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Thermodynamic properties of the alkali metal hexachloroniobate and hexachlorotantalate |
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The vapour pressures for the decomposition of the solid and liquid compounds AMCls
where A = Na, K, Rb, or Cs, and M = Nb or Ta, were measured by a fused quartz Bourdon
spiral pressure gauge. The hexachlorotantalates were found to be more stable thermally than
the hexachloroniobates. Enthalpies of decomposition were calculated. The dissociation tem-
peratures of each sequence of compounds increase with increasing size of the radius of the
alkali-metal cation. Partial pressures of NbCls or TaCls vapour in equilibrium with solutions
representing the binary systems KCI-KNbCls and KCI-KTaCls, respectively, are also
reported.

DonNaLD R. SapowAy et S. N. FLENGAS. Can. J. Chem. 56, 2538 (1978).

Faisant appel 4 une jauge de Bourdon en silice, on a mesuré les tensions de vapeur accom-
pagnant les décompositions des composés solides et liquides AMCls ou A = Na, K, Rb ou
Cs et M = Nb ou Ta. On a trouvé que les hexachlorotantalates sont plus stables du point de
vue thermique que les hexachloroniobates. On a calculé les enthalpies de décomposition. Les
températures de dissociation pour chaque série de composés augmentent avec une augmenta-
tion du diamétre du cation du métal-alcalin. On rapporte aussi les tensions de vapeur partielles
du NbCls ou du TaCls en équilibres respectivement avec des solutions représentant des

systémes binaires KCI-KNbClg et KCI-KTaCls.

Introduction

Niobium and tantalum pentachloride vapours
react with alkali-metal chlorides to form compounds
of the type [AT][MCl;~], where A represems an
alkali metal and M represents Nb or Ta. These com-
pounds can melt congruently, as does KNbCly (1),
or incongruently, as does NaNbClg (1). Covalently
bonded NbCl; and TaCl; melts behave as molecular
liquids (2-5); in contrast, solutions of these penta-
chlorides in molten alkali-metal chlorides are ionic
in character, as their electrical conductivities show
(6, 7), and thermodynamically stabler than the
former, as vapour pressure measurements demon-
strate. For example, at 450°C pure NbCls has a
vapour pressure of 22 atm (8), whilst the partial
pressure of NbCls over molten KNbClg at the same
temperature is reported as 0.15atm (9). These
changes in behaviour may be explained by the
presence of complex species in the MCl;—ACI
solutions (4, 10, 11).

The compounds NaNbClg, NaTaClg, KNbClg,
KTaClg, RbNbClg, RbTaCly, CsNbClg, and CsTaClg
were synthesized in this laboratory by the reaction of
NbCly; or TaCls vapour with solid alkali-metal
chloride under controlled pressure and temperature

1present address: Department of Materials Science and
Engineering, Massachusetts Institute of Technology, Cam-
bridge, MA 02139.
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conditions. The preparation has been described else- }
where (12). The thermodynamic properties of the
aforementioned compounds and of solutions of
KCI-KNbCl, and KCI-KTaCl were determined by
vapour pressure measurements of the following

equilibrium:

[1] AMCIs (s, 1, or solution) =
ACI (s, 1, or solution) + MCls (vap.

)|
Experimental (

The vapour pressure of NbCls or TaCls in equilibrium with
the compounds AMClg or with AMCls—ACI solutions haye
been measured by a fused quartz Bourdon spiral pressure gauge
contained in a closed apparatus which has been describe
elsewhere (13). )

For these measurements the temperature of the sample
container was varied between 190 and 660°C while the upp¥
part of the apparatus containing the Bourdon spiral W&
maintained at temperatures about 50°C higher than the
corresponding normal boiling points of pure NbCls a0
TaCls.

Samples of the AMClg compounds and of their mixtur® !
with alkali-metal chlorides were prepared by methods P&
viously described (12). Materials were handled in a glove bo¥
filled with dehydrated helium. Specimens were introduc®
into the sample container of the apparatus in the form 0
powders. The part of the cell consisting of the sample ¢
tainer and the Bourdon spiral were sealed under vacuui:
was found that large quantities of adsorbed gas were releast!
from the salt upon heating. This introduced a systematic ef,for |
into the measurements. Accordingly, an elaborate degassifé
procedure was employed in which the cell was repeatt
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neated, cooled, reopened, and evacuated. When residual gas
was no longer present upon cooling, a proper experiment was
Conducted to measure the vapour pressure of the sample.

Results and Discussion

[ Properties of the AMCls Compounds

- Figures 1-4 display the experimental results for the
yapour pressures of the decomposition of the com-
pounds AMC I, where A is Na, K, Rb, or Cs. Each
figure shows the results for both the hexachloronio-

pate and the hexachlorotantalate of a given alkali

metal. The figures also show the results of other
investigators. Least-squares lines are given in Table 1.

The shape of the curve of In Py, vs. 1/T may be
understood in terms of the equilibrium constant for
the decomposition reaction in eq. [1] (14-19). For
this reaction

2] K = Py, aaci/@amcis

where the standard state for the compounds ACI
and AMCly is the pure solid at all temperatures, and
for MCly is the vapour at a pressure of 1 atm.

In the ACI-AMCI, subsystem, below the eutectic
femperature three phases are present: the pure
solids, ACl, and AMClg, whose activities are unity,
and MCls vapour. Therefore, in this region,
K=P MCls*

In the temperature and composition range where
molten ACI-AMCIg solutions are saturated with
¢ither ACl or AMCl; solid, the expression for the
equilibrium constant is written as K = Pyc,/damci,
or K = Pyci,aach, respectively. Accordingly, as the
activity terms are always less than unity the pressure
curves of these solutions are expected to inflect at the
eutectic and liquidus temperatures of the cor-
responding ACI-AMCI, systems.

The In Pycy, vs. 1/T plot is also expected to change
slope at temperatures below the eutectic points when
the solids present undergo solid—solid transitions.

This is particularly significant for the hexa-
chloroniobate and hexachlorotantalate compounds
in which several phase changes in the solid state have
been observed.

In connection with this last comment Table 2 is
presented as a summary of previously reported re-
sults from this laboratory (12). Thus in the present
Work measurements were taken within temperature
Ianges for which well defined phases were present.

Figure 1 shows the results for the decomposition
of both B-NaNbCls and B-NaTaCl along with the
Iesults of other investigations for these two com-
Pounds. It is of interest to note that their decom-
Position pressures reach 1 atm at temperatures lower
than their melting points. Accordingly a plot of
In Pyicy, vs. 1/T should be linear.

TABLE 1. Summary of vapour pressure measurements

Standard

Temperature

AHRO* ASRO*

(K cal/mol)

error of
estimate

In Prici, (atm) = ao + ai/T

range of
measurement

(e. u)

ao a; S

(T/K)

Reactions

(—4750)

(8.075)

518-561

NaNbClg (B-solid) — NaCl(s) + NbCls (vap.)
NaTaClg (B-solid) — NaCl(s) + TaCls (vap.)
KNbClg (B-solid) — KClI(s) + NbCls (vap.)

KNbClg(l) = KCI (in soln) + NbCls (vap.)
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KTaCle(l) = KCI (in soln) + TaCls (vap.)
RbNDbClg (B-solid) — RbCl(s) + NbCl; (vap.)
RbNDLCIs(l) - RbCI (in soln) + NbCls (vap.)

0.4815+0.6533
9.9450+ 0.8453

RbTaClg(l) > RbCI (in soln) + TaCls (vap.)

9.63+1.30

4.68+0.90

0.0290
0.0176
0.0087
0.0320

—2354.94+457.5
—8286.2+701.2

670-708

CsNbClg (B-solid) — CsCI(s) + NbCls (vap.)
CsNbClg(l) = CsCl (in soln) + NbCls (vap.)

6.15+0.20

822-843

—3095.6+102.2
—11881.6+225.8

CsTaClg (B-solid) — CsCl(s) + TaCls (vap.)
CsTaClg(l) — CsCl (in soln) + TaCls (vap.)

1.59+0.29

675-732

0.7937+0.1453
12.8243+0.2572

828-1106

a;R and ASg® = agR, where R = 1.98716 cal/mol K.

*Where AHR®
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TaBLE 2. Characteristic temperatures (12)

Solid-solid

transformation
Melting Eutectic (K)
point temperaturet —

Compound (K) (K) o— B B—oy Comments
NaNbClg (721)* — 518 572 Incongruently melting
NaTaClg (748)* — 498 —_ Incongruently melting
KNbClg 673 643 572 — Congruently melting
KTaClg 674 646 411 584 Congruently melting
RbNbClg 653 — 578 — —

RbTaClg 690 655 534 586 Congruently melting
CsNbClg 808 (712)* 563 — —
CsTaClg 823 (717)* 569 — Congruently melting

*Average values from several investigations (6, 7, 20, 22, 23, 30).

TEutectic temperatures corresponding to the ACI-~AMClI; type sub-systems.

ISystems not yet fully known crystallographically. Solids a, B, and v simply describe solid—solid transforma-
tions observed cryoscopically with increasing temperature. It should be noted that other authors used different

symbolism (23, 24, 30).
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Fig. 1. In Priciy Vs. 1/T plots for the systerﬁs NaNbClgs and
NaTaCl. Solid lines represent best fit of present data.

In comparison with other vapour pressure studies
the results of this work agree well with that of
Morozov, Korshunov, and Simonich (20) for the
a-NaTaClg system. Shemyakina ef al. (21) and
Morozov and Korshunov (22) have measured the
decomposition of NaNbCl, at temperatures lower
than that in this investigation, and their values tend
to converge at about 518 K which is the transition
temperature for its o — P transformation.

Figure 2 shows the results of both f-KNbClg and
molten KTaClg. Data for the decomposition of solid
KTaClg are not given as the pressures were too low
to be measured by the apparatus. Figure 2 also
shows the results of other investigations.
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FIG. 2. In Pycy, vs. 1/T plots for the systems KNbCl and
KTaCle. Solid lines represent best fit of present data. Dashed
line is simply drawn to link the solid and liquid regions.

The thermal decomposition of KNbClg has bee?
studied by Huber ef al. (23), Morozov and Simonich
(24), Shemyakina et al. (21), and Zvara and Taraso¥
(25). The results of the present study for low temper?”
tures agree best with those of Zvara and Tarasov (2.5)’
who measured vapour pressures in equilibrium Wit
both o- and B-KNbClg solids using a radioacti¥
tracer technique. These authors, however, did not
make any comments on the solid-solid transformé:
tions occurring during their measurements.
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Equilibrium pressures reported by both Morozov
and Simonich (24) and by Shemyakina ez al. 2D
are not in agreement with values measured in the
present study. The former used a transportation
technique, while the latter used a null membrane
type manometer. Both authors plotted their measured
pressures of NbCls as a single least-squares line
crossing  solid—solid transition temperatures and
extending into the temperature range for molten
KNbCls. Huber et al. (23) measured vapour pres-
sures of NbCls in equilibrium with molten KNbCl,
by a transportation method. The results are much
lower than those recorded herein. In reports of
vapour pressures measured by the transportation
technique (23, 24) the authors failed to mention that
consideration was given to the problem of depletion
of NbCl; from the KNbCl; condensed phase as the
experiment progressed.

The thermal decomposition of KTaClg has been
studied by Huber ez al. (23), Morozov and Simonich
(24), and Zvara and Tarasov (25). The results of
Huber e al. (23) and Morozov and Simonich (24)
for molten KTaClg, both studies having employed
transportation techniques, are much lower than those
of the present study. No mention was made of the

. problem of depletion of TaCly from the condensed

KTaCls phase during the course of the experiment.
Furthermore, the data of Morozov and Simonich
(24), which span the temperature range from solid
KTaClg to molten KTaCl,, have been represented
by a single least-squares line (26).

In Fig. 2 the plot of the In Pyyc,, vs. 1/T for
p-KNbCls from the results obtained in the present

' work shows inflections at the eutectic temperature

of the KCI-KNbCly subsystem and at the melting
point of KNbClg. The curvature of the dotted line
joining these two temperatures results from the
changing activity of KCl in the melt whose com-
position varies along the liquidus tie line as tem-
perature is increased. Pressure curves of a similar

| shape have been recorded in this laboratory for

Prci, and Pyeey, in equilibrium with K,ZrCl, and
K,HfClg, respectively (19).

Figure 3 shows equilibrium vapour pressure
measurements for the decomposition of the molten
RbNbClg and RbTaClg compounds. The former
teportedly melts incongruently.

Attempts to measure the decomposition of solid
RbTaCl, at temperatures below the melting point
Were unsuccessful. The equilibrium pressures were
low, and despite elaborate degassing there was still
ough inert gas present to confound the data.

Huber e al. (23) have measured decomposition
‘apour pressures for both these compounds in the
Molten state. Figure 3 shows their results for
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FiG. 3. In Pucig vs. 1/T plots for the systems RbNbCls and
RbTaClg. Solid lines represent best fit of present data.

RbNbCl, to be of the same order of magnitude as the
results of this study. Their results for RbTaCl, are
lower than in this study. Huber ef al. (23) employed
a transportation technique but did not discuss the
effect of the depletion of the volatile pentachloride
from the condensed phase during the course of an
experiment.

Figure 4 shows the vapour pressures measured for
the decomposition of CsNbClg and CsTaCly. Both
compounds melt congruently and the CsMCl,—
CsCl type phase diagrams indicate simple eutectic
melting (23). Therefore, according to the thermo-
dynamic analysis presented earlier, the partial
pressure of the pentachloride should be represented
on a plot of In Py, vs. 1/T by two linear segments
joined by a region of curvature.

These two compounds were extremely difficult to
degas, particularly CsNbCl,. This was true both for
compounds prepared by precipitation from SOCI,-
ICI solutions and for those made by gas—solid
reaction. Accordingly the reported vapour pressures
over the solid compounds are approximate values
and are presented here only for the sake of complete-
ness. Many samples were prepared and studied. The
results quoted below were selected as the best
because they represent the lowest reproducible
pressures measured. :

Figure 4 also shows the results of Morozov and
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FIG. 4. In Pyci vs. 1/T plots for the systems CsNbCls and
CsTaClg. Solid lines represent best fit of present data.
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Simonich (24) for CsTaClg. Their equilibrium pres.
sures are lower in magnitude, but the slope of the In
Praci; V8. 1/T plot is similar to that recorded herein,
Again a transportation technique was used and no
explanation was given of effects of depleting TaCl,
from the condensed phase during an experiment.

It appears that this study is the first to report |

decomposition vapour pressures for CsNbClg.

2. Properties of the Solutions of NbCls—KCl and
TaCls—KCl

Figures 5 and 6 show the equilibrium vapour
pressure measurements for the NbCIs-KCl and
TaCl;—KCl systems, respectively. It should be noted
that the corresponding phase diagrams show that the
composition range of liquid solubility is very narrow.
Although the liquid range widens at higher tempera-
tures, the partial piessure of NbCls or TaCls above
these solutions exceeds the upper limit of the
pressure gauge used in this investigation. Accord-

ingly, measurements herein were restricted to a.

narrow range of composition and temperature.
The results for the system NbCl;—KCl shown in

Fig. 5 span the concentration range, 0.401 <

X, < 0.502. The solution of composition, Xysci,
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Fic. 5. In Pnpei, V8. 1/T plots for the binary subsystem KCI-KNbCle. Solid lines represent best fit of present data. The
pressure curve at Xnpci, = 0.502 represents solutions in the NbCls—KNbCle subsystem.
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Fig. 6. In PTaC15 vs. 1/T plots for the binary subsystem
KCI-KTaClg. Solid lines represent best fit of present data.

| =0.502, is part of the KNbCl;—NbCls subsystem.
- As such, its pressure curve is expected to inflect at

the monotectic temperature, 285°C (27), and at the
liquidus temperature, which in this case is close to
the melting point of KNbCl,, which is about 400°C.
The solutions of composition, Xyber; = 0.401 and

| Xyoc1, = 0.447 are part of the KCI-KNbClg sub-

system. Their pressure curves reveal a common seg-
ment at temperatures below the KCI-KNbCIy
tutectic at 370°C (12, 27), as expected. Figure 5
shows a comparison of decomposition pressures
between the KCl-rich solutions and the NbCls-rich
wolutions. Pressures recorded over the former are

- much lower and are evidence of the stabilizing effect

of the formation of the complex compound KNbCl,.
The results displayed in Fig. 6 are restricted to
the KCI-KTaCl, subsystem. It is interesting to
“mpare the shapes of the curves for the two solu-
ions, as they are found on opposite sides of the
KCLKTaCl, eutectic composition. Both inflect at
the KCI-KTaCly eutectic temperature of 370°C
(,12), and at the corresponding liquidus tempera-
Wte, which for Xp,c,, = 0.498 is almost identical
With the melting point of KTaClg, 401°C (12).

Conclusions

The results of the present study indicate that the
ierma] stability of the complex compounds ANDBClg
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FiG. 7. Dependence of the decomposition temperature of
the alkali hexachlorotantalate and hexachloroniobate com-
pounds on the ionic-radii of the alkali metal cations.

and ATaCly is dependent upon the size of the alkali
metal cation present.

Figure 7 shows the dependence of the dissociation
temperature of the AMCl,; compounds on the alkali-
metal cation radius. The dissociation temperature is
defined as the temperature at which the equilibrium
pressure Pyc,; becomes 1 atm and, therefore, can be
taken as a measure of thermal stability of the AMCl,
compound.

With the exception of RbNbCl,, the results lie on
two lines, one for the hexachloroniobates and one
for the hexachlorotantalates. The latter have higher
dissociation temperatures than their congeners,
indicating the greater thermal stability of the
hexachlorotantalate compound to the hexachloronio-
bate alkali-metal compounds. In general complexing
for either NbCls or TaCls results in a dramatic
reduction in the pressure of MCI; in equilibrium
with a compound. For example, at 500°C pure
NbCls has a vapour pressure of 36 atm (8); in
contrast, the partial pressure of NbCl, over KNbClg
is 1.43 atm and over CsNbCl, is 0.37 atm at that
temperature.

Secondly, there is a reversal in stability. Pure
TaCl; is more volatile than NbCls (13). However,
this changes upon formation of the AMCIg com-
pounds. The partial pressure of NbCls over the
hexachloroniobate, ANbCly, is greater than that of
TaCls over the hexachlorotantalate of the same
alkali metal. NiseI’son (28) has reported similar
behaviour when NbCls and TaCls were complexed
with POCI;. In this laboratory the same reversal
has been observed with ZrCl,, HfCl,, and the
complex compounds which they form with the alkali-
metal chlorides (14-19).

It is of interest to note that the relative volatility
of the two pentachloride vapours is greater over the
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Reaction: AMCI_—> ACI + MCl
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Fic. 8. Plot of AHg® vs. the jonic-radii of the alkali metal
cations.

complex compounds than over the pure penta-
chloride. At 230°C, Puc1,/Pbcr, = 1.42 (13), while
at 500°C over the corresponding potﬁgssium com-
plexes, Pxycis/Practs = 2.10.

Interesting trends are also seen in the standard
enthalpy changes for the decomposition reactions
given in Table 1. The data shown in this table provide
the temperature dependence of In Py, and may be
used for calculating standard enthalpies in tempera-
ture ranges in which the AMC], type-compounds are
present as single phase solids. The results of these
calculations for AHg® and ASR° are also included in
Table 1. A plot of AHg® vs. the alkali metal cation
radius, shown in Fig. 8, indicates that reaction en-
thalpies increase as the size of the alkali metal cation
present in the complex compound decreases. The
point for NaTaCls was calculated from results on
o-NaTaCl, obtained by Shemyakina et al. (21) and
is expected to deviate from trends followed by the
B-phase compounds.

Activity data for MCl; calculated from the results
on the binary molten solutions of KCI-KNbClg
and KCl-KTaCl indicate a further stabilization for
MCI; in the presence of excess KCI. Figure 9 shows
a plot of the concentration dependence of amci, in
molten NbCl;—KCl and TaCl;-KCl solutions at
496°C, where awci; = Pucis/Phicis- Values for PYcis
at 496°C were found in the literature: 34.8 atm for

a ToCIS—KC| System
° NbCls-KCl System

~0.04
|
|
|
—0.03 [
AMCIG———{>,|
T COMPOSITION ,”
5 L0.02 I
S} H
|
l

— 0.01
/ /%
4

FiG. 9. Activity isotherms for amci at 496°C for the molten
KCI-KNbClg, and KCI-KTaCls solutions.

NbCls (8) and 43.0 atm for TaCls (29). As in the
case of the pure AMCI; compounds, the molten
hexachlorotantalate solutions are chemically more
stable than the molten hexachloroniobates. Figure
9 also illustrates the significantly higher pentd-
chloride activity in solutions whose pentachloride
content exceeds the complex composition of 50 mol7
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