January, 1978]

BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, voL. 51 (1), 25—27 (1978) 25

Raman Studies of Complex Ions in ThCl,—KCl Melt Using Raman
Bands Shifts

Susumu Yosuipa, Ryozo OvaMapa,* and Kazutaka Kawamura
Research Laboratory for Nuclear Reactors, Tokyo Institute of Technology, O-okayama, Meguro-ku, Tokyo 7152
*Faculty of Education, Nagasaki University, Bunkyo-cho, Nagasaki 852
(Received August 5, 1976)

Raman spectra of solid and molten ThCl,~KCl system were observed and the structure change of ThCl, on
melting from the octa-coordinate body-centered tetragonal type, Dyy, to the tetra-coordinate tetrahedron type, Tq,
was studied. The decrease in frequency of the symmetric stretching vibration »; with decrasing ThCl, concentra-
tion for molten ThCl,~KCl is interpreted as due to the presence of ThCl,, ThCl;~, and ThCI,*~ complexes in the

molten ThCl~-KCl mixture.

Such a compositional dependence for », appears to support the idea that, for a de-

crease in the ThCl, concentration in molten ThCl,~KCl mixtures, the bond strength between the thorium and
chloride ions decreases and the number of chloride ions around the thorium ion increases from 4 to 7.

Various physical properties, such as electromotive
force,V density,? equivalent conductivity,? and viscos-
ity® for the ThCl~ KCI system, have been measured
as fundamentally important data for the electrolytic
preparation of thorium metal. In the variation of
these physical isothermal properties with ThCl, con-
centration, deviations from the additivity line have
been attributed to the existence of a complex ion,
since the concentration giving the maximum deviation
corresponds to that of a congruently melting compound.

In this paper, the formation and structure of complex
ions in the ThCl,~KCl system are discussed on the
basis of the variation of the Raman bands of solid and
molten ThCl~KCI systems with concentration.

Experimental

Samples. Thorium Tetrachloride: As described in
a previous report,® thorium(IV) chloride was refined by
vacuum fractional distillation.

Potassium Chloride: Potassium chloride of special reagent
grade was melted, bubbled with dry hydrogen chloride, and
the retained HCI was purged by purified argon. The melt
was evacuated using a rotary pump for one hour to remove
the argon.

Samples: Weighed amounts of thorium and potassium
chlorides were melted and mixed in a quartz cell in an HCI
atmosphere, and then the mixture was poured into the mea-
suring cell in wvacuo. The thorium concentration of these
samples was corrected by chemical analysis after measuring
the spectra.

Apparatus. Raman spectra were recorded with a Spex
Model 1401 Ramalog 4 spectrometer. A Coherent Radia-
tion Model 52 488-nm argon-ion laser was used. The furnace
temperature for the molten salts was controlled to within
+0.5 °C.

Results and Discussion

Raman Spectra of Pure Thorium Chloride. The
Raman spectra of rapidly quenched solid and molten
thorium chloride were recorded from 50 to 2000 cm~1!
at room temperature and at 800 °C, respectively. The
Raman bands of solid thorium chloride were found
at 296, 182, and 259 cm! and those of molten thorium
chloride at 334, 132, and 270 cm™?, as listed in Table 1.

The crystal structure of thorium(IV) chloride has
been reported to be a body-centered tetragonal struc-
ture (Dg) as shown in Fig. 1. The number of

TaBrLe 1. Raman BaNDs FOR PURE ThCl,

Band (cm™!) for ThCl,

Assignment
solid melt
296 334 v1(4;)
182 132 v,(E)
- - vy(Fy)
259 270 va(F)
Fig. 1. Coordination about the Th atom in the ThCl,

(Dgn) structure.
A: 33.1°, B: 78.0°% a: 2.903 A, and b: 2.718 A.

chloride ion around the thorium(IV) ion is eight.
The four Cl- ions are close to the Th#+ ion (2.718 A)
and form a square planar configuration. The remain-
ing four Cl- ions are far from the Th?+ ion (2.903 A)
and form a distorted tetrahedron. Each Th#* ion is
dodecahedrally coordinated in a crystal lattice. In
the quenched state, pure thorium chloride does not
have a stable crystalline form, but is a tetrahedron
with a slightly deformed body-centered tetragonal
framework resulting from the strong mutual interac-
tion between the four Cl- ions and the near Tht+
ion.® Thus, the structure of pure ThCl, may change
from an octa-coordinate body-centered tetragonal struc-
ture, D,,, to a tetra-coordinate tetrahedron structure,
Ty, upon melting. The Raman band at 334 cm-!
for pure molten ThCl, can be assigned to a symmetric
stretching vibration of T, symmetry, and the other
bands at 132 and 270 cm™! to bending vibrations of



26 Susumu Yosuma, Ryozo Ovamapa, and Kazutaka Kawamura

T, symmetry.”? The assignments of bands for pure
solid ThCl, listed in Table 1 are in analogy to the,
assignments for molten ThCl,.

Table 1 shows the band shifts to higher frequencies
upon melting. These shifts can be explained if four
Cl- ions far from Th%* ion become free, and the four
Cl- ions near Th*t jon are strongly attracted to the
Th*+ ion by the strong polarization force. In other
words, the strong interaction between the Th*+ and
Cl- ions resulting from a decrease in the interionic
distance can explain the shifts of the Raman bands
toward higher frequencies upon melting.

The Raman bands for ThO, which have been report-
ed at 460 cm~! ® were not observed. No evidence
for the existence of ThOCI, in pure solid ThCl, was
obtained. These facts are also supported by failure
to detect any ThO, or ThOCI, upon chemical analysis.

Raman Spectra of the Solid ThCl—KCl System.
Raman spectra of the solid ThCl,—~KCl system were
obtained over the range from 50—2000 cm™! at room
temperature (Fig. 2 and Table 2).

The frequencies for the solid ThCI-KCI system
with 1.0—0.10 molar fractions of thorium chloride
remain almost constant. The Raman bands at 250

oy
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Frequency (cm™1)
Fig. 2. Raman spectra of the solid ThCl,~KCI system.

ThCl, concentrations (mole fraction): A: 0.10, B:
0.25, C: 0.34, D: 0.50, E: 0.62, and F: 1.00.
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Fig. 3. The relation between Raman bands and the
phase diagram for the ThCl,~KCI system.

cm™! and near 280 cm~!, which are obtained for ThCl,
molar fractions of 0.34—0.62, are also observed in
the solid form containing ThCl, molar fractions above
0.62 and below 0.34, respectively. Moreover, the dis-
continuous variation of Raman bands near 300 cm—!
with ThCl, concentration is illustrated in the phase
diagram for ThCl, and KCl, as shown in Fig. 3.
This spectral variation with concentration appears to
support the presence of a ThCl, compound with a
molar fraction from 1.0—0.62, of a congruently melt-
ing compound KThCl; with a molar fraction of 0.62
—~0.34, and K, ;ThCl, with a molar fraction of 0.34—
0.10 of ThCl,. Aside from the existence of K+ ions,
it may be assumed by analogy with KThF," and
K,;UF,,1» that the ThCl,— and ThCl*~ species
have trigonal bipyramidal and pentagonal bipyramidal
structures, respectively. The symmetric stretching vi-
bration, »,, are easily assigned for the ThCl,, ThCl;,
and ThCl2- species, but the assignments of other
modes of vibration are quite difficult due to the struc-
tural complexities of the above species. Table 2
shows that the frequency of the », vibration decreases
with the ThCl, concentration from 1.0 to 0.1 molar
fraction, suggesting the presence of two congruently
melting compounds.

Raman Spectra of the Molien ThCl—KCl System.
Raman spectra of the molten ThCl,—KCI system were
observed over the range 50—2000 cm—1' at 800 °C.
The spectra for melts containing 1.00—0.25 molar
fractions of ThCl, are shown in Fig. 4 and Table 3.
The second column in Table 3 lists also the polari-
zation of each band. While the bands for a 0.5 molar

TasLE 2. Raman Banps For THE soLp ThCl,-KCI system

ThCl, concn

Raman band in cm=! (#1.0cm™?)

(mol frac.)
1.0 — 296(»,) — 259 — 182 — —
0.6 310 296(»,) 285 259 247 182 149 —_—
0.50 310 — 286 (v;) 259 247 - 150 —
0.34 310 — 280(vy) 259 247 — 150 —
0.25 — 290 279(v,) — — — — 119
0.10 — 289 279(v,) — — — — 119
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Fig. 4. Raman spectra of molten ThCl-KCl system
at 800 °C with ThCl, concn compositions (mole frac-
tion): (1): 1.0, (2): 0.50, and (3); 0.25.

TasLe 3. Raman Banps For THE MOLTEN ThCl,-KCl

ThCl, concn Raman band

Polarization Assignment

(mol frac.) (cm™1)
1.00 334 polar v1(Ay)
(ThCl,) 132 depol vy(E)
— depol v5(Fy)
270 depol v4(F,)
0.50 293 polar v1(A")
(ThCl;-) — polar v5(Ay)
213 depol v5(E)
187 depol v,(E")
113 depol vg(E”)
0.25 283 polar v1 (A7)
(ThCl12-) — polar vo(A)
98 depol vg(Ey’)
— depol ve(Ey")
219 depol v10(Ey)

fraction of ThCl, are observed at 293, 219, 187, and
113 cm=1, the bands for a 0.25 molar fraction are
observed at 285, 219, and 98 cm~1. As shown in Fig.
3, these compositions of 0.5 and 0.25 molar fractions
correspond to those of congruently melting compounds.
It should be noted that the wave numbers of Raman
bands for a certain concentration range (0.1—0.3 molar
frac.) near each congruently melting compound remain
almost constant. The above fact suggests the presence
of ThCl;~ and ThCl;3~ complex ions for the melts
containing 0.5 and 0.25 molar fractions of ThCl,,
respectively. Since the complex ions ThCl,~ and
ThCL3- are assumed to have trigonal bipyramidal and
pentagonal bipyramidal structures, respectively, the
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Fig. 5. Frequency shifts of », band with ThCl, concent-
ration change in a molten ThCl,~KCl system.

assignments based on these structures are listed in
Table 3. From the compositional dependence of the
stretching vibration, »;, shown in Fig. 5, it is indicated
that »; decreases with ThCl, concentration. Such a
compositional dependence of », appears to support the
idea that for decreasing ThCl, concentration the bond
strength between the thorium(IV) ion and chloride
ion decreases and the coordination state for thorium-
(IV) varies from four, to five and seven coordinations.
In these binary mixtures with a common anion, the
variations of bond strength and thorium coordination
number can be ascribed to a change in the polarization
force.
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