pb-Cl symmetric stretching region and
the peak intensities of the lattice modes were very weak, the present Raman measure-
iments could not give information about the possible individual structural phase transi-
tions at 37, 42 and 47°C respectively.

!, a broad

For the molten salt at 630°C, an intense polarized band at about 241 cm”
depolarized band at 100-120 cm™ and a depolarized band on the low frequency skoulder
of the intense polarized band appeared in the spectrum. The result suggests the formation
of a complex ion in the molten state. The structure of the complex ion will be discussed

in detail in chapter 9.

8.223PbCl,

Lead chloride is orthorhombic with four formula units in the primitive cell [Wyckoff
1965¢]; space group Pnma (D})). Factor group analysis based on the D, group predicts
36 nonnal modes [Mendes-Filho 1979] with the distribution as follows:

Ty =G6A, + 6By, + 3By, +3By, + 34, + 3By, + 6By, + 6By,
The 18 Raman active modes are:

T tnan = 6A, + 6B, + 3By, + 3By,

Raman have been previously on the single crystals of

PbCl, [Tsupova 1968, Ozin 1970, Willensen 1971, Sadoc 1971, Mendes-Filho 1979,
Melo 1979]. Detailed spectra in all polarizations and the assignments (table 8.2) for the
18 Raman modes were reported.

The Raman spectrum of a powder sample of PbCl; has been obtained at 77K in the
present study (fig. 8.7 and 8.8). The peak frequencies are listed in table 8.2. The results
are in excellent agreement with previous Raman studies obtained from the single crystals

of PbCl, although some peaks overlapped to form broad bands in the present study.
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Raman spectra of the powder sample of PbCl; over a temperature range from 77K

to above the melting point are presented in figs. 8.7 and 8.8 (reduced Raman spectra).

The effect of temperature on the bandwidths is different for the two classes of the

Raman modes. i.e. frequencies below 100 cm™ due to motions of the Ph** ions and fre-

quencies above 100 cm™ due to motions of the € ions [Ozin 1970]. The widths of the

'

bands with frequencies higher than 100 cmr™ were broadened more rapidly than those of

the bands with frequencies lower than 100 ¢n™' with the increase of the temperature.

The result can be observed clearly in the reduced Raman spectra (fig. 8.8).

The peak frequencies decreased slightly with the increase of the temperature below
the melting point. In the melt at 521°C (melting point 501°C) the freguency of the most
intense band increased sharply to 210 cm™ (figs. 8.7 and 8.8) due to the formation of the
shorted-lived, bridge PHCI3” units (the spectrum of the melt will be discussed in chapter

9.
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Table 8.1
The Raman frequencies (cm™) of solids Csy PbClg and CsPbCly at several tempera-
tures.
Cs,PbCl, CsPbCly
77K 298K 77K 108K 293K 298K
a a
10 ww)? Bw) M 6w 57w
67(w) 41.5(w) 46 17tbr)  113(br)
83(w) 50(w) 56
93(w) 98(br) v 69.5(s) w
100.5(m) 87(s) 94
108(vw) 108(s) 15
119.5(s)  116(s) vy 118.5(s) 125
131.5(m) 150.5(w)
168.5(br) 162(w)
202(s) 201(s) v, | 185.5(w)
200(w)

a - Ref. [Hirotsu (971],

b vw - very weak: w - weak: m - medium; s - strong: br - broad.
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Table 8.2
The Raman frequencies (cm™) of solid PbCl,

a b ¢ d this work  assignments
86 27 23 25 2
357 2 28 28 29

18 38 36 36 40.5
26 2 3 43

35 60 56 62 03
100? 85 88 89

156 62 61 107 108
126 131 124 125

1567 127 123 132 13200°
8 133 129 133
148 143 (48 1505(br)
159 159 160  16(br)

160 158 162
182 179 181 182(br)
175 181
177183
134 179 180 184
194

a - Ref. [Ozin 1970)
b - Ref. [Willensen 1971]

¢ - Ref. [Sadoc 1971]

d - Ref. [Mendes-Filho 1979]
¢ - br - Broad
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5 Pocty

Fig. 8.1

0,00,

The phase diagram of the PbC/,/CsCl binary system. Copied from Ref. [Struktur
1952].
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Fig. 82

The Raman spectra observed for the PbCl,/CsCl solid systems with x from 0.83 to
0.60. X - the mole fraction of CsCl. 25°C.
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Fig. 8.3
‘The Raman spectra observed for lhe PbCl /CsCl solid systems with x from 0.50 to
0. X-the mole fraction of CsCl. 25°
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Fig. 8.4

Raman spectra of the compounds Cs, PoCl, and CsPhCI, at mom temperature and
77K, (a): CsyPbCly TTK: (b): Cs,PbCl, 298K (c): CsPhCl, T7K: | 3) CsPhCl,
298K.
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Fig. 8.5

Raman spectra of CsyPhCl,, at ditferent wemperatures at the temperatures as indi-
cated.
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Raman spectra of CsPhCly at different temperatures at the temperatures 3y indi-
cated. Green line (514.5 nm) of Argon ion laser was used.
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Fig. 8.7

Raman spectra, I(v), of PhCly at dilferent temperatures at the lemperatures as indi-
cated.
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Fig. 8.8

Raman spectra, R(v), of PbCl, at different emperatures at the temperatures ay indi-
cated.
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Chapter 9

RAMAN STUDIES OF THE PhCl,/CsCi MOLTEN SYSTEM

9.1 Introduction

For the MX./AX (A, alkali ions; X, halides) molten systems, the vibrational spectra
obtained from the mixtures rich in AX have been normally interpreted in terms of "com-
plex-ion species”. The most commonly discussed species is the MX,™" tetrahedral com-
plex. In the C4CL/CsCl and CdCL,/RbCI melts, discrete CACl” species exist in the x 2
0.67 melts, even tetrahedral local structures have been suggested to be present in the
CdCly rich melts and pure CdCl, melt [Takagi 1989] as discussed in chapter 7.

Lead chloride is an ionic crystal with high ionic conductivity arising from the mobil-
ity of the chloride ions [Oberschmidt 1980]. It was reported that the conductivity data
exhibited two activated regions and an anomalous rise at about 765K before melting.

Electrical conductivity measurements as a function of pressure on the PbCl, and
CdCly melts have been performed recently [Cleaver 1990]. The conductivity of the
CdCly melt was found to increase with pressure. The predominant effect of pressure was
suggested to cause dissociation of molecule CdCl; or complex ions. In contrast, the
PHCl; melt showed a reduction of conductivity with pressure. The main effect of pres-
sure was suggested to reduce the mobility of the ions in the PbCl, melt. It seems that it
is interesting to study the structures of these two kind of melts with different effects of
the pressure on the conductivity.

Previcus Raman studies indicated that the molten lead chloride did not exhibit any
Raman bands [Balasubrahmanyam 1963, Maroni 1971], while additions of alkali metal
chlorides (¢.g. KCI) to the PbCl, melt a single polarized band was observed in the region
from 200 - 240 cm™ [Maroni 1971]. Raman studies by Balasubrahmanyam et al. [Bala-

subrahmanyam 1963] suggested the existence of the PbCl; species with pyramidal
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structure (Cs,) in the 2 PbCl,-KCland PbCl,-KCl melts and a distorted tetrahedrl struc-
ture for the PHCI;" ion in PoCl>-2KCL. In 1974, Raman measurement by Oyamada [Oya-
mada 1974] suggested a PbCI3 ion-like local structure in the molten state and a chain
structure of the PbCl; ions due to the addition of KCL. In PHCl,-CI™ aqueous solutions,
spectroscopic measurements did not permit positive identificatior: of PbCI5 and PhCI5",
but the spectra [Haight 1965] observed from PHCL. in 10 and 11 M hydrochloric acid
suggested that there existed PHCI;” species by analogy with observations on BiCl}” spec-
tra [Haight 1964). It seems that Pb* may have weaker ability than Cd** to form a com-
plex ion with the CI” ion [Haight 1965]. Most previous studics suggested the PbCI;
complex in the PbCl/ AC! molten mixtres [Balasubrhmanyam 1963, Maroni 1971,
Oyamada 1974].

In the present study Raman measurements have been performed on the PbC1/CsCl
molten systems with a wide range of concentrations of the CsCl in order to analyze the
coordination properties of the Pb*" ion. The reduced spectrum is especially useful in this
case because of the strong Rayleigh background scattering.



-159-

9.2 Results and Discussion

The poiarized and depolarized spectra obtained from the molten PhCLL/CsCl mix-
tures and pure PbCly melt are presented in fig. 9.1. The reduced R(v) spectra are pre-
sented in fig. 9.2 and the isotropic spectra based on the polarized and depolarized reduced
spectra (Ry - 1.33 RJ_J in fig. 9.3. The center frequencies and the full width at half height
(FWHH) of the bands based on the isotropic spectra and corresponding compositions of

the melts are listed in table 9.1.

9.2.1 x 2 0.67 systems

The melts with compositions x 2 0.67 gave almost identical Raman spectra (figs.
9.1-9.3). For the x =0.75,0.80 and 0.83 samples, an intense polarized band at about 236
em™, a broad depolarized band at about 110-120 em™ and a depolarized band in the low
frequency shoulder (~ 220 em™) of the intense polarized band were observed. The spec-
trum of the x = 0.67 sample was found to be similar to those of the x = 0.75, 0.80 and
0.83 samples. The peak position of the intense band for the x = 0.67 sample slightly
shifted from 236 to 237 cm™'. But for the x = 0.60 sample a relative large shift of the fre-
quency of the comesponding band (from 236 to 240 cm ™) was observed.

Similar results were obtained from the measurements of the bandwidths. The
halfwidths of the intense polarized bands for the x = 0.75, 0.80 and 0.83 samples were
found to have the same value of about 58.5 cm™ (table 9.1). The corresponding band was
slightly broader (60.5 cm™') for the x = 0.67 sample while the band became as broad as
64 cm™ for the x =0.60 sample.

These results indicate that the x 2 0.67 melts contain the same complex species. The
fact that the Raman spectra for the x 2 0.67 samples are essentially identical suggests that
the maximum coordination number of the lead ion is four. The slight difference of the
spectra obtained from the x = 0.67 and the x = 0.75, 0.80 and 0.83 samples probably

arose from a little error in composition for the x = 0.67 sample due to the sublimation of
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PbCl; through the process of the sample prepa

ation. Compared to CsCl PHCT is much

easier to sublime at high temperatures.

The chamacteristic Raman spectra obtained from the x 2 0.67 melts suggest a tetrhe-
dral structure of the PbCI;™ species. Group theory predicts nine optic nommal modes:
A (v)), E(vy) and 2 F, (v, vy). All the vibrational modes are Raman active. For an unper-
turbed tetrahedral species, four Raman lines are expected. Usually the frequencies of

these normal modes increase in the order vy < vy < v, < v, Normally the nd v,

modes overlap in the spectrum of the high temperature molten state with heavier central
atom, M of a tetrahedral MX, molecule. As expected va and vy modes gave a broad depo-
larized band centered at about 115 cm™ for the PHCI™ species (figs. 9.1-9.3). The strong

polarized band at 236 cm™

was attributed to the symmetric stretching, v, vibration. The
low frequency depolarized shoulder of the intense v ban:d was assigned to the vy mode.
Normally the vy mode appears in the high frequency side of the v, band. The v (4,)
and vy(E) are associated with the vibrations of breathing and bending of the tetrahedral
species respectively and are independent of the mass of the central atom. However, the
v3(F) and vy(F:) modes represent the vibrations in which both the central atom and
chlorides are displaced. Therefore vibrational frequzncies of the vy and vy modes depend
on the mass of the central atom. Fora MCI3 species, the heavier the M atom, the smaller
the frequency interval between the v; and v, modes. It is even possible that the v, mode
will have a lower frequency than v,. For example, the v; mode may appear on the low
frequency side of the v, band for the tetrahedral C4CI3™ species in the solid state., The
metastable Cs;CdCls contains discrete CdCl3 species with the v, frequency 275 cm™
and vy 261 cm™ at 25°C [Chapter 4 in this thesis}; (NEt,):CdCl, contains CdCI;
species with the v; frequency 265 cm™ and v, 250 om™ [Davies 1971]. The tetrahedral
CdCI3™ species exist in the CACL/CsCl or CdCLy/RbCI melts, The v, (261 cm™) and v,

(260 cm™") were found to have almost identical frequencies [chapter 7].
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Detailed normal mode calculations have been performed in the present study for a
model tetrahedral MCI; molecule to illustrate the effect of the change of the mass of the
central atom M on the v,, v, vy and v, frequencies for a fixed set of force constants
based on CCl.

Table 9.2 lists the vibrational frequencies for various isotopic CCly molecules, It can
be seen that the v, and vy modes have the same valees for CCl, with the different iso-
topic carbon atoms and the same isotopic chloride atoms. The v and v, (especially ¥;)
frequencies decrease and the frequency interval between 1, and v, decreases as the mass
of the isotopic carbon atom increases (table 9.2).

Normal mode calculations for the model tetrahedral MCl, molecule were based on
the data of CCly as listed in table 9.2. Force constants were calculated from the known
vibrational frequencies of the different isotopic CCly molecules. These force constants

were then used to evaluate the ies of a ical set of MCl, with

different masses of the central M atoms. The calculated frequencies are listed in table 9.3.
The frequency interval between the vy and v, modes decreases as the mass of the central
M atom increases. When the mass of the central atom is about 72u the v frequency (454
¢m™) is lower than the v, frequency (462.5 cim™"). Although in real molecules the force
constants must be changed for different MCl, molecules the present calculation does
illustrate the effect of change in the mass of the central atom.

As early as in the 1940's [Herzberg 1945, Hildebrand 1947, Neu 1948], Raman
spectra of a large number of tetraheJral MCI3™ compounds were measured. The distance
from the central atom to the halogen atom was plotted versus the Raman frequencies v;.
va. vy end vy (fig. 94, redrawn from ref. [Neu 1948]). The decrease in the frequency
interval vetween v, and vy was found to decrease with the increase in the M-Cl bond dis-
tance. It is also clear that the frequency interval between v, and v, decreases with an
increase in the mass of M. Also Raman measurements [Neu 1948] for liquid PbCl,

showed the v, band at 327 em™ and v, at 348 cm™. The frequency interval between
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these two modes is only 21 ¢m™" for PCI,, but is as large as 312.5 em™ for “C*¢l,
and 322 cm™" for “CYCl,. Since liquid PHCI, has totally different force constants com-
pared to the PHCI3™ species in the molten phase with Cs'. it is reasona'ile to propose that

the vy frequency of PHCIS™ in the PCIL/CsCl molten mixture is lower than the vy fre-

quency.

9.2.2 Pure PhCl, and x < 0.67 systems

For the x < 0.67 melts, the bandshape and the band position were found to change
gradually with the change of the composition (figs. 9.1-9.3, table 9.1). The frequency of’
the intense polarized band increased to a maximum value (241 em™) for the \ = 0.50
melt, then gradually decreased to 219 cm™ for pure PbCly. The FWHH of this band
increased gradually from 60.5 cm™ for the x =0.67 meltto 128 em™ for pure Ph(ls.

Two depolarized bands at about 100-120 cm™ and a depolarized shoulder on the
low frequency side of the intense polarized band were observed from all these spectra.
Similar to the CdCi,/CsCl and CdCL/RbCl melts [chapter 7], the isotropic spectrum of
the x < 0.67 melt has a very symmetric band.

These results suggest that the complex ion in the x < 0.67 melts has a similar tetra-
hedral configuration as for the x > 0.67 melts but the discrete PHCI3™ specics exists only
in the x 2 0.67 melts. The measurements of the FWHH and the result of the band resolu-
tion indicate that PbCl3 is not present as a discrete stable species. The FWHH of the
intense band for the x = 0.67, 0.60 and 0.50 samples are about 60.5, 64 and 66 ¢cm ™'
respectively (table 9.1). If PbCI; was a stable species, there should be two species,
PbCI3 and PHCI3, in the x = 0.60 sample. The FWHH of the intense polarized band
should be at least 66 cm™ (for P6CI; species). The band resolution for these three melts
indicates only one component in the frequency region of this isotropic band (fig. 9.5).

Although the frequen~y of the intense v, band reaches a maximum value for the x =

0.50 melt (table 9.1) the PbCI3 species can not be justified. A number of the molten
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MCL,/ACI systems have been studied previously. The Raman frequency of ths pelarized
band was found to have a maximum value for the melt with x = 0.50 mole fraction of
ACI. but the MCI; species was not suggested, for examples, the CdCly/ACI system as
discussed in this thesis and the MnCl2/CsCl systera [Shabana 1985]. The increase in the
frequency for the x = 0,67 to 0.50 samples may be due to the presence of the Ph " ons as
tirst neighbors to the PhCI3” as the concentration of PbCl, increases. There is no evi-
dence to suggest a polynuclear species similar to Al Cl3. The lifetime of any possible
polynuclear species must be too short to detect by Raman method.

The caleulated lifetimes of the complex ions in these meits based on the formula:
r;'=zer, [chapter 2], where T, is the FWHH of the isotropic band and r, is the vibra-
tional correlation time, are listed in table 9.1. The values of the lifetimes of the complex
ions in the x 2 0.67 melts are almost identical (0.18 ps). then decrease with an increase in
the concentration of PbCl, in the x <0.67 melts.

In conclusion the Raman results suggest that the tetrahedral PbCI3™ species exists in
the x 2 0.67 melts with a long lifetime and that the short-lived tetrahedral local units with
fast-exchange chloride bridge structures exist in the x < 0.67 melts.

Many previous Raman measurements have been performed on the pure PbCI; melt.

No Raman bands were observed by and Nanis (]

1963] and Maroni [Maroni 1971]. Oyamada [Oyamada 1974] observed two Raman
bands at 120 cm™' (depolarized) and at 205 cm™ (polarized) which were attributed to the
PDLCIy ion-like local structure, A Raman study of PbCl as a function of temperature
[Mendes-Filho 1979] indicated that the spectrum of solid P6Cl, at high temperature
resembled the structureless spectrum of the melt. In the present study of the melt, the

! and

reduced spectrum shows a quite broad depolarized band centered at about 140 cm™
an intense polarized band centered at about 210 cm ™. In the I(v) spectrum, it is difficult
to determine the central position of the polarized band because of the strong background

scattering (fig. 9.1), but the isotropic spectrum (f; - 1.337)) shows the polarized band
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centered at about 182 cm™'.

In the spectra of the MCl; melts and the alkali halide ionic melts, the relative inten-
sity of the polarized optic mode compared to background scattering reflects the ability of
metal cations to form complex ions with halides. For example. a well resolved strong
peak has been observed in the polar “ed spectrum of pure molten MgCly [Huang 1976,
Bunten 1984], or CdCl; [chapter 7. For alkali halides, e.g. NaCl [Mitchell 1983,
Giergiel 1984], there was no strong peak, only a broad band in the spectrunt, It was
reported that there was no complex ion formation in molten NaCl. For some M. melts,
for example, CaCl;. SrCly and BaCl-, the spectra showed incompletely resolved shoul-
ders [Bunten 1984). Neutron diffraction results [Edwards 1978] suggested that the cor-
rect description of the structure of the BaCly melt was in terms of Ba™* and €17 rather
than BaCl" complex and CI” ions. The Raman spectrum observed for pure PhCs in the
present work (fig. 9.1) indicates that the relative intensity of the peak at about 182 cm ™
compared to the background scattering is between those of the coresponding bands for
MgCls and BaCls. The results suggest that the ability to form complex species for Ph*
is stronger than Ba** ion but weaker than Mg™* and Cd*'. Further the lifetime of a dis-
crete CACI3™ species (0.38 ps, chapter 7) is much longer than that of a discrete PHCIS
species (0.18 ps). Perhaps the fact that the Pb** ion has a weaker ability to form a stable
discrete complex ion compared to the C4*" ion in the melt results in a different effect of

pressure on the conductivity for these two melts [Cleaver 1990].
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Table 9.1

The center trequencies (cm”™') and FWHH based on the isotropic spectra of the
polarized intense bands for the PbCI/CsCl molten system.

composition  frequency FWHH 7, temperature

(mole fraction  (cm™) (em™)  (ps) °C)
of CsCly
0.83 236 58.5 0.18 590
0.80 236 585 0.18 585
0.75 236 585 0.18 560
0.67 237 60.5 0.18 570
0.60 239 64.0 0.17 632
0.50 241 66.0 0.16 630
040 240 710 0.14 600
0.33 235 815 0.13 580

0 219 128 0.08 521
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Table 9.2
‘The unperturbed vibrational frequencies (cm™) of isotopic CCly

BCYol, 4625 219 775 315 3125
Hcta, 4625 2190 750 4 2885
BcVc, 450 230 772 307 a2
“clct, 450 213 747 300 207

Table 9.3

The frequencies (cm™') of a model tetrahedral MCI; molecule obtaine

from the
normal mode calculations based on the force constants of the CCly molecule,

mass of M v va v

12 4625 219 7755 315
24 4625 219 594 302
36 4625 219 5245 289
48 4625 219 4885 278
60 4625 219 4675 268
2 4625 219 454 2595

The calculated fore constants (mdyne/A) of the CCly molecule are: A,: f, + 3, = 4.4088: E:

&Sy + fow 2foa) = 10273 Fai f, - fr = 14982.2'24 (f,, - fry) = 15570.d*(f, -
Saar)=3.7011
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Fig. 9.1

Raman spectra observed from the molten PhCI,/CsCl system. X -

of CSCI. T - sample temperature,
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Fig. 92

The R(v) Raman spectra for the PhCI,/CsCl molten system. X - the mole fraction
of CsCl; T - sample temperature.
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Fig.9.3
Isotropic reduced Raman spectra (R, - 1.33 R ) for the molten PbCIy/CsCl system.
X - the mole fraction of CsCl; T - sample temperature.
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Tt.e plot of the MCl molecules
verse the M-Cl distance. Redrawn from Ref [Neu I948]
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Fig. 9.5

The band resolution of the isotropic Raman spectra for the PbCl,/CsCl melts with x
= 0.50 (top), 0.60 (middle) and 0.67 (bottom). The smooth line is the best fit curve
calculated with a product function for each of the spectra.
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Chapter 10

STRUCTURAL PHASE TRANSITION IN LiCsC()3 AND PHASE
EQUILIBRIUM IN THE LiZCO:‘ICszCO3 SYSTEM

10.4 Introduction

Molten alkali metal carbonate mixtures have been found to be suitable for use as
electrolytes for high temperature fuel cells and batteries. A study of the structural and
dynamical properties of the alkali metal carbonates in both the solid and molten states

was initiated.

The local structures of these melts can not be determined casily by X-ray diffraction

studies because of the large ibution of the intra-ionic C-O and O-O i

within the CO} ion dominate the experimentally obtained diffraction pattems. Ab inito

have been to obtain this i i i 1990].

Phase diagrams of the most binary carbonate systems have been obtained by several

methods e.g. DTA, X-ray and ivity [Janz 1963, Chri 1978,
1979, Bale 1982, Dissanayake 1986]. But few phase equilibria studies have been per-
formed for the Cs;CO;/A,CO; (A, other alkali metal ions) binary systems.

Although the alkali metal are ically simple many have
complicated structures at room temperature and have been found to undergo one or sev-
eral SPTs (structural phase transition) in the solid states. Raman measurements by
Maciel and Ryan [Maciel 1981a] indicated that a feature of the & phase in K,COy was a
very broad low frequency band which suggested that the system was highly anharmonic.
A soft librational mode of the CO?™ ion at the & - Btransition was observed in the § phase
of K,COy [Maciel 1981a). The same authors [Maciel 1981b, 1981c] observed the tem-
perature dependence phonons in the Raman spectrum of the incommensuaate y-Na; CO,

phase. It was reported that two soft modes were observed at the a-# transition and tsvo
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additional lines in the y phase were assigned to couple amplitude modes that arose from
the coupling of the acoustic and librational branches at ¢ = ¢ .

Wolff [Wolff 1987] has discussed the a-f phase transition of the alkali carbonates.
The hexagonal structure common to the « -A;CO; phase (A = Na, K. Rb) tansformed

into the £ -phase structure by rotations of the anions whi

act as hinges between parallel
AO; columns. It was reported that the SPT may still occur in the mixed salts ABCO, (A,
B =alkali metal ions) [Wolff 1987]. For example, thermal analysis and X-ray diffraction
suggested that LiNaCO; [Christmann 1978] presented three crystalline forms,
Raman studies have been performed on the Li;CO,/A;CO; (A = Cs, Rb, K and Na)
and Na2COy/K: CO; systems in this program in order to obtain more information about:
i) the possible SPT in the compounds formed in these binary systems;

i)  the effect of the alkali metal ions on the structures and properties of the carbon-

ate salts in both the solid and molten systems;

iii) the structure and properties of a pure A;COy salt which may be deduced by the
studies of the ABCO; salt (An excellent example of this kind of studies is the
studies of the mixed ABNO; in order to understand the ferroelectric behavior
of KNO; [Yanagi 1963, Kawabe 1964, °65, Yoshida 1960, Sawada 196l,
Tanisaki 1961, Shinnaka 1962, Dork 1964].).

In this chapter, results of the Li;COy/Cs:CO; system will be discussed (only the
Li;C0,/Cs,CO;y solids and Li;CO3/K2CO; melts will be discussed in this thesis). The
framework of the phase diagram and the properties of the mixed system, especially the

structural phase transition in the LiCsCO; compound will be reported.
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10.2 Results and Discussion

For an alkali metal carbonate salt, the vibrational spectrum of the solid state can bc
explained in terms of the CO3™ ions perturbed by a crystal field. An unperturbed carbon-
ate ion has Dy, symmetry. Group theory predicts six optic normal modes, i.e. A} (v)).

2E (vyand vy) and A3 (v)). v(A}) is Raman active, symmetric stretching mode at about

1063 cm™" [Herzberg 1945]: va(A;

infrared active, out of plane deformation at about 880
em™; vi(E') and v,(E)) both infrared and Raman active, antisymmetric stretch and bend

at about 1400 om™ and 700 cm™, respectively.

10.2.1 Compound formation

Raman spectra with the frequencies scanned from 30-1800 cn™' have been obtained
for several fused Li»CO;/Cs:COy samples in different compositions from x = 0.25 to
0.75 (x, mole fraction of Cs,CO;) at room temperature. The v, regions of these spectra
are presented (fig. 10.1). The characteristic peak frequencies of the v| bands and the cor-
responding compounds identified are listed (table 10.1). Only one compound LiCsCO;
with 0.50 mole fraction of Cs,CO; was identified. LiCsCO; was found to be a congruent
compound and formed eutectic mixtures with Li> CO; or Cs,CO;. The slowly cooled low

temperature solid exhibited a characteristic v, band at 1052 cm™

at room temperature.
The sample quenched from the melt to room temperature gave a metastable form of LiC-
5CO, with a characteristic v, band of C03” at 1060 cm™ (table 10.1). The slowly cooled
sample was found to undergo a SPT at about 435°C. The SPT was reversible during the
heating and cooling cycle. The SPT in LiCsCOj still took place in the mixtures of
Li;CO,/LiCsCO; or Cs;CO4/LiCsCO,. The framework of the phase diagram suggested

by the present Raman study is shown in fig. 10.2.
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10.2.2 Phase transition in LiCsCOy

LiCsCO4 exhibited only one SPT at about 435°C in a temperuture range from 77K
to the melting point (about 595°C). When the sample was heated to above the transition
temperature (not necessarily to a molten state), then was quenched 10 mom tempenture,
the phase transition was not observed and the metastable HTP (high temperatune phase)
was identified. The metastable phase was stable at room temperature for a long time. In
our laboratory, the sample remained as the metastable HTP at least one year at room tem-
perature. When the metastable solid was maintained at about 150°C for about 24 hours
the Raman spectrum showed a new, small peak at about 1052 cm™ due to the LTP (low
temperature phase) and a very strong peak at 1059 cm ™ due o the metastable phase in
the v; region. After about 48 hours at 150°C, the relative intensities of the bands at 1059
and 1052 cm™" were almost identical. The rate of the phase transition increased as the

temperature increased. At about 400°C, it took only about 42 minutes before the

le HTP letely to the LTP.

A plot of the relative intensity of the band at about 1049 ¢m™ (peak maximum of
the v; band due to LTP) versus time during the SPT at 400°C is presented in fig. 10.3.
The data as shown in fig. 10.3 were obtained in the following way. First, the sample was
heated to ~ 440 °C for about 30 minutes to convert the sample to the HTP. A Raman
measurement was performed in the v, region to make sure that the LTP transformed com-
pletely to the HTP (only one v, peak observed at ~105S ¢m™ due to the HTP). Second,
the spectrometer was fixed at about 1049 cm™ (peak maximum of the v; band due to the
LTP) and the Raman intensity data were recorded as a function of time when the tempera-
ture controller was re-set to 400°C. The high relative intensity at t = 0 was due to the v,
band for the HTP. Although the v, band of the HTP centered at about 1055 cm ™, the dis-
tribution of the intensity of this band as a function of the frequency in the v, region gave
intensity at 1049 cm™ and caused a high relative intensity at 1049 cm™ for t = 0 (fig.

10.3). At0 < t < 14 minutes the relative intensity decreased with time. Both the v, hands
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due (o the LTP and the HTP contributed to the intensity at 1049 cm ™" and the intensity
decrease indicates that the SPT started. The value of the intensity reached a minimum at
about t = 14 minutes, then increased with time. At t = 42 minutes the intensity reached a
maximum value, then remained constant (fig. 10.3). Under these conditions the SPT
completed at t = 42 minutes. Raman measurement then confirmed that the v, band cen-

tered at about 1055 cm™ due to the le HTP di and was

replaced by the band at 1049 em™ . It should be noted that the real time it takes to trans-
form the metastable HTP into the LTP at 400°C should be longer than the experimental
value (about 42 min.) obtained by this method because the average temperature would be

higher than 400°C as the fumnace cooled naturally from 440°C to 400°C.

10.2.2.1 Temperature dependent Raman spectra of LiCsCOy

Raman spectra of the solid LiCsCO; at 77K and at room temperature over a fre-
quency region from 30-1800 cm™ are presented in figs. 10.4 (LTP) and 10.5 (LTP)
respectively. Peak frequencies are collected in table 10.2. The structure of the compound
LiCsCO; is unknown so detailed assignments are not possible.

Raman spectra of the solid LiCsCO; as a function of temperature in the lcw fre-
quency external modes region, the v,, v; and v, regions are presented in figs. 10.6, 10.7,
10.8 and 10.9 respectively. The complete spectra over a frequency region from 30-1800
em™ for LiCsCO, at the temperatares just below (430°C) and above (440°C) the phase
transition point (~ 435°C) are presented in fig. 10.10 (430°C bottom, 440°C top) and the
peak frequencies are collected in table 10.2.

Below 430°C. the v, frequency decreased gradually as the temperature increased
from 1054 cm™ at 77K (fig. 10.4 LTP) to 1049 cm™" at 430°C (fig. 10.7, LTP). At 440°C,
the v, frequency increased abruptly to 1055 cm™" (fig. 10.7 HTP). The result indicates
that the compound LiCsCOy has two different crystal structures at 430 and 440°C. Simi-

lar results were observed in the external modes, vy and v, regions.
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In the external mode regions, at 77K eleven peaks were observed (table 10.2, fig.
10.4). The frequencies of these bands decreased and the bandwidths increased as the
temperature increased. At 25°C ten bands with a broad band centered at 149 em ™" and at
430°C six bands including three broad bands at 104, 133 and 203 em™ were obsenved
(fig. 10.6). When the LTP transformed to the HTP at 440°C, a dramatic change oceurred,
Only four bands including a broad band at 150 em™ were observed at 440°C (fig. 10.0).

In the v, region four peaks at 1384, 1404, 1472 and 1496 cm ™" (lig. 10.4 LTP) were
observed for the sample at 77K. These bands shifted to the lower frequencies at 1382,
1402, 1468 and 1491 ¢m™ at 25°C (fig. 10.5 LTP) and 1372, 1392, 1455 and 1478 em ™
at 430°C (fig. 10.8) respectively. But at 440°C. only two broad bands centered at abou
1419and 1431 cm™" were observed (fig. 10.8).

In the v, region three bands centred at 687, 716 and 723 em™ at 77K (lig. 104
LTP). At 430°C the frequency of the band at 687 cm™" decreased slightly to 686 cm ™’
(fig. 10.9) and the bands at 716 and 723 om™" collapsed into a broad band centered at 712
cm™, At440°C, only one broad band at about 701cm™" (fig. 10.9) was observed.

The analysis above indicates that the information about the SPT obtained from the
spectra in the extemal. v, v; and v, regions is consistent. Careful experiments indicated

that the SPT occurred at about 435°C.

10.2.2.2 Raman spectra of the stable and metastable LiCsC()J at low temperatures
The SPT in LiCsCO; took place at about 435°C. The SPT was revensible for the
slowly heating and cooling cycles and was kinetically sluggish. When the molten sample

was quenched to room a bl ification formed. The similarity of

the spectra obtained from the stable HTP solid phase at 440°C and the metastable phase
at 25°C and 77K suggests that the metasiable phase at low temperatures retains the crys-
talline structure of the stable HTP. The Raman spectra of the metastable HTP have been

obtained at 298K and 77K. Because the higher resolution of a band at low
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compared at 440°C, the analysis of these spectra obtained at low temperatures can pro-
vide more information about the SPT.
Raman spectra obtained from the stable LTP and the metastable HTP of LiCsCO; at

77K and 25°C over a frequency region from 30 to 1800 cm ™!

are presented in figs. 10.4
and 10.5 and the expanded vy, v; and extemal regions are presented in figs. 1011, 10.12
and 10.13 respectively. The peak frequencies are collected in table 10.2.

The symmetric stretching mode appeared at a higher characteristic frequency for the
metastable HTP than for the stable LTP. The v, bands centered at 1054 and 1062.5 cm™
in the spectra of the LTP and the metastable HTP at 77K respectively. While the corre-
sponding bands slightly shifted to 1052 and 1060 cm™ at 25°C (table 10.2).

In the alkali metal carbonate series, the v, frequency tends to decrease as the mass

of alkali metal increases from ~1089.5 cm™ (Li;COs) to ~ 1040.5 cm™ (Cs1COs). For

LiCsCO; solid, the v, frequency decreases as the le HTP to the stable
LTP. It suggests that the relative position between the CO3™ ion and the Li* ion (and Cs"
ion) must be changed. Probably the distance between Li* and CO;” decreases and results
in the increase in the v, frequency. This result indicates that the mechanism of this SPT
may be associated with a rotation of the CO3™ ion in the unit cell.

In the v, region the same number of the peaks were observed for both the solid
phases at 77K (fig. 10.11) with peak frequencies 1384, 1404, 1472 and 1496 cm ™ for the
LTP and 1432, 1440, 1453 and 1513 cm™ for the metastable HTP respectively. However
two evident differences are:

i)  The magnitude of the vy splitting for the LTP (1496 - 1382 = 112 cm™) is larger
than that for the metastable phase (1513 - 1432 = 81 cm™"), Especially the first three
peaks are very close in the spectrum of the metastable phase compared to that for
the LTP (fig. 10.11).
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ii) The relative intensities of the corresponding peaks are ditferent for the two solid
phases, especially the relative intensity of the fourth peak in the spectmm of the
metastable HTP is much weaker than the corresponding peak in that of the LTP (fig.
10.11).

Inthe  egion. there are three bands at 687, 716 and 723 em ™" for the LTP, but two
bands at 695 and 705 cm™ for the metastable HTP at 77K (tig. 10.12, table 10.2). The

relative intensity of the first peak at 687 cm™

is much higher than that of the second and
third peaks at 716 and 723 cm™" for the LTP, while the relative intensity of the second
peak at 705 cm™' is slight higher than that of the first peak at 695 ¢m ™ for the metastable
HTP (fig. 10.12).

Similar results can be obtained from the analysis of the spectra in the vy and v,

regions obtained from the two solid phases at 25°C (figs. 10.11 and 10.12).

In a solid state the vibrational spectrum of a molecule in a sit

¢ of low symmetry will
depend on how the molecule interacts with its surrounding. Qualitatively, the effects of'a
low site symmetry are of two general types: (1) change in selection rules and (2) splitting
of degeneracies. The results for both the HTP and LTP suggest a low site symmetry
because it appears as if the degeneracy of the E' modes is lifted. In addition the fact that
there are four bands in the vy and v, regions suggests that the number of formula units in
the unit cell is four or more (if the crystal is centrosymmetric).

Maciel et al. [Maciel 1981b] examined the phase transition in crystalline Na;CO,
by Raman measurement. It was reported that the internal vibrational modes were little
affected by the crystalline environment which could be seen in two ways: (a) their fre-
quencies were only slightly shifted from the free-ion values e.g. v, (free-ion) = 1063
em™ and v, ( Na;COy ) = 1072 cm™'; (b) the optical selection rules were essentially
those of the free ion, e.g. v, is Raman active only. It was also confirmed by the fact that

the planar configuration of the CO}™ ion survives successive phase transition in Na;C0,
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[Hogervorst 1979). The present Raman results indicate that the internal vibrational
modes are more affected by the crystalline environment,

Raman spectra for the external mode regions also provide direct information about
the SPT. Usually the change of a spectrum in the external mode region is much more sen-
sitive to a SPT than that in the internal mode regions because the external modes directly

arise from the interaction among the different ioni ic units.

the intermal modes are little affected by a crystalline environment, but possible changes of
the external modes region may still reflect the different structures of the solids. Most pre-
vious studies of SPTs were based on the analysis of the spectra in the extermal mode
regions [Scott 1974, 1983].

Al 77K eleven bands appeared for the LTP, but only five bands were observed for
the metastable HTP in the region 30-250 cm™ (fig. 10.13). The number of the bands and

the peak positions were changed after the SPT.

10.2.3 Phase transition in LiCsCOJ in the LiCsCOJILiICOJ or CSZCOJ mixtures

Similar Raman neasurements have been performed on several LiCsCO,/LiCO;
and LiCsCO,/Cs, COy eutectic mixtures. Several major characteristic properties are sum-
marized:

a) Whether or not the SPT took place in LiCsCO, was independent on the concen-
tration of the Li;CO, or Cs,CO, in these mixtures. In those mixtures with common
CO3™ anions, the extra Li* or Cs* ion (relative to the composition of the compound
LiCsC0;) did not affect whether or not the SPT took place. The result further suggests
that the SPT is associated with the rotation of the CO3 ions.

b) The transition depended on the ion of the LiCsCO;. Table

10.3 lists the transition points for four samples. The transition temperature slightly

decreased as the concentration of LiCsCO; decreased.



- 181 -

¢) The eutectic mixture quenched from the melt gave a minture of the metastable
LiCsCOy and Li; CO; or Cs;COy depended on the composition.  Raman spectrum exhib-
ited two sets of the peaks due to the metastable LiCsCOy and Li:COy or Cs,COL At
25°C in the v, region two peaks at 1060 cim™" (due to metastable LiCsCO4) and 1089.5
cm™ (due to LiCOy) or 1040.5 em™ (due to Cs,CO\) were observed (table 10.1), The
slowly cooled eutectic mixtures gave a mixture of the stable LiCyCO, with charseteristic
frequency at 1052 cm™ at 25°C and Li,COy or C5;COy (table 10.1). As an example the
Raman spectra in the external modes, v, and v, and v, regions obtained from both the
fast and slowly cooled x = 0,67 samples at 25°C are shown in figs. 10.14-10.16 respec-
tively. Two sets of the bands due to the metastable LiCsCOy and CsyCOy for the fast
cooled sample but two sets of bands for the stable LiCsCOy and Cs,COy tor the slowly
cooled sample were observed, Samples cooled at intermediate rates could give sets of
bands due to the metastable HTP, the LTP and the excess Cs,CO,. In the early stages of
the study the variation in the spectra for different samples cooled at different intermediate
rates was the source of considerable conclusion.

d) the peak frequencies for the metastable HTP and LTP of LiCsCO, were almost
independent of the concentration of the LiCsCO,, but, of course, the relative intensities

of the peaks were changed as expected.

10.3 Conclusion

a) Inthe LiyCO;/Cs,CO; binary system, only one congruent compound LiCsCOy with
mole fraction 0.50 of Cs,COy was identified. This compound was found to melt at
about 595°C. LiCsCOy could form eutectic mixtures with Li; COy or Cs:C0;.

b)  The quenched Li,CO4/Cs,CO; sample gave a metastable compound LiCsCOy or an
eutectic mixture of the metastable LiCsCOj and Li;CO; or Cs;COy depended on
the composition. The metastable LiCsCO; could be stable at room temperature for

a long time,
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LiCsC0y ook place a SPT at 435 + 5°C in the temperature range from 77K to the
melting point, The SPT was found to be kinetically sluggish. The rate of the phase

transition increased as the increased. The ism of this SPT is sug-

gested 10 be associated with the rotation of the CO3™ ion in the unit cell,
In the LiCsCOV/Lis COx (or Cs,COy) eutectic mixtures, the SPT for LiCsCOs still

oceurred. However, the transition temperatures decreased as the concentration of

Li,COy (or Cs;CO,) increased. The vibrational frequencies of the € ions in
LiCsCOy for both the metastable HTP and LTP were alimost independent of the con-

centration of the LiCsCOy in these mixtures.



Table 10.1

Raman frequencies (¢m™) in the v,

binary system at 300K.
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region for the Li,COVCs;CO,

composition

frequencies (em ™ and phases

0.25
0.33
0.40
0.44

0.50
0.57
0.60
0.67
0.75

Li;COy

1089.5
1089.5
1089.5
1089.5

stable

1051.5
1052

1051.5
1052

1052

1052
1052
1052
1052

LiCsCOy
metastable
1060
1060
1060
1060

1060

1060
1060
1060
1060

5,00,

1041
10415




Table 10.2

Raman frequencies (em™ ) for LiCsCO: in the LTP and the metastab'e HTP at 77K.

300K. and 703K (LTP) and 713K (HTP).
LTP HTP
7K 298K 703K 7K 298K 713K
52 H 45 55.6 51 s
0.5 59 555 64 60 515
09 6.5 60 102 915 74
1075 1045 i i51 140
16 104(br) 1715 160 150(br)
125 119(bn)
1345 13
150 1455 133br)
1635 157
198 191 203(br)
240 32
687 06865 636 695 695 701(br) v
716 T18tbr)  Ti2(br) 705 705
723
1036 1034 1043 1040 v, €007
1054 1052 1049 10625 1060 1055 v
1384 182 1372 1432 1427 141900 vy
44 102 1392 140 1435
472 1468 1455 1453 1443 14310n)
4% 1491 1478 1513 1503
1750 1747 1749bn  17490bn) 1752 1747 v,
1753 1750

= - broad band
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Table 10.3
The phase transition temperatures for the compound LiCsCO, in the Li,COWJ
Cs,CO; binary system

composition temperature
(mole fraction (N4
of C5,C03)

0.40 302+ 10
0.50 435£5
0.60 410£10

0.75 380t 10
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Fig. 10.1
Raman spectra in the v, region for several fused Li,COwCs:CO, samples (slow

cooled) with the compasitions as indicated. Slits 2 em™'; 25°C. X - the mole fraction
of C5,C0,.
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ToC
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Mole fraction of Cs,CO,

Fig. 102

The framework of the phase diagram for the LiyCO,/CsyCO, binary system. MP.
LiyCO, Ref. [Dean 1978]; Cs5CO, Ref. [Wittorf 1904]; LiCsCO, Rel. [this work|
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Fig. 103

The plot of the intensity of the v, band due to the LTP during SPT in LiCsCO, vs.
time. Slits 2 cm™; 400°C.
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Fig. 10.4
Raman spectra obtained from the stable (bottom) and metastable (top) LiCsCO,.
77K; Slits 2 cm™.
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Fig. 105
Raman spectra obtained from the stable (bottom) and metastable Lop) LiCsCO;.
25°C; Slits 2cm™",
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Fig. 10.6
Raman spectra in the ¢xiernal mode region for the LiCsCOy system at difterent tem-
peratures at the temperatures as indicated. Slits 2 em™
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Fig. 10.7

Raman spectra in the v, region for the LiCsCO; system at ditferent temperatures at
the temperatures as indicated. Slits 2 cm ™.
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Fig. 108

Raman specira in the v, region for the LiCsCO, system at different temperatures at
the temperatures as indicated. Slits 2 em™,
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Fig. 10.9

Raman spectra in the v, region for the LiCsCO, system at different temperatures at
the temperatures as indicated. Slits 2 em ™'
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Fig. 10.10
Raman spectra obtained from LiCsCOj5 at the temperatures just below (430°C, bot-
tom) and above (440°C, top) the phase transition point (435°C). Slits 2 cm ™"
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HTP

77K

LTP

HTP

298K
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1400 1500 1600
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Fig. 1011

Raman spectra in the vy region for LiCsCO, in the LTP (slow covled) and the
metastable HTP (fast cooled) at 77K and 298K. Slits 2 cm™".
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Fig. 10.12
Raman spectra in the vy region for LiCsCO, in the LTP (slow cooled) and the
metastable HTP (fast cooled) at 77K and 298K. Slits 2 em ™.
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Fig. 10.13

Raman spectra in the external mode region for LiCsCOy in the LTP (slow cooled)
and the metastable HTP (fast cooled) at 77K and 298K. Slits 2 em™".
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Fig. 10.14

Raman spectra in the external mode region for the LiCsCO, + CsyCOy mixture
(mole ratio of Cs €O, and Li;CO, is 0.67); 2 3
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Fig. 1015
Raman spectra in the v, and v, regions for the LiCsCO, + Cs,COy mixture (mole
ratio of Cs,C0, and LiyCOy is 0.67): 25°C, Slits 2 em ™',
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Fig. 10.16

Raman spectra in the vy region for the LiCsCO, + Cs,COy mixture (mole ratio of
Cs,COyand Li,CO, is 0.67); 25°C; Slits 2 em™,
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Chapter 11

RAMAN STUDIES OF THE MOLTEN L'L,COJILiCI
AND LizCO3 ZCOJ SYSTEMS

1L.1 Introduction

Molten carbonate fuel cell is idered as a promising p ing device for

the effective utilization of fossil fuel energy by gasification [Licbhatsky 1968]. Carbonate
mixtures are the only electrolytes which are invariant with respect (o the electrochemical
combustion of the hydrogen and carbon monoxide. The carbonate ion itself takes part in
the reactions and the melt remains constant in composition by a continuous transter of the
carbonate fon from cathode to anode [Selman 1981]. A variety of electrolyte mixtures of
alkali carbonates have been employed in molten carbonate fuel cells mainly because of
the lower melting points of the eutectic mixtures. It was found that there is a trend of pre-
ferred composition of the molten mixtures [Selman 1981]. It seems important to investi-
gate the properties of the mixed carbonates. Therefore the study of the local structure of
the CO3™ fon in the molten mixture was initiated.

Raman spectroscopy has proven to be a powerful method to study the structure and
physical and chemical properties of molten salts but few Raman measurements have been
performed on the molten carbonate salts [Maroni 1970b, Bates 1972 and Matsumoto
1990]. The major problems arise from the experimental difficulties due to the high corro-
siveness against glass, the high melting points and chemical decomposition.

As part of the program to study the molten carbonate salts, Raman measurements

have been performed on the Li;CO5/LiCl and Li; COy/K,COy melts.
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11.2 Results and discussion
11.2.1 LiZCOJlLiCI melt
Polaried (1) and depolarized (7)) Raman spectra in a frequency range from 50 -

1800 ™! of molten Liz COVLICl with the molar ratio 1:1 at 610°C are presented in fig.

1.1 (bottom). The isotropic spectrum, 1,

- 1,331, was produced from the corre-
sponding polarized and depolarized spectra (fig. 11.1 top). The reduced polarized (R, fig.
1.2 bottom) and depolarized (R | fig. 11.1 bottom) spectra are also shown. The 10 times
scale expanded Ry spectrum in the frequency regions, 50-900 cm™ and 1200-1800 em™',
is presented in fig. 11.2 (top). The positions and assignments of the bands observed are
collected in table [1.1. The present Raman data are in good agreement with previous
Raman studies by Bates et al. [Bates 1972] on the Li, COy/LiCl melt and by Matsumoto
et al. [Matsumoto 1990} on the pure Li, CO; melt.

In the v, region, a weak depolarized band centered at about 706 cm™' was observed

(figs. 1.1 and 11.2). In the v; region two weak broad depolarized bands at about 1419

and 1514 em™ were observed (figs. 1.1 and 11.2). While only a very weak depolarized
band at 872 em™' was observed in the v» region, The 2v,, overtone, centered at about
1750 cm™. As expected the 2v, band was polarized (figs. 11.1 and 11.2),

In the v, region a strong polarized band at 1074.5 cm™" appeared. The isotropic and
anisotropic components of this v, band were curvefitted by a Lorentzian function respec-
tively (fig. 11.3). The depolarization ratio, p = R,/ R, Was calculated to be about
0.045. This is in excellent agreement with Matsumoto's result. It was reported that the
depolarization ratio at the peak intensity of the v, band is 0.044 for pure Li,CO; melt at
750°C [Matsumoto 1990]. The full width at half height (FWHH) is about 24 cm™" for the

isotropic component of the v, band, while it is about 38 cm™ for the anisotropic compo-

nent of this band. The additi bandwidth of the ani: i results from

the reorientational motion of the CO3™ ion.
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In the region from 50 to 600 ™ two broad components centered at about 200 and
400 em™ were observed (fig. 11.4b). The low frequency component at 200 em ™ has heen
assigned to a mode associated with reorientational motions of a planar carbonate ion in a
cation cage. A similar band was reported in molten nitrates [Brooker 1983]. This hand
(200 cm™) should be depolarized (fig. 11.4h), The intensity detected in the 200 om
region of the R, spectrum probably arose from reflected background light tig. 11.40),
The polarized band at about 400 cm™ has been assigned (o the symmetric stretching

motions of Li* against CI™ over a wide range of coondinations and envirmiients (lig.

14a. b, ¢). Previous Raman studies indicated that the broad Raman band of molten

alkali halides was highly polarized [e.g. Clarke 1972¢,

iergiel 1984 and Raptis [987].
The spectrum of the Liz CO,/ K2 COy melt showed only the feature at about 200 cm ™" (lig.

[Ldd. e .

1122 Li,CO4/K,COy melt

Polarized (1) and depolarized (/] ) Raman spectra in a frequency range S0-1800
cm™ of the molten LiCOy/KyCO, mixture with molar ratio 1:1 of Li and K at 570°C are
presented in fig. 11.5. The corresponding isotropic spectrum, /,, = Iy - 1337 . is also
presented (fig. 11.5 top). The reduced polarized (R;) and depolarized (R ) spectra are
presented in fig. 11.6 (bottom). The peak frequencies and assignments are listed in table
L1

The position of the v, band of the CO™ ion shifted from 706 cm™ for the
Li;CO5/LICl melt to about 696 cm™" for the LixCO4/K>COy melt. Similar shift in the v,
region was observed. Two broad, overlapped, weak and depolarized bands centered at
about 1384 and 1493 cm™ in the v, region. The central frequency of the 2vs, overtone,
was found to be about 1753 cm™".

In the v, region. a strong polarized band at 1057.5 em”™" was observed. The result of

the curvefit with a Lorentzian function for the isotropic and anisotropic components ot
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the v, band fig. 11.7) indicates that the depolarization ratio. p = R ,,../R,... is about 0.13.
Compared to the diluted Li- COj in the LiCl melt the depolarization ratio of the v, hand
of the COR™ ion in the Li,C0O,/K>COy molten mixture is much higher and may be due to
straay light or a calibration factor. The FWHH of the isotropic (24 ¢m™) and anisotropic
39 em™) components of the v, band are almost identical with those for the
o COJK:COvand LisCOVLIC melts.

A significant result is the detection of the band due to the rotational oscillation

motion of the COF™ ion at about 145 cm™

which was observed clearly in the depolarized
spectrum of the Li; CO/K: COy melt (fig. 11.4d).

Raman measurements indicate that the molten Li»COy/LiCl and Li;COW/ K-CO,
mixtures exhibited similar Raman spectra in the internal mode regions except for the
slightly ditferent peak positions. The characteristic bands observed from these two melts
indicate no signiticant perturbation of the CO3™ ion in these molten mixtures. The fact
that the anisotropic component of the v, band is much broader than the isotropic compo-
nent suggests a relatively long relaxation time for the reorientional motion of the CO3™
ion. The interaction between the CO3™ ions and alkali metal ions does not appear to be

very strong.
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Table 111
The Raman frequencies (cm ™) of the molten Li:COVLICand Li. COVKCO miv-
tures.
LisCOL/LICI Lis COJKCO assignments
610°C 570°C
*
2000w, dp) 1450, dp)
4001w, p)
T00(w) 696(w) vilED
872iwvw) valAY)
1074.5(s. p) 1057.5(s. p) A
1419(w) 1384(w) 1 EY)
1514(w) 1493(w)
1750(m. p) 1753(m, p) 2y

* w=weaki vw = very weak: m = medium: s = strong; p = polarized.



Fig. 111
Polarized (/y). depolarized (/) ) (bottom). and isotropic (/) (top) Raman spectra of
the molten Li; CO:/LiCl mixture. 610°C; Slits 2 em™.
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Fig. 11.2
Polarized (R)). depolarized (R)) (bottom). and ten times scale expanded Ry (top)
Raman spectra of the molten Li; CO/LiCl mixture. 610°C; Slits 2 cm™.
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R, * 361173

900 1000 1100 1200
Wavenumber (cm™')

Fig. 1.3

Cunvefit for the isotropic (R,,.) and dnisotropic (R ,,,,.) components of the v band
for the Li,COyLIiCl melt by a Lorentzian function (smooth lines).
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Fig. 11.4
The ten times scale expanded reduced Raman spectra of the molten Li,CO/LiCl
and Li,COy/K+CO; melts. LiyCOy/LICY: (a) R, (b) Ry, (€) R,,.; LizCOy/K;COy:
@) Ry, (€) Ry, (O R,,.
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Fig. 115

Polarized (£,), depolarized (IJ.) (bottom), and nso(mpm (I,,,,) (top) Raman spectra of
the molten Li> CO,/K;COy mixture, 70°C: Slits 2 cm™
scattering from stray light
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Fig. 116

Polarized (Ry). depolarized (R ) (bottom), and ten times scale expanded Ry (top)
Raman spectra of the molten Li;COy/K:CO; mixture. 570°C; Slits 2 cm™".
scattering from stray light
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Ry x13.32

900 1000 1100 1200
Wavenumber (cm™')

Fig. 117

Curvefit for the isotropic (R,,) and anisotropic (R,,,,,) components of the v, band
forthe Li,CO3/K,COy melt by a Lorentzian function (smooth lines).
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