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The equilibria relating the solids NbJs and Nb& have been studied by the transpiration method from 613 to 714" and by a 
static method with a diaphragm gauge from 611 to 725". The I /Nb ratio in the gas phase is about 3.95 and substantially 
invariant over the range studied. The pressures obtained by the two different methods are in excellent agreement up to  
about 702' on the basis of a gas phase consisting of Nbh,  12, and I with the indicated constant composition. For the vapor- 
ization reaction 7/15Nb&(s) = l/lbNb&l(s) + NbIs(g), AH0w = 57.1 & 1.8 kcal, APSO937 = 51.6 & 1.7 eu, and for the reaction 
4//aNbJ8(s) = 2/6Nb&l(s) f Iz(g), these quantities are 59.3 & 2.0 kcal and 52.1 =!= 1.7 eu, respectively. An additional 
unidentified gaseous component begips to contribute to the equilibrium total pressures very far above 700'. A t  about the  
same point Nb13(g) begins to attack the Vycor container to form NbsSi3 while oxide from the glass is transported to the cooler 
sample where i t  forms NbOI2. These reactions result in a slow drift of the total pressures to values about one-third higher 
than for the above equilibria. 

Introduction 
Thermal decomposition of higher niobium iodides 

(NbIb, Nb14, Nb13) in sealed tubes at  about 600' has 
been shown to yield Nb&. In addition, the phase is 
readily obtained from the reaction of higher iodides 
with metal in a sealed tube a t  about 650-750" after 
which i t  may be transported to the cooler zone.2 The 
phase has subsequently been shown3 to contain trian- 
gular Nba units, formally (Nb314)Is,z13/8, the latter sub- 
scripts designating the sharing of iodine atoms between 
the core groups. The compound is isotypic with the 
high-temperature form of Nb3Brs, designated P-Nba- 
Xs, and i t  is this form that is of concern here. The re- 
lated cr-Nb3Xg structure* pertains to the compounds a t  
the lower limit of a relatively wide homogeneity range 
with the chloride5 and bromide6 and evidently only to a 
partially substituted phase with a narrow composition 
range near Nb13.3J 

Subsequently a still lower iodide NbeIll has been pre- 
pared and found to have a structural arrangement cor- 
responding to (Nb&)Io,,. The compound may be ob- 
tained by reaction of higher iodides and metal under 
several different conditions at  800-1000°.8 Its  stoichi- 
ometry and crystal structure were also independently 
established on a sample of the product from the present 
transpiration studies. The slowness with which 
Nb& is formed in metal-iodide reactions at  800" or 
below and its contamination with products of side reac- 
tions with glass containers a t  higher temperatures 
caused its omission in an earlier study.2 

(1) Work was performed in the  Ames Laboratory of the  U. S. Atomic 

( 2 )  P. W. Seabaugh and J. D. Corbett, Inorg. Chem., 4, 176 (1965). 
(3) A. Simon and H. G. von Schnering, J. Less-Common Metals, 11, 31 

(1966). 
(4) A. Simon, H. G. von Schnering, H. Wohrle, and H. Schafer, 2. Anorg. 

Allgem. Chem., 839, 155 (1985). 
(5) H. Schafer and K. D. Dohmann, ibid., 300, 1 (1959). 
(6) H. Schafer and K. D. Dohmann, ibid., 311, 134 (1961). 
(7) H. Schafer and A. Simon, unpublished research, cited in ref 3. 
(8) (a) H. Schafei-, H. G. von Schnering, A. Simon, D. Giegling, D. 

Bauer, K. Siepmann, and B. Spreckelmeyer, J .  Less-Conzmon Metals, 10, 
154 (1965); (b) A. Simon, H. G. von Schnering, and H. Schafer, Z. Anovg. 
Allgem. Chem., 355, 295 (1967). 

(9) L. R. Bateman, J. F. Blount, and L. F. Dahl, J .  Am. Chem. Soc., 88, 
1082 (1966). 

Energy Commission. 

The gaseous iodides in equilibrium with solid Nb31s 
in its decomposition to Nb6111 are presumably responsi- 
ble for the transport reaction of the former as well as for 
the operation of the van Arkel-de Boer or "iodide" 
process a t  higher temperatures in the purification of 
the metal. In  order to identify the species and to ob- 
tain thermodynamic data on this reaction, the equilib- 
rium pressures above the two lower iodides have been 
measured in the range of about 610-725", both with a 
Vycor diaphragm gauge and by the transpiration tech- 
nique. 

Experimental Section 
Materials.-All samples were handled by conventional vacuum 

and drybox techniques. Niobium(V) iodide was prepared as 
described earlier1° from metal and a 10% excess of resublimed 
iodine heated a t  500 and N O " ,  respectively. Niobium metal 
shot, a special Du Pont sample obtained through the generosity 
of Dr. C. A. Swenson of this laboratory, had impurity levels (in 
ppni) of: Ta,  175; 0 , 6 4 ;  N, 1; C, 13, with Fe, Cr, Xi and W 
each <50. 

The Nb& was prepared by heating NbI5 and a ZOYa excess of 
metal in a sealed Vycor or niobium tube either a t  640' for 3-4 
days or a t  800" for 2 weeks. After removal of the visible, excess 
metal by hand, a portion was analyzed and the remainder was 
stored in an evacuated, sealed container. Samples prepared a t  
the lower temperature had I /Nb ratios of 2.65-2.67, while those 
obtained under the more extreme conditions had ratios in the 
range of 2.58-2.67 with one exception, 2.48, and in only the last 
was NbeIll found in the powder pattern. The slowness with 
which metal and Nb& react to form the lowest iodide even at 
800" is evident. Samples of NbsIl, were best prepared by carry- 
ing out the reaction in sealed niobium tubes a t  950-1000" for 1 
week. The product is also obtained from the same reaction in 
silica containers at 850-900" but it may be contaminated by n'beSis 
and NbOI2 formed by attack of the container. X-Ray identi- 
fication of the oxyiodide product was accomplished in separate 
experiments in which Nb318-Nbd11 mixtures were heated in sealed 
Vycor tubes a t  800-875" with a 10-20" gradient for 3-7 days and 
then manually separated in a glove bag with the aid of a micro- 
scope. 

Analyses.-The I /Nb  ratios and the total niobium contents 
of the solid iodides were obtained as before2"0 by ignition of 
weighed samples to Nbz06. Estimated errors indicate that  the 
I /Nb  ratios should be known t o  ztO.03. Iodide condensed in 
the transpiration runs was dissolved in K I  solution and used to 

(10) J. D. Corbett and P. Seabaugh, J .  Inovg. Nucl. Chem., 6, 207 (1958). 



titrate a standard dsz03  solution with Thiodene (Fisher) as the 
indicator. 

Transpiration Measurements .-The Vycor transpiration cell 
employed is illustrated in Figure 1. The argon carrier gas en- 
tered the outer cell through the side tube, was preheated in the 
outer part, and then was passed over the sample S a t  the right 
end of the cell, back through the center tube where the niobium 
iodides condensed a t  C (only), out through the trap a t  -80" 
to  collect Is, and onto the gas measuring system. The argon 
from the cylinder was first passed through a trap a t  -80", over 
Linde 4.4 Molecular Sieve, and over tantalum a t  800' to  remove 
traces of water and oxygen. A small manometer teed to this line 
and filled with dibutyl phthalate was used to  measure the pres- 
sure difference between the system and the atmosphere. The 
quantity of argon passed during a run was determined by a 
simultaneous transpiration run in which the effluent gas passed 
through two bubblers filled with water and thermostated a t  20.0", 
the amount vaporized being collected on Mg( C104)Z and weighed. 
The same final results were obtained when the flow was calibrated 
by mater displacement. 

TC 

Iul Ar-m/' 

Figure I.-Vycor transpiration cell : S, sample; C, condensate; 
TC,  thermocouple. 

The horizontal, 16-in. Marshall tube lurnace which heated the 
cell contained a 0.25-in. thick Inconel liner to reduce the tempera- 
ture gradient; shunts on the furnace taps were also used for this 
purpose. The temperature gradient on the outside of the cell 
was adjusted to about 3" over the last 3 in. with the end contain- 
ing the sample cooler. The temperature fluctuation from con- 
troller operation was reduced to  11' with a power resistor in 
series with the furnace and in parallel with the controller switch. 

The cell was baked out under dynamic vacuum at 750" for 
several hours and then loaded in the drybox with about 12 g of 
powdered Nb&. (About 2 g of niobium as foil was also added 
to  the narrow neck of the center tube in a number of the early 
experiments before it was recognized that  Nb& and not metal 
was the product of the decompositon. In any case the metal did 
not participate in the equilibrium a t  the temperatures employed 
( 5 7 1 3 ' )  and served mainly to reduce diffusion.) The cell was 
then cautiously reevacuated and filled with ""4 atm of purified 
argon. Thc furnace was heated to  about 20" above the desired 
temperature before the cell was inserted, and thermal equilibrium 
was established before the preadjusted flow of argon xvas started. 
The last step normally took 15-30 min, during which a conden- 
sate usually appeared only in the outer and not in the inner tube 
to any significant extent. The sample temperature was measured 
with the aid of a calibrated chromel-alumel thermocouple fast- 
ened to  the outside of the cell with the junction adjacent to the 
sample, as shown. 

After a run, the cell was removed from the furnace to cool and 
was then evacuated so that  any free iodine was transferred from 
the inner tube into the trap which was then sealed off. The 
condensed iodides. were completely scraped out  for analysis in 
the drybos. At  least 0.3 g of the niobium iodide products was 
collected in each run to ensure a reasonable degree of accuracy. 

On the order of 12 g of x b &  in the initial loading was necessary 
in order to obtain consistent results since much smaller amounts 

gave substantially lower pressures. With adequate samples a 
series of pressure measurements fell in a range of about . t l O C , h  
around the average value of the series. Lower pressures were 
still obtained if the I /Nb ratio in the sample fell to much less than 
about 2.2 during a run, corresponding to less than about 4573 
Xb&. Accordingly, each sample was used only a few times, and 
in most cases about 2 g of fresh NbaIs was added to  the sample 
before the next run. 

The effect of flow rate was studied over the temperature range 
of the measurements. At 623' it was found that  the flow rate 
could be varied from 2 to  a t  least 14 ml (STP) m i n P  without any 
appreciable difference in the pressure or the composition ob- 
tained. At  higher temperatures a t  least a threefold variation 
in the flow rate (e.g., 8 to 23+ ml (STP) min-' a t  696') was with- 
out effect so pressures obtained a t  these flow rates were con- 
cluded to  represent equilibrium values. These results strongly 
imply that  no substantial error arises from inadequate preheat- 
ing of the incoming argon in the outer tube. This was also 
directly established at the upper limit of flow rate employed (20- 
25 ml min-I) by thermocouples within the apparatus in a dunimy 
run. A t  1702" the incoming gas at the point where the inner tube 
necked down as an outlet for the saturated vapor was 1" or less 
below that  found within this 9-mm outlet. In the latter region a 
variation of no more than 0.5" was found from the back wall of 
the outer tube through the outlet, and these temperatures were 
a t  most 1.5' below that  measured with the external couple 
shown. 

Diaphragm Gauge Measurements.-Static dissociation pres- 
sure measurements w-ere obtained with a Vycor diaphragm 
gauge" as a null-indicating instrument. The gauge used for the 
equilibrium measurements had a sensitivity of 2 mm of deflec- 
tion/mm of pressure differential and the null point was invariant 
to a t  least 700'. The pointer position was viewed with a 15- 
power telescope. The pressures were measured on a mercury- 
filled nianometer to =t0.05 torr by means of a precision cathe- 
tometer. 

The cell was positioned in a vertical, 12-in. hfarshall tube 
furnace with Transite coverings at the top and bottom of the 
furnace. The sample temperature was measured with a cali- 
brated chromel-alumel thermocouple placed in a small indenta- 
tion in the bottom of the cell. A second thermocouple parallel 
to the cell wall was used to  measure the temperature gradient 
along the cell. iZ stainless steel liner in the furnace, convection 
baffles of Transite a t  both ends of the cell, and shunts on the 
furnace taps aided in smoothing the temperature profile. The 
gradient over the 4.7-in. portion containing the cell was ad- 
justed to be about 8-12' in the temperature range 600-730" 
with the top of the cell being hotter. 

Before the cell vias filled it ivas evacuated through a side tube 
with a diffusion pump and baked out at 500' for approximately 
6 hr. After about 3 g of NbJg and 1.5 g of metal had been placed 
in the cell, it was then reevacuated several hours a t  500", cooled 
to room temperature, and sealed off. 

I t  proved necessary to anneal the sample in the cell a t  630-650" 
for 15-20 hr  since the initial pressures obtained otherwise a t  cu. 
600" were higher than equilibrium values. For example, on first 
heating the cell to about 630' the pressures were observed to de- 
crease slowly, but  after such an equilibration the pressure a t  
660' remained constant for 14 hr.  Several times, both before 
and after the pressure drop began, the cell was cooled to  room 
temperature with no indication of a residual pressure. The 
source of the slow reaction is thought to  be traces of higher io- 
dides such as ?;b13 which had not reacted completely with metal 
during the initial preparation a t  640' but  which did so when the 
sample was finely ground and exposed to  fresh metal in the cell. 

Results 
Transpiration Measurements.-The niobium iodide 

pressures measured above solid Nb& from 813 to 714' 
are shown in Figure 2. These data were calculated 

(11) l<, E. iVIcOar1ey and J. \V. lcoddy, l i z o r g .  C/ze!!z., 3 ,  34 ( I U 6 4 )  
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Figure 2.-iKiobium iodide pressures over Nb&-Nb& from 
transpiration studies. 

from the number of gram-atoms of niobium found in 
the vapor with the assumption that the gaseous species 
contained only one niobium atom per molecule. The 
equation 

log Piorr = - [(12.77 X 103)/1'] + 14.48 (1) 

was obtained for the data by the method of least 
squares. The standard deviation of 0.03 in log P cal- 
culated is probably somewhat too large for a fair rep- 
resentation of the data because of the higher scatter of 
preliminary results near 655'. 

The transpiration measurements also yielded the 
over-all composition of the vapor phase since a sample 
of the equilibrium gas was removed, condensed, and 
analyzed. All of the data so obtained are plotted as a 
function of temperature in Figure 3. The average 
I/Nb ratio for the 39 determinations is 3.91, with a 
standard deviation of 0.085. There does not seem to be 
a temperature dependence of the gas composition 
that is significant with respect to the experimental 
error. If the data are divided into 30" ranges, those a t  
the lowest temperatures (where the amount of material 
collected was smallest) average 3.91 0.14, those in 
the middle (where the largest amount of the early data 
near 655" is included) average 3.88 f 0.07, and the 
most precise data in the upper range average 3.94 f 
0.06. The absence of a significant trend (;.e., >d=0.1 in 
I/Nb) seems to be borne out further by what are 
thought to be the best data, the last 14 obtained. 
These, shown circled in Figure 3, average 3.96 f 0.054. 

The average composition of the niobium iodides con- 
densed during the runs was about NbI3.2, with the re- 
mainder being condensed in the trap as iodine. The 

I I I I I I I I I I I I  
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Figure 3.-Total iodine to niobium ratios as a function of tetn- 
perature from transpiration measurements. 

combination of the above data with those from total 
pressure measurements (below) indicates that  the gas- 
eous iodide is Nb13 ; however, this readily combines with 
the free iodine on condensation to give mixtures of 
NbI3, a-NbIq, and KbIs, as identified by powder pat- 
terns. 

The product of the decomposition of Nb& under the 
present experimental conditions was shown to be Nbs- 
111, as has also been established in other studies8 This 
phase was observed (by powder patterns) to increase as 
the decomposition proceeded, and exhaustive trans- 
piration runs near 650" yielded only this product ac- 
cording to X-ray data and analysis (I/Nb = 1.81, 1.83). 
(Production of this a t  substantially lower tempera- 
tures, as under vacuum, yields a material amorphous to 
X-rays2) The formation of NbJll was not recognized 
in the early part of this study, and so niobium metal as 
well as Nb& was added to the apparatus. However, 
in the range studied, the rate of reaction of these two 
to form the equilibrium Nb6II1 is truly negligible (see 
Materials in Experimental Section) so that the presence 
of metal is without effect. This was confirmed by the 
fact that transpiration runs on Nb& between 681 and 
713" with no metal present gave the same pressures 
within experimental error. The magnitude of pres- 
sures above the NbJ11-Nb system was also briefly in- 
vestigated. At the same flow rates used previously, 
the niobium partial pressures obtained a t  654 and 707" 
average 0.07 and 1.10 torr, respectively (each =tlOyo). 
The over-all composition obtained was near I/Nb = 4. 
The pressure a t  707" is about 4Y0 of that found a t  this 
temperature for the title system; however, the attain- 
ment of equilibrium by flow rate variation was not 
tested so the data may not be too significant. 

Total Pressure Measurements.-Initially the mea- 
surement of total pressures in a Vycor diaphragm 
cell was complicated by attack of the glass by Nb13(g) 
which led to erratic pressures about one-third higher 
than subsequent equilibrium values. In  such a case 
the pressure observed very far above 700' within a 
few hours began to increase gradually toward a "con- 
stant" value about which it slowly fluctuated. With 
increasing time the pressure became increasingly erratic. 
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Data subsequently measured below 700" with the 
same cell were also higher than equilibrium values even 
though the attack of glass here is not significant. No 
residual pressure was found below 550". After such 
experiments a deposit was found on the upper wall of 
the cell, which had been about 10' warmer than the 
sample a t  the bottom. The material had the deceptive 
appearance of slightly crinkled metal foil of a dark gray 
to bronze color and was identified as nTb& by its pow- 
der pattern.12 The erratic, and what turned out to be 
high, pressures were always associated with visible side 
reactions with the glass to form Nb& (and other prod- 
ucts) ~ and successful measurements were subsequently 
made on the system a t  lower temperatures where the 
rate of reaction of the vapor species with silica is neg- 
ligible. In this case total pressures observed below 
700" showed no appreciable change during periods of a t  
least 12-14 hr a t  constant temperature. In  addition, 
equilibrium was attained sufficiently rapidly with either 
increasing or decreasing temperature that data could be 
taken as quickly as the furnace reached thermal equi- 
librium. Measurements between 702 and 725" were 
made as rapidly as possible, and those subsequently 
checked below this range agreed well with data obtained 
previously so that the troublesome reaction with the 
container did not appear to be present. Reaction with 
the wall again became noticeable after about 12 hr 
above 700". 

The equilibrium total pressures so measured are 
shown in Figure 4. They are well described up through 
about 702' by the linear equation 

with a standard deviation in log P of 0.012, though as 
will be seen there is no fundamental requirement of a 
linear relationship. The deviations from this de- 
scription much above 700" will be considered later. 

As seen in Figure 4 the equilibrium pressures over the 
entire range of the measurements are 50-60% greater 
than the niobium iodide partial pressures, and the two 
sets of data also have nearly the same d(1og P ) / d ( l / T ) .  
These factors and the transpiration result that the gas 
phase has a substantially invariant I /Nb ratio of about 
4 strongly suggest that the gas phase actually consists 
of Nb13 plus half as much iodine. Accordingly, the 
partial pressures of xbI3, 1 2 ,  and I were calculated a t  
six temperatures from the total pressures given by eq 2 
and knon-n data for the IZ = 21 eq~i l ibr ium'~  with the 
assumption that the I/Nb ratio in the gas was constant 
and either 4.00 or 3.90. The NbIa and Is pressures so 
obtained are listed in Table I where they are compared 
with the niobium partial pressures given by eq 1 for the 
transpiration results. The standard deviations listed 
correspond to only the uncertainty in total pressure; 
those for the transpiration data are comparable. 
Clearly the calculated and observed pressures are in 
agreeillelit within this part of the experimental uncer- 
tainties, and although the 3.90 ratio gives results in 

(12) E. Parthe, B. Lux, and H. Sowotny ,  Monnlsh. Chem.,  86, 859 (1955). 
(13) "JANAF Thetmochemical Tables," Daw Chemical Co., hlidland, 

Alich,, 1964. 
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Figure 4.-Equilibrium total pressures over the solid Nb&- 
Kbdlt system. 

TABLE I 
COMPARISON OF Nb13 PRESSURES CALCULATED PROM TOTAL 

PRESSURES WITH THOSE FROM TRANSPIRATION DATA 

rxb13 
from tran- 
spiration 

Temp, --I/Nb = 4.00- -I/Nb = 3.90- data  (eq 11, 
----From total  pressures (eq a ) ,  torr---- 

OC P I S  P N b I s  P I 2  Pm18 UWT) torr 

614.5 0 .46  1.24 0 .43  1 .29  0.06 1 . 2 4  
62 7 0.74 1.95 0 .69  2.02 0 .08  1 .95  
646 1 .48  3 .78  1.37 3 .92  0 .17  3.85 
664 2 .77  6 .88  2 .56  7.14 0.31 7 .11  
678 4 .42  10 .8  4 .10  11.2 0.58 11 .3  
702 9.54 22 .7  8.84 23 .6  1 . 0  24 .2  

closer agreement with experiment, either ratio or any 
trend within their range is consistent within exper- 
imental error.I4 

Accordingly it is concluded that the important equi- 
libria between the vapor phase and the condensed Nba- 
IB-NbJ11 system are, per mole of the gas product 

7 / i d % 1 8 ( ~ )  '/iaNbeIii(s) + NbIn(g) (3 

and 
4!&b&(sj = 2/dJb&(s) + Ilk) (4) 

with properties such that, with the I2 = 21 dissociation, 
the total iodine to niobium metal ratio in the gas phase 
is substantially constant in the range studied. The 
difference of these reactions, 3NbIa(g) = Nba18(s) + 

(14) Attempts were made t o  verify directly the  presence of -TbIa(g) 
by mass spectrometric examination of the  vapors from a pinhole in a 
Vycor Knudsen cell. However, the  study was complicated by condensation 
of lower niobium iodides on cooler walls before the  vapors reached the  ioniz- 
ing source which made the  vapor much richer in iodine and, presumably, 
higher iodides. As i t  was, the intensity of P;bIs+ in the  spectra was 4-5 
times greater than tha t  of X b L +  in the temperature range of interest, 
although both were much less than tha t  of iodine, In  view of the condensa- 
tion complication as well as the  absence of a study of fragmentation pat- 
terns, any conclusions are extremely tenuous. 
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1/z12, is presumably responsible for the transport reac- 
tion of Nb318.2 

The fact that the total pressures much above 700" 
are somewhat higher than given by eq 2, e.g., by 12.5% 
a t  720") probably cannot be explained by a AC, term 
(ca. 30 cal deg-I over-all) as it would have the opposite 
sign from that expected for vaporization and decompo- 
sition processes. An additional, more endothermic 
process, such as further dissociation to NbIZ(g) or some 
side reaction with the silica container, is presumably in- 
volved though the pronounced symptoms of substantial 
glass attack described earlier were not observed during 
these experiments. 

The data in Table I were used to calculate the AH'937 

and ASog37 values for the two reactions given in Table 
11. The uncertainties cited encompass the results of a 

TABLE I1 
STANDARD ENTHALPY AND ENTROPY 
CHANGES FOR REACTIONS 3 AND 4 

AH0z5s, ASozas, 
AH"sa7, kcal AS05a7, eu kcal eu 

Reaction 3 
(per mole of 
r\TbIs) 57.1 f 1.8 5 1 . 6 2 ~  1 . 7  60.5 56.6 

(perrnoleofI2) 59.3 f 2 .0  52.1 =I= 1.7 56.6 45.0 
Reaction 4 

variation of 1 0 . 1  in the I/Nb ratio across the temper- 
ature range studied as well as for the vaporization data 
for NbIa given directly by eq 1. The values of HT - 
H 2 9 8  and Sr - SZg8 necessary to obtain the indicated 
values a t  298°K were obtained from reported esti- 
mated3 for the zirconium iodides, interpolating or ex- 
trapolating to the compositions of the solid niobium 
iodides. 

Discussion 
The niobium partial pressures, the total pressures, 

and the gross composition of the gas phase above the 
solid system Nb&-Nb&1 are in good agreement with a 
gaseous mixture of NbI3, 1 2 ,  and I with I/Nb = 3.95 f 
0.05 from 610 to about 700". As the data in Table I1 
show, the apparent invariance of the gas composition in 
the limited range which could be studied is a somewhat 
fortuitous result of similar thermodynamic proper- 
ties of the two independent vaporization reactions 3 and 
4 together with the effect of the 1 2  dissociation equilib- 
rium. A small but significant change in gas composi- 
tion would be expected if the temperature range could 
be extended sufficiently. 

The entropy changes expected for the two vaporiza- 
tion processes may be estimated if the zirconium iodides 
are again assumed to be legitimate analogs of the nio- 
bium compounds. In this case ASog37 for reaction 3 
is predicted to be about 44 eu/mol of NbI3 vs. 51.6 eu ob- 
served, and for reaction 4, A S o  is predicted to be 48 
eu/mol of I2 compared with 52.1 eu obtained. The only 
fair agreement is nonetheless judged to be satisfactory 
considering both the approximate character of the zir- 

(15) 0. Kubaschewski and E. Evans, "Metallurgical Thermochemistry," 
2nd ed, Pergamon Press Inc., New York, N. Y., 1958. 

conium data involved and the fact that  they are being 
applied to rather unusual niobium cluster compounds 
In addition, none of the estimates used includes the 
electronic contributions to the entropy expected for 
not only NbIa(g) but also the paramagnetic xb31s3 and 
Nb&.* An uncertainty of a t  least 5 eu in the esti- 
mated values would thus seem very possible. 

Entropy estimates alone cannot distinguish the above 
vaporization reactions from one involving the produc- 
tion of only gaseous NbI4. However, the latter would 
require a temperature error of about - 13' in the trans- 
piration results relative to those from the diaphragm 
gauge, and we have not been able to find any indication 
that an essentially constant error of this magnitude 
could have been present. Transpiration measurements 
are generally more suspect, but, as detailed in the Ex- 
perimental Section, the uncertainty in measurement of 
the sample temperatures here appeared to be no more 
than about 2'. The attainment of apparent saturation 
over a three- to sevenfold range of flow rates also seems 
to deny the existence of a significant error arising from 
inadequate preheating of the carrier gas. The forma- 
tion of gaseous NbI3 (plus 1 2 )  in the present system com- 
pares with the formation of v13(g) in the presence of 
excess Iz above about 730'16 and with Ta14(g) which is 
thought to be important in the transport reactions of 
Ta&h." Niobium(1V) chloride appears to be the prin- 
cipal species above Nb3C18 and Nb6C114,18 reflecting the 
well-known stability of higher chlorides compared with 
iodides. In all cases the vaporization reactions are in- 
congruent such that the gaseous metal halides are in a 
considerably higher oxidation state ; this reflects the 
limited stability of gaseous lower halides which lack 
strong metal-metal bonding. 

The reaction observed between gaseous NbIa and 
Si02 (Vycor) is particularly interesting with regard to 
the transport reactions involved. The Nb& product 
is found only OD the hotter walls of the container, well 
separated from the sample if this is in a cooler zone as 
in the diaphragm cell. On the other hand, the oxygen 
from the silica is transported to the cooler part of the 
cell, presumably as NbOI3(g) as this is evidently the 
only volatile oxyiodide.lY Here the oxyiodide reacts to 
form NbOI2, while NbOI3, NbOz1,20 and NbO are not 
detected in any part of the products after the reaction. 
The reaction a t  the walls is evidently 

11NbIa(g) + 3SiO~(s) = Nb,Si3(s) + 6NbOI&) + 15/21zlg) ( 5 )  

following which NbOIa diffuses to the cooler zone where 
i t  decomposes according to 

NbOIa(g) = NbOIz(s) + l/&(g) (6) 

Reaction 6 is knownlg to be exothermic so that trans- 
port is to the cooler zone. Although NbO may be the 

Khim. ,  11,455 (1966). 
(16) T. A. Tolmacheva, V. M. Tsintsius, and E. E. Yudovich, Zh. Neovgan. 

(17) F. Bauer, H. G .  Schnering, and H. Schiifer, J. Less-Common Metals, 8 ,  

(18) A. Simon, H. G. Schnering, H. Wiihrle, and H. Schkfer, Z. Anorg. 

(19) H. Schafer and R. Gerken, ibid., 817, 105 (1962). 
(20) The Guinier diagram for NbOzI was kindly provided by Professor 

388 (1965). 

Allgem. Chem., 889, 155 (1965). 

Schafer. 
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equilibrium product, i t  is not formed a t  an appreciable 
rate a t  5875'. The reactions observed here are some- 
what analogous to those found in the Nb~Cllr-Nb-SiOn 
system where NbOC13 is the intermediate and the oxy- 
gen formed first dissolves in the metal but ultimately 
produces Nb0.18 In the presence of the condensed 
lower iodides the net reaction 

3Si02 + 52/1dNbsIll = N b h  + 6NbOL + 49/~*?;b31s (7) 

involves only solid phases. Actually still another trans- 
port equilibrium is probably involved for Nb& since 
i t  is not uniformly distributed on the walls but is more 
predominant on the hotter parts of the glass. Such 
presumably involves Sir4 and might be 

;\TbsSi3(s) + 27/21z(g) = 5NbIs(g) + 3SiI4(g) (8 )  

Unfortunately there are insufficient thermodynamic 
data available for the niobium iodides to judge further 
the plausibility of these reactions. Presumably the 
higher pressures that arose in the total-pressure studies 
once NbjSi3 had been formed resulted from the NbOI3 
and Si14 contributions, and the erratic character of the 
pressures observed was caused by irregular contribu- 
tions of convection to the otherwise steady-state diffu- 
sion processes. 

According to the present study the vapor species 
Nb13 would appear to be of principal importance in the 
purification of niobium metal by the iodide process. 
In one study of this method2' a definite niaxirnum in the 

filament growth rate occurred at  450-475" when the 
temperature of the feed metal was varied a t  a constant 
filament temperature of 1250". On a further increase 
in the feed temperature the growth rate first decreased 
up to about 550" and then increased rapidly with in- 
creasing temperature up to a t  least 750". RolstenZ2 
observed a somewhat similar behavior with his growth 
rate-feed temperature curve, but this was displaced to 
lower temperatures by about 75-100°, which probably 
reflects the difficulty in accurately measuring the true 
feed metal temperature. Since the initial oxidation 
product of excess metal a t  400-500" appears to be Nb13 
rather than a lower iodide,2 the first increase in the 
growth rate probably results from the increasing 
volatility of NbI3 and this then decreases a t  higher tem- 
peratures as NbI3 is increasingly reduced and decom- 
posed to the much less volatile Nb& However, as the 
temperature approaches 600" the growth rate rises 
again as, according to the present study, gaseous Nb13 
is produced by the incongruent vaporization of Nb&, 
and this results in the steady increase in the growth rate 
up to a t  least 750". Even at  800-900" the reaction of 
Nb318 with metal to produce Nba111 is extremely slow., 
presumably because of the structural complexity of the 
transformation, so the equilibrium phase is probably 
not involved in the process a t  these temperatures. 

(21) R. E. McCarley and W. Tadlock, USAEC Report IS-17, O f k e  of 
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Methods are presented for the preparation and identification of the following rnolybdenum(1V) compounds: red-violet 
K4[Mo02(CK)4] .6Hz0,  tan K ~ [ M o O L ( C K ) ~ ] ,  blue Kg[MoO(OH)(CK)4], green Kz[h/lo(OH)z(CS)4], and black Mo(OH)2- 
(CN)z .  HzO. The infrared spectra, which are particularly useful for identification. are discussed. The acid dissociation 
constants for MoO(OH)(CN)43- and Mo(OH)2(CN)a2- a t  25" are, respectively, 2.4 X l O - l 3  and 1 0 5  X 10-10. A new 
compound, Ks[MoIV2Mo'l(CN)~O~] .2H20, is reported. 

Tetracyano complexes of molybdenum(1V) have 
been known for a considerable time. A compound, 
described as red or red-violet, has been prepared by 
treating various Mo(V) compounds with KCN and 
KOH. l-g Photochemical decomposition of M O ( C N ) ~ ~ -  
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(9) 2. Jakob, ibid., 31, 681 (1957). 

277 (1896). 

&-at., Sez. I, 26, 775 (1916). 

can be made to yield the same product.lofll All pro- 
cedures used have in common the isolation of the com- 
pound from a strongly basic solution. Recent crystal- 
lographic work11-13 has demonstrated that this com- 
pound contains the trans-dioxotetracyanomolybdate- 
(IV) anion and is best formulated as Kq [MOO~(CN)~] .  
6HzO. The anhydrous compound K~lr\1002(CN)~] 
was first prepared by Steele.I4 

The red-violet compound dissolves in water to give 
(10) 0. Collenberg, Z. Anovg. Allgem. Chem., 136, 245 (1924). 
(11) S. J. Lippard and B. J. Russ, Inorg .  Chem., 6, 1943 (1967). 
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