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Raman spectroscopic investigation of Ti(III) solutions in various alkali metal chlorides and mixtures 
shows that the solvent cations affect the nature of the complex anions formed. We have studied in detail 
the effect of adding lithium chloride upon the anion TIC163-, which is the only species present in Ti(III) 
solutions in molten caesium chlorides at 700 ~ C. At 20 mol% LiCI a new band appears in the TiCI63- 
spectrum, and it becomes the most important one from 80% LiC1 onwards. This line cannot be associated 
with any vibration of TiCI~- nor TiCI~ but could be attributed to the condensed form Ti2CI~-. 

1. Introduction 

There have been few studies on the nature of 
Ti(III) species in molten baths except those of 
Gruen and MacBeth [i] who reported the elec- 
tronic absorption spectra of some transition 
metals. These authors showed that in alkali metal 
chloride melts the trivalent ions of 3d metals such 
as Ti 3+ could exist as the tetra- or hexa-coordinated 
forms in equilibrium: 

TIC163- ~ TiCl4+ 2Cl-. 

However, in these same media Ti 2+ could only exist 
in the tetrahedral form TIC142-, whereas in alumin- 
ium chloride it is hexa-coordinated [2]. 

We therefore undertook to determine the struc- 
ture of the titanium complexes present in the 
alkali metal chloride mixtures studied in the first 
part of this work [3]. To this end Raman spectro- 
scopy can be used for the identification of the 
species in baths from the solid state up to the melt- 
ing point or even beyond. The experimental tech- 
niques are the same as those previously described 
[4]. 

2. Study of pure Ti(III) compounds 

For comparison we have collected in Table 1 the 
Raman frequency vibrations of different pure 
titanium compounds. The only well-known tetra- 
coordinated titanium compound is the tetra- 
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chloride TiCl4, whose spectrum has been recorded 
both in the vapour and the liquid phase and has 
been indexed in terms of tetrahedral symmetry 
T a [5]. In previous studies we have recorded the 
spectra of the hexa-coordinated compounds 
K2TiCI6, KaTiCI6 and CsaTiC16. The bands have 
been assigned by analogy with those of caesium 
hexachlorotitanate Cs2TiWCl6 studied by Van 
Bronswyk et al. [6]. In a regular octahedral site 
there are six fundamental modes; three are Raman 
active vl(alv.), v2(ev) and vs(t2g), whereas v3(tlu) 
and v4(hu) are infrared active and v6(t2u) is inac- 
tive. Literature data indicate that in the case of 
Cs2TiCI 6 the v3 and v4 vibrations are active in the 
infrared and also in the Raman [6, 7]. This shows 
therefore that the TiCI~- anion is of lower sym- 
metry than a regular octahedron and that it no 
longer has a centre of symmetry. In the same way 
CsaTiC16 shows the two bands v3 and v4 in the 
Raman spectrum (Fig. 1); these are normally in- 
active. On the other hand the v2 line does not 
appear but it is often very weak or even absent in 
hexahalide complexes of groups IVb and Vb [6]. 
The v3 line does not exist in potassium compounds. 
The v4 appears in K2TiC16 but not in KaTiCI6. It is 
worth pointing out that, for the same oxidation 
state, the vl line shifts towards higher frequencies 
(+  10 cm -1) on going from Cs to K; for the same 
counterion its frequency decreases by 30 cm -1 on 

going from oxidation states IV to III. 
We were unable to obtain the Raman spectra of 
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Table 1. Raman frequencies of pure compounds. The figures in brackets are infrared frequencies 

Compound Point v3(t 2) vl(a 1) v4(t2) v2(e) Reference 
group 

TiC14 T d 498 489 136 114 [5 ] 

v3(tlu) v,(a,g) v2(eg) v4(t,u) vs(t2g) 

Cs2TiC16 O h 334 
(345) 

K2TiC16 Oh - 
(350) 

CssTiCI~ Oh 330 
K3TiC16 Oh -- 

320 272 190 186 [6] 
(190) [71 

330 - 180 150 

290 - 180 150 
300 - - 160 

[8] 

the condensed form M3Ti2CI9 (M = K or Cs) in 
which the titanium is always hexa-coordinated but 
where one face of  the octahedron is shared. This 
failure is no doubt related to the very deep green 
colour of  these complexes. Probably for the same 
reason, Fraser et al. [9] could not obtain the spec- 
trum of  the violet a form of  TiCI3 which we use to 
feed our baths. Our own attempts were, moreover, 
equally unsuccessful. 

K3 TiCL6 ~/300 160 
, /  

Cs 3 TiCt 6 290 [~ '150 

I I I t 

400 300 200 100 
Av/cm'l 

Fig. 1. Raman shifts for K3TiC16 and Cs3TiC16. Tempera- 
ture = 25~ h=  514.5nm. 

3. Study of Ti(III) solutions in various alkali metal 
chlorides and mixtures 

The molar fractions of  the Ti(III) solutions were 
between 1 x 10 -2 and 5 x 10 -2, i.e. within the range 
studied in the chemical experiments of  Part 1 [3] 
(0.3 x 10 -2 to 10 x 10-2). These limits are imposed 
by spectroscopic features: with lower concentra- 
tions no Raman signal is obtained; with higher 
concentrations the resulting solutions are too dark 
and so the absorption of  the incident light is too 
strong and no scattered light comes out. 

The spectra of  solutions of  Ti(III) in three of  the 
baths studied previously reveal that the relative 
intensities and the positions of  the bands depend 
on the solvent (Fig. 2). In pure molten caesium 
chloride at 700~ (Fig. 2c) the spectrum is identi- 
cal with that of  Cs3TiCI6. In KC1-LiC1 the spec- 
trum is not so well defined; it has a shoulder at 
160cm -1 and a band at 280cm -1, that is, at a 
lower frequency than that o f  the vl vibration of  
K3TiCI6 (300 cm-1). The spectrum is even worse in 
molten lithium chloride because of  strong fluor- 
escence, but there is a shoulder at the same fre- 
quency (280 cm -1) as in the previous eutectic. 

In order to determine the reason for this 
variation we studied the spectra of  Ti(III) solu- 
tions in binary mixtures of  composition xCsC1/ 
(1 - -x )  LiC1. Fig. 3 indicates a dependency on the 
solvent composition. As soon as a little lithium 
chloride is added to the caesium chloride a new 
band appears a t270  cm -1 and the v3 and vl bands 
shift towards higher frequencies (Fig. 3b). When 
the lithium chloride content rises from 20 to 
60 tool% the spectra remain similar though less 
well defined, the vl line shifting towards 310 cm -1 
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Fig. 2. Raman shifts for Ti(III) solutions in various 
chlorides. (a) LiCI, (b) KC1-LiC1 (40.5-59.5 tool%), (c) 
CsC1. 

while vs diminishes. Only the new band at 280 
cm -a persists above 80mo1% (Figs 3e and f). It is 
situated at the same frequency as that of the main 
signal observed in the KC1-LiCI eutectic with 
60 mol% of lithium chloride (Fig. 2b). 

These spectral changes are due to a modifica- 
tion of the symmetry of the Ti(III) complexes in 
these mixtures. It is unlikely that the band which 
appears at 270 cm -a corresponds to the u= vibra- 
tion, present only in the spectrum of Cs2TiCI6, 
since we did not observe it for the other titanium 
IV and III complexes (Table 1). Moreover, the 
strongest line of a spectrum is generally the 
totally symmetric vibration Va which shifts 
towards higher frequencies when the radius of the 
counterion decreases. Furthermore, if this line 
arose from the splitting of the/)a vibration, two 
bands should always be seen; this is not the case 
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Fig. 3. Raman shifts for Ti(III) solutions in binary mix- 
tures of LiC1 and CsC1. (a) CsC1, (b) 80% CsC1-20% LiC1, 
(c) 60% CsCI-40% LiC1, (d)40% CsC1-60% LiC1, (e) 
20% CsC1-80% LiC1, (f) LiC1. 

(Figs. 3e and f). Consequently this band could be 
due to the Va vibration of a different configuration 
of TiCI~-. Indeed, there are two other complex 
anions of Ti(III): TiClg and Ti2C19 s-. These two 
forms, containing fewer C1- ions, can exist in 
equilibrium with TIC16 3- according to the reactions: 

TiCI~- ~ TiCl• + 2C1- (1) 

TiCI~- ~ �89 + ~Cl- (2) 

When the lithium content of CsC1-LiC1 mixtures is 
increased the acidity of the bath rises; that is, 
these media become more and more powerful as 
chloride ion acceptors. Equilibria 1 and 2 there- 
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fore tend to shift to the right. However, if the 
tetra-coordinated form TIC14 (Reaction 1) 
appeared, this would cause the ul vibration to shift 
towards high wavenumbers [10]. This is what is 
observed for TIC14, whose vl vibration is at 
390 cm -1 (Table 1). Now, the extra line appears at 
a slightly lower frequency than that of  the v~ 
vibration of  TIC16 symmetry. Consequently, the 
configuration which arises when lithium chloride 
is added could be that of  Ti2CI93-, a condensed 
form in which two TiCI6 octahedra are joined by 
one face. The fact that each titanium has an octa- 
hedral environment in the two configurations 
would explain the small difference in the position 
of  the main band in the two species (275 and 

290 cm-I). 
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