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Raman spectroscopy has been used to study the liquid system CsCl-TaCls~
TaOCl, at temperatures between 500 and 750°C. In the binary CsCl-TaOCl, the
equilibrium TaOCI,~ + Cl~ = TaOCls*>~ is established. As the TaOCl, concen-
tration increases, formation of oligomeric ions with bridging oxygen bonds also
becomes significant. In the central part of the ternary system considerable oli-
gomerisation occurs, and some melts in this region form glasses when cooled

rapidly.

Lately we have investigated the chemistry and electro-
chemistry of niobium and tantalum chlorides and
oxochlorides in molten alkali chloride melts.!~® As a part
of these investigations, Raman spectroscopic and ab initio
quantum-mechanical calculations of molecules and com-
plex ions in the molten system CsCl-NbOCL,—NbCly
have been presented.” Motivated by the lack of spectro-
scopic data available for tantalum oxochlorides and the
interesting results obtained by the Raman studies of the
niobium system, we have performed a Raman study of
the analogue tantalum system.

Only a few studies concerned with the vibrational spec-
tra of Ta(V) chlorides have been found in the litera-
ture.>®!'! Spectroscopic evidence for the existence of the
octahedral tantalum chloride ion TaClg ™ in molten alkali
chlorides has been reported several times.>®*° No spec-
troscopic studies of Ta(V) oxochlorides have been found.
However, infrared reflection spectroscopy of hydrolysed
Ta(V) ions dissolved in alkali fluoride melts showed that
TaOFs>~ was present.'” This ion shows a Ta = O stretch-
ing band at 900 cm ~ !. Moreover, the ion Ta,OF,,*>~ was
studied by infrared and Raman spectroscopy'! in alco-
holic solutions of [Et,N],Ta,OF,. Both Raman and in-
frared spectra show a band at 880 cm ™' which was at-
tributed to a Ta—O-Ta bond.

Studies of the CsCl-NbOCl;—NbCl; system’ showed
that an equilibrium between NbOCI,~ and NbOCls*~
was established in the subsystem CsCI-NbOCl;. In melts
relatively dilute in Nb(V) and with 0 <ng/ny, <1 the ions
NbCl,~ and NbOCI®~ coexisted. However, when the
CsCl concentration was lower than 33 mol?%, and the
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molar ratio ng/ny,=0.5, oligomeric ions with bridging
oxygen bonds formed. Moreover, at these concentrations,
the melts formed glasses when cooled rapidly.

Morozov and Morozov'? measured the phase diagram
CsTaOCl,-CsCl and found that it was of the simple eu-
tectic kind, with a eutectic point at 530°C and 59.5 mol%;,
CsCl (i.e. 71.2/28.8 CsCl/TaOCl,). They also found that
CsTaOCl, melts at 700°C and that it is stable at tem-
peratures up to 978°C.

Experimental

All samples (typically 300 mg) were prepared by mixing
TaCl; (Alfa 99.999, twice resublimed), Ta,O5 (Alfa,
99.9%, dried at 200°C at 10~ * mbar) and CsCl (Merck,
99.99%,, melt bubbled with dry HCI and recrystallised) in
a quartz cell (¢4 x 2 mm). All handling of the salts was
performed in a dry-box with water and oxygen levels be-
low 1 ppm. The filled cell was sealed off on a vacuum line
(<10~ % mbar). Salts were melted and mixed and kept in
the molten state until all Ta,O4(s) was dissolved. The
melting and mixing procedure was done carefully owing
to the high vapour pressures of TaCls (b.p. 242°C); for
the same reasons, the volume above the molten mixtures
was kept below 209, of the total volume. To record the
spectra, the cell was introduced into a specially designed
furnace allowing transmission of laser light and collection
of scattered light at an angle of 90° to the laser beam."?
The compositions of the samples are given in Table 1 and
Fig. 1.

The excitation source was an argon laser emitting green
light at 514.5 nm with an effect of typically 100 mW. The
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Table 1. Nominal compositions of the mixtures studied in this work. Concentrations in mol%.

Sample CsCl TaOCl, TaClg Description Spectra in Figure
| 50 0 50 CsTaClg

I 50 50 0 CsTaOCl, 3

I 66.6 33.3 0 CsTaOCl,+CsCl 3

I\ 84 16 0] 4CsTaOCl,+ 17CsCl 3

\Y 95° 5 0 (Cs,Na)TaOCl,+ 18(Cs,Na)Cl 2

\ 33.3 33.3 33.3 CsTaOCl,+TaClg 4

Vi 55 28 17 CsCl/TaOCl,/TaClg (55/28/17) 4

Vil 42 42 16 CsTaOCl,/TaClg (72/28) 4

IX 40 30 30 CsCl/TaOCl,/TaClg (40/30/30) 4

? 95 mol% of the CsCl—-NaCl eutectic melt.

scattered light was analysed by a Spex 1403, 0.85 m
double monochromator, equipped with an RCA photo-
multiplier cooled to —20°C, an EG&G/ORTEC photon
counter and a rate meter connected to a PC. Spectra with
both horizontal and vertical polarised laser beams were
recorded. The slits of the monochromator were adjusted

to give a resolution of 3 cm™".

Results

Bands at 376, ca. 275 and 175 cm ™' were observed in the
Raman spectra of CsTaCl, (sample I in Fig. 1). No bands
belonging to the oxochlorides were present in the spectra,
indicating salts practically free from oxides and insignifi-
cant corrosion of the fused silica cells. Figure 2 shows
spectra of a NaCl-CsCl eutectic melt with 5 mol?%,
TaOCl; at 958 K (sample V in Fig. 1). The melt was
almost colourless. Figure 3 shows spectra of melts in the
system CsCl-TaOCl; with various TaOCl; concentra-
tions at different temperatures. As the TaOCl; concen-
tration increased, the colour of the melt changed from
yellow (16 mol %, TaOCl,, sample IV) to green (33 molY,

éO . 40 " éO 80

TaOCl, TaCls

Fig. 1. Compositions of the different samples studied, plot-
ted in a CsCl-TaOCI,—TaClg ternary diagram. “Sample V is
5 mol% TaOCl, in the CsCl—NaCl eutectic melt.
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TaOCl,, sample 1) and blue (50 mol?%, TaOCl,, sample
II).

Within the ternary region, the melts were green. Spec-
tra of melts with the compositions CsTaOCl,—TaCl; (VI),
CsCl/TaOCl;/TaCls (55/28/17 mol?%,, VII), CsTaOCl,/
TaCls (72/28 mol?,, VIII) and CsCl/TaOCl,/TaCls (40/
30/30 molY,, IX) were recorded at 923 K. Spectra of
these melts are given in Fig. 4. The melts of samples VI,
VIII and IX formed deep yellow glasses when the quartz
cells were quenched in cold water. Included in the figure
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Fig. 2. Raman spectra of 5 mol% TaOCl, in the eutectic
CsCl-NaCl (Sample V) at 958 K. Roman numbers in brackets
refer to the sample numbers in Fig. 1 and Table 1. The weak
band at 480 cm™ ' is probably due to the quartz cell. VV and
HV refers to the direction of polarization of the laser light
entering and exciting the sample. VV indicates that incident
and scattered radiation is polarised perpendicular to the scat-
tering plane. HV indicates that incident radiation is polarised
in the scattering plane and the scattered radiation analysed
perpendicular to the scattering plane.
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Fig. 3. Raman spectra of three melts with different compo-
sitions in the system CsCI-TaOCl;. From the bottom and up,
the compositions and temperatures in the melts were:
16 mol% TaOCl, in CsCl (sample IV) at 923 K; 33.3 mol%
TaOCl, in CsCl (sample lll) at 1023 K; 50 mol% TaOCl; in
CsCl (sample Il) at 1023 K. Roman numbers in brackets refer
to the sample numbers in Fig. 1 and Table 1.

are also spectra recorded at 298 K of the glasses formed
from melts of samples IX and VIII. The glass formed
from the CsTaOCl,~TaCls (VI) melt cracked, and Ra-
man spectra of acceptable quality were not obtained.

A survey of the frequencies of the bands observed is
given in Table 2.

Discussion

As will be shown below, several complexes coexist in
most of the melts studied. Consequently, it is difficult to
attribute specific bands to specific complexes. For the
same reason, we have not tried to resolve the complete
structure and symmetries of the complexes present. The
discussion is therefore focused on major structural fea-
tures and comparison with the corresponding Nb(V)
melts.

CsTaCl,. The frequencies observed in the spectra of
CsTaClg (I) agree with previous work.® Assignments of
the bands observed for molten CsTaClg based on the as-
signment of NbCl,~ are given in Table 3.

The binary CsCIl-TaOCl;. The spectra of 5 mol%, TaOCl,
dissolved in a CsCl-NaCl eutectic melt at 958 K

RAMAN SPECTRA OF Ta-OXOCHLORIDES
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Fig. 4. Raman spectra of four samples with different com-
positions in the system CsCl—TaOCl;—TaCl;. For two of the
samples, Raman spectra of both molten and vitreous samples
are given. From the bottom and up, the compositions and
temperatures for the samples were: molten CsCl/TaOCl,/
TaClg (55/28/17 mol%, sample VIil) at 923 K; vitreous CsCl/
TaOCl,/TaClg (55/28/17 mol%, sample V) at 298 K; mol-
ten CsTaOCl,/TaClg (72/28 mol%, sample VIIl) at 923 K;
molten CsTaOCl,+TaClg (sample VI) at 923 K; vitreous
CsCl/Ta0OCl,/TaCl, (40/30/30 mol%, sample IX) at 298 K;
molten CsCl/TaOCl,/TaClg (40/30/30 mol%, sample 1X) at
923 K. Roman numbers in brackets refer to the sample num-
bers in Fig. 1 and Table 1.

(sample V) (Fig. 2) are almost identical to those of
5 mol %, NbOCI, dissolved in CsCl at 923 K, except for
minor shifts in the vibrational frequencies. Increasing the
TaOCl, concentration (Fig. 3) has a similar effect on the
spectra as that observed in the CsCl-NbOClI; system.
The intensities of the polarised band at 925 cm™' de-
crease, while a new polarised band appears at 960 cm ™.
In the niobium system, this change was ascribed to an
equilibrium between NbOCl;>~ and NbOCI, . Thus, in
analogy with the niobium system, the band at 925 cm ™'
is ascribed to the stretching of the terminal oxygen
TaOCl* ", and the band at 960 cm ™' to the same mode
in TaOCl,~. The band at 334 cm ™' in the spectra in
Fig. 2 and the lower one in Fig. 3 is, as for the corre-
sponding band of NbOCI,*>", ascribed to symmetrical
stretching of equatorial chlorides. Based on the spectra in
Figs. 2 and 3, it is reasonable to assume that an equi-
librium similar to the one observed in the niobium system
is established in the tantalum system.

Cs,TaOCl; = CsTaOCl, + CsCl
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Table 3. Assignment of bands observed for TaOCl;*~ ¢ and
TaClg ™.

TaCly~, O,

TaOCL>", C,,

1

Assignment Frequency/cm ™" Assignment Frequency/cm™

A, 375 A Viaeo 925
e, ~275 Ay Vrc, 335
Tog 175 By Vr.c, 254

E 156

? Assignments for TaOCIsz_ are based on assignments for
NboOCI;>~.7

The close resemblance of the spectra of TaOCl;*>~ and
NbOCI,*~ indicates that TaOCls>~ belongs to the same
symmetry group as NbOCls*>~, C,,. An assignment of the
bands observed for TaOCl;>~ based on the assignment
of NbOCI*>~ is given in Table 3.

There are, however, differences between the spectra of
the two systems. Spectra of the CsCl-TaOCl; system
show bands at wavenumbers between 700 and 850 cm ™!
which are not present in the niobium system. Bridging
oxygen bonds typically show vibrational bands in this
wavenumber region.”!"'413 It therefore seems reasonable
to ascribe the bands in the region 700-850 cm ™! in the
tantalum system to Ta—O-Ta bonds. With this interpre-
tation, Fig. 3 shows that there is considerable tendency
to form bridging oxygen bonds between tantalum atoms,
even at tantalum concentrations as low as 10-20 mol?%,.
Thus, in contrast to the niobium system, the situation in
the CsCl-TaOCl; system cannot be described simply by
the equilibrium between TaOClL?>~ and TaOCl,~. Fur-
ther equilibria involving formation of oligomeric ions with
bridging oxygen must be responsible for the bands ob-
served at 700-850 cm ™.

The intensities of the band at 960 cm ! and the bands
at 700-850 cm ™' in the spectra of CsTaOCI, (II) and
CsTaOCl,~CsCl (I1I) (Fig. 3) indicate that the concen-
trations of TaOCl,” and the oligomeric Ta-containing
ions are comparable. The band at 365 cm ™' is therefore
probably due to symmetrical stretching of chlorides both
in TaOCl,” and oligomeric ions.

The ternary CsCl-TaOCl,—TaCl;. The spectra in Fig. 4
show broad bands around 800 cm ™, typical of a bridging
oxygen.”''*15 The spectra of the CsCl/TaOCl;/TaCls
(55/28/17 molY,, VII) melt are particularly interesting.
These spectra clearly show that complexes with both
bridging and terminal oxygen atoms are present in the
melt, while spectra of a similar niobium melt (CsCIl/Nb-
OCl,;/NbCls 50/25/25 mol%,) showed only bands belong-
ing to NbCl,~ and NbOCI, . Moreover, the spectra of
the CsTaOCl,~TaCl; (VI) melt show no bands belonging
to terminal oxygen atoms, while such bands are present
in the spectra of the corresponding niobium melt. This
indicates that the ratio between oligomeric and mono-
meric ions is higher in Ta(V) oxochloride-containing
melts than in the corresponding Nb(V) melts. Thus,

RAMAN SPECTRA OF Ta-OXOCHLORIDES

Ta(V) has a stronger ability to form oligomers with bridg-
ing oxygen bonds in caesium oxochloride melts than
Nb(V).

As for the niobium melts, bands due to bridging oxy-
gens are broad, indicating many related structural con-
figurations of bridging oxygen, or bridges with very short
lifetimes. Consequently, the melts contain many different
oligomeric complexes in equilibrium, and no simple in-
terpretation of the spectra can be given. Nevertheless,
some suggestions about the origins of the various vibra-
tional bands can be made. Most of the spectra in Fig. 4
show strong polarised bands at 375-377 cm ™! and de-
polarised bands of medium intensity at 169—-173 ¢cm ™,
close to the 4,, and T,, modes of TaCls ™, respectively.
It is therefore reasonable to assume that TaClg™ is
present in these melts. However, since bands due to
Ta =0 are weak and ng/ny, = 0.5, the concentrations of
oligomeric complexes with bridging oxygen are signifi-
cant. In analogy with the niobium system, symmetrical
stretching of Ta—Cl bonds in the oligomeric complexes
should show bands near the frequency of symmetrical
stretching of Ta-Cl in TaCly~. These bands probably
partly overlap with the TaCl,~ band at 377 cm . In the
spectra of CsTaOCl,~TaCls (VI), the strong polarised
band due to Ta-Cl is at 383 cm ™, a slightly higher fre-
quency than the other strong polarised bands at 375-
377 cm ™!, In the niobium system, polarised bands at
slightly higher frequencies than the Nb—Cl symmetrical
stretch for NbCl,~ were observed in melts with oligo-
meric ions. Thus, it is possible that the band at 383 cm ™!
is mainly due to symmetrical stretching of Ta-Cl in the
oligomeric complexes.

In the spectra of the CsCl/TaOCl;/TaCls (55/28/
17 mol%,, VII) melt, bands at 960, 922 and 805 cm ™'
show that considerable amounts of TaOCl®~ and
TaOCl, ™ in addition to complexes with Ta~O-Ta bonds
are present. Hence, the band at 377 cm ™' in these spec-
tra is probably due to TaClg~, oligomeric species and
TaOCl,”. A shoulder at 325 cm~' belonging to
TaOCIl,* "~ is also present in the spectra.

Spectra showing bands due to bridging oxygens at
around 800 cm ™' also show a weak polarised band at
117-119 cm™!. This band is not present in spectra of
monomeric species (Figs. 2 and 3). Since this band is
polarised, it is caused by symmetrical vibrations, and its
low frequency indicates that the vibrations are due to
either a weak bond or vibrations of heavy atoms or atom
groups. Possible origins of the band are breathing vibra-
tions of tantalum complexes where tantalum atoms are
bonded through bridging oxygens.

Comparing the spectra of the glasses with spectra of
the corresponding melts, similar spectral features are ob-
served. Not surprisingly, the bands in the glasses are
sharper than the bands in the melt, indicating that the
complexes are less distorted at lower temperatures.
Lower distortion of the geometry of a complex results in
more narrow Raman bands. Moreover, bands due to
Ta=0 are weaker in spectra of the glasses, indicating
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that terminal oxygen atoms in the melt form bonds to
other tantalum atoms when the melt is quenched. These
oligomeric tantalum oxochlorides are most probably en-
thalpy-stabilised and entropy-destabilised. A lower tem-
perature will therefore favour their formation, as indi-
cated by the spectra. Other interesting aspects of the glass
spectra are also noteworthy. Firstly, the numerous bands
in the region of the bridging oxygen bonds indicate that
the variety of oligomeric complexes in the melt is pre-
served during quenching. Secondly, the relatively sharp
bands due to symmetrical Ta-Cl stretching suggest
rather similar structures of the oligomeric units (e.g.
TaOC1,®~®~). The numbers of chlorides and oxygen
atoms are therefore probably the same for each unit.

Conclusions

Raman spectra of melts in the system CsCl-TaOCl;-
TaCls are quite similar to those of melts in the CsCl-
NbOCI;-NbCl; system. In the subsystem CsCl-TaOCl,,
the equilibrium

Cs,TaOCls = CsTaOCl, + CsCl

is established, similar to that found in the corresponding
niobium system. In the tantalum system, however, equi-
libria involving formation of oligomeric tantalum com-
plexes with bridging oxygen bonds are also established.
Raman spectra of melts in the central regions of the
ternary also show that Ta(V) has a higher ability to form
complexes with bridging oxygen than Nb(V).

Acknowledgements. This project has benefited scientifi-
cally from our participation in a Human Capital and Mo-
bility Network. We appreciate interesting discussions
with Prof. W. Freyland, University of Karlsruhe, Ger-
many, and Prof. G. N. Papatheodorou, University of
Patras, Greece, on the structure of niobium and tantalum

410

chloride-containing melts. Financial support from the
Norwegian Research Council is also gratefully acknow-
ledged.

References

1. Bachtler, M., Rockenberger, J., Freyland, W., Rosenkilde,
C. and Ostvold, T. J. Phys. Chem. 98 (1994) 742.

2. Rosenkilde, C. and Ostvold, T. Acta Chem. Scand. 49
(1995). In press (A2724).

3. Rosenkilde, C. and Qstvold, T. Acta Chem. Scand., Ser. A
49 (1995). In press. (A2712).

4. Rosenkilde, C. and Qstvold, T. Acta Chem. Scand., Ser. A
49 (1995). In press. (A2683).

5. Voyiatzis, G. A., Pavlatou, E. A., Papatheodorou, G. N.,
Bachtler, M. and Freyland, W. Proc. Int. Symp. Molten Salt
Chem. Technol. Electrochem. Soc. 93-9 (1993) 252.

6. Bachtler, M., Freyland, W., Voyiatzis, G. A. and Papathe-
odorou, G. N. Ber. Bunsenges. Phys. Chem. Submitted.

7. Rosenkilde, C., Voyiatzis, G. A., Jensen, V. R., Ystenes, M.
and @stvold, T. Inorg. Chem. Submitted.

8. Kipouros, G. J., Flint, J. H. and Sadoway, D. R. Inorg.
Chem. 24 (1985) 3881.

9. Huglen, R., Poulsen, F. W., Mamantov, G. and Begun,
G. M. Inorg. Chem. 18 (1979) 2551.

10. Fordyce, J. S. and Baum, R. L. J. Phys. Chem. 69 (1965)
4335.

11. Sala-Pala, J., Calves, J. Y., Guerchais, J. E., Brownstein, S.,
Dewan, J. C. and Edwards, A. J. Can. J. Chem. 56 (1978)
1545.

12. Morozov, I. S. and Morozov, A. 1. Russ. J. Inorg. Chem. 11
(1966) 182.

13. Papatheodorou, G. N. In Hastie, J., Ed., Proc. of the 10th
Materials Research Symposium on Characterization of High
Temperature Vapours and Gases, National Bureau of Stan-
dards, Washington DC 1979, NBS Publication 561-1,
p. 647.

14. Beattie, I. R., Livingstone, K. M. S.; Reynolds, D. J. and
Ozin, G. A. J. Chem. Soc. A (1970) 1210.

15. Morozov, S. and Lipatova, N. P. Russ. J. Inorg. Chem. 13
(1968) 1101.

Received October 10, 1994.



