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sequence during the fast addition of concentrated 
ferrocyanide than in the case of slow addition of 
the dilute reducing agent. 
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Several stable oxides were prepared, including four of non-stoichiometric composition, and their heat of solution measured 
in an adiabatic microcalorimeter. The molal heats of reaction a t  25" in 6.00 M HNOa of PrOI.5po (A form), PrOl.70a, PrOl.717, 
Pr01.80a and Pr01.8s3 were found to  be -53.5 f 0.1, -47.9 f 0.1, -47.4 f 0.4, -44.9 f 0.1 and -43.8 & 0.1 kcal., re- 
spectively. These values when combined with other data yielded the corresponding molal heats of formation for Pro, 
of -217.9 =t 0.8. -223.5 f 0.8, -224.0 f 0.9, -226.5 =I= 0.8 and -227.6 f 0.8 kcal. mole-'. 

Ferguson, Guth and Eyring2 have made a phase 
study of the praseodymium oxide system. This 
study was extended by Guth, Holden, Baenziger 
and Eyring3 to include X-ray and differential 
thermal analyses. These studies revealed several 
stable oxides of non-stoichiometric composition in- 
termediate to Pr01.60 and PrOz.oa. The most inter- 
esting of these compounds have the empirical form- 
ulas Pr01.703, PrOl.717, Pr01.8~4 and Pr01.833. 

It was desired to know the heat of formation and 
the integral heats of oxidation of these interesting 
non-stoichiometric oxide phases but the thermo- 
chemical data which would permit such calculations 
were not available. 

Existing thermochemical data supplemented 
with the measured heats of reaction of these oxides 
with nitric acid solutions make possible the desired 
calculations. The heat of transition of PrOl.so 
from the hexagonal to  the body centered cubic lat- 
tice is also calculable from the heat of reaction 
measurements. 

The data were obtained using the adiabatic mi- 
crocalorimeter described in a previous paper.4 

Experimental Methods 
Preparation and Properties of the Oxides.-The starting 

material for the preparation of all the samples was Pr6011 
(99.9f yo pure) obtained from the Ames Laboratories, 
Ames, Iowa. The oxygen used was obtained from the 
thermal decomposition of KMn04 as previously described.2 
The atomic weight of praseodymium used was 140.92, and 
the defined calorie was assumed equal to 4.1840 absolute 
joules. 

The conditions for preparation of the oxides and a full 
description of the apparatus used are given by Ferguson, 
Guth and Eyring.2 Each oxide was quenched3 after equilib- 
rium was established a t  the predetermined pressure and 
temperature in order to freeze the oxide a t  a specific com- 
position. The exact composition was determined by 
weight change. All the praseodymium oxides dissolve in 

(1) These data were reported a t  the 126th meeting of the American 
Chemical Society a t  New York City in September, 1954, and were 
included in a dissertation submitted b y  C. T. Stubblefield to the Gradu- 
ate College of the State University of Iowa in partial fulfillment of the 
requirements for the Ph.D. degree. The work was supported by the 
Atomic Energy Commission through the Research Contracts Division. 

( 2 )  R. Ferguson, E. Daniel Guth and L. Eyring, THIS JOURNAL, 76, 
3890 (1954). 

(3) E. Daniel Guth. J. R. Holden, N. C. Baenziger and L. Eyring, 
;bid. ,  76, 5239 (1954). 

(4) G. Machlan, C. T. Stubblefield and L. Byring, ;bid., 77, 2975 
(1955). 

nitric acid to produce the trivalent praseodymium ion in 
solution. 

In general, the oxides prepared at low temperatures dis- 
solved more readily than those prepared a t  higher tempera- 
tures, probably because of different particle size and degree 
of ordering in the crystal. 

The composition of the calorimeter samples together with 
their color and lattice properties are tabulated in Table I. 

TABLE I 
PHYSICAL PROPERTIES OF THE CALORIMETER SAMPLES 

Lattice 
Oxide Color Lattice constants (8.1 

PrOl.soo Yellow-green Hexagonal 3.859 & 0.003; 
6.008 & 0.003 

PrOl.7os Brown Body centered 11.055 i 0.005 
cubic 

PrOl.717 Brown Rhombohedral 11,02; 89°40'a 
Pr01.804 Brown Face centered 5.482 =t 0.003 

cubic 
PrOl.8ss Black Face centered 5.468 =I= 0.002 

cubic 
0 Cell dimensions not determined by analytical extrapola- 

tion method. 

Results 
Heats of Reaction.-The enthalpy change upon 

reaction of the various oxides of praseodymium with 
oxygen saturated 6.00 M HN03 were determined 
in the microcalorimeter and are tabulated in 
Table 11. It was apparent that  a small concentra- 
tion of NanSiFe did not significantly affect the heat 
of reaction of the oxides with 6.00 M HNO, as 
shown by the results obtained for P T O ~ . ~ ~ ~ ,  Table 11. 
The absence of a heat effect above experimental er- 
ror upon addition of the complexing agent is prob- 
ably due to a cancellation of terms. 

The samples were weighed with an Ainsworth 
FD J, Optical lever, microbalance (sensitivity: 2.5 
micrograms per division). The enthalpy change 
was not corrected for the vaporization of water into 
the liberated oxygen because this correction (about 
0.04 kilocalorie per mole for Pr01.833) is small com- 
pared to the experimental error. 

The reaction which occurred in the calorimeter 
may be represented by equation 1 
PrO.(c) f yHX03.zHZ0 = Pr(riOj)z.(y - 3)HNo3,(z f 

3 / 2 ) H n 0  f '/'d% - 3/2)0z(g) (1) 
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Heats of Formation.-The heats of formation of 
the oxides correspond to equation 2 

Pr(c) + 0.5xO~(g) = PrO.(c) 

when the reactants and the products are in their 
standard states. 

The heat of solution of the sesquioxide is given 
approximately by equation 3 
PrOl.sw(c) + 6.00 M "03 = Pr(NO&.6.00 M "03 

Subtraction of (1) from (3) gives (4), which is the 
equation for the oxidation of the sesquioxide to  a 
higher oxide 

I t  follows that if the heat of formation of the ses- 
quioxide is known, the heat of formation of Pro, is 

AHf'Zse (PrO.(c)) = AHo. + AHf'zsS (PrO1.dc)) 

TABLE I1 

(2) 

(3) 

PrOl .6~(c)  + 0.5(x - 1.5) Oz(g) = PrO,(c) (4) 

HEAT O F  REACTION OF Pro, WITH 6.00 M "03 AT 25' 
Time 
(min.) 

30 
25 
30 
35 

150 
130 
90 

45 
45 
35 
35 
40 

50 
60 
45 

55 
50 
50 

Wt. (mg.) 
(uacuo) 

22.865 
17.596 
20.603 
25.741 

Av. 
11.387 
8.904 

13.198 

Av. 
10.665 
13.441 
9.024 
8.658 

11.673 

Av. 
10.282 
11.499 
8.935 

Av . 
13.068 
11.036 
io .  959 

Av. 

AH (kcal./mol.) 
reaction 

-53.6 
-53.4 
-53.4 
-53.7 

-53.5 f 0 . 1  
-48.1" 
-47.7" 
-48.0 

-47.9 f 0.2  
-47.5 
-47.9 
-47.0 
-47.8 
-46.8 
-- 
-47 4 f 0 .4  
-45 0 
-44.8 
-45.0 

-44.9 f 0.1 
-43.7 
-43.7 
-43.9 

-43.8 dz 0 . 1  
a Acid solution was 0.01 M in NazSiS. 

The heat of formation of the sesquioxide is repre- 
sented by the equation 5 

Pr(c) f 0.75O~(g) = PrOI.~(c)  
Also it is given by a combination of the following 
seven reactions 
PrOl,soo(c) + YHNOs.ZH~O = 

(5) 

Pr(NOs)3.( Y - 3)"03.(Z f 1.50)H~O (a) 
(b) 

Pr(c) + 3"03. mHz0 = Pr(NO&. mH20 + 1.50 Ht(g) 
(c) 

Pr(NO&.(Z + 1.50)H~O + mHZO(1) = 

1.50 Hz(g) + O.75Oz(g) = 1.50 HzO(1) 

Pr(NO&. mHsO (d) 

Y"Oa(1) + ZHpO(l) = Y"Os.ZHz0 ( e )  

( f )  
(g) 

Pr(NO&.(Z + 1.5)Ha0 + (Y - 3)"03(1) = 
Pr(NO&.( Y - 3)  HT\'Os.(Z + 1.5) Ha0 

3"03(1) + mHZO(1) = 3HNOs. mHIO 

The standard heat of formation a t  298'K. for the 
sesquioxide is 
AHf0298(Pr01.ao) = -AH, + A H b  + AHo - A H d  - AH, + 

A H a  is the heat of reaction of the sesquioxide in 
6.00 M "01 as measured by Eyring, Lohr and 
Cunningham.6 

L i H b  is the heat of formation of liquid water 
(N.B.S. Circular 500).6 

AHc  is the heat of formation of the aqueous tri- 
valent ion obtained from the data of Spedding and 
Flynn. 

M d  is the heat of infinite dilution of the aqueous 
praseodymium trinitrate solution which is assumed 
to be the same as the heat of infinite dilution for 
the lanthanum trichloride solution of the same con- 
centration. The assumption is probably valid be- 
cause it is observed from N.B.S. Circular 5006 that  
the difference in the heats of solution of two con- 
centrations of a chloride is about the same as the 
difference for the same concentrations of the cor- 
responding nitrate. This is especially true within 
the range of low concentrations which are of inter- 
est here. 

Also, i t  is known that all the rare earth trichlo- 
rides have nearly the same values for their heats of 
dilution for the same changes in concentration. 
Me to AHg are all the heats of solution of 

HNOa(l), the concentration of the praseodymium 
trinitrate in equation (f) being negligible as com- 
pared to that of the acid. Their values are listed 
in N.B.S. Circular 500.6 

A H i  + A H g  

The values of A H b  to A H g  are given below. 
AHa - 102.48 kcal. A H ,  -3035.31 kcal. 
AH, -167.69 AHf -3013.37 
AHd - 0.78 AH, - 23.91 

When these heats of the reaction are properly 
combined with the heat of solution of the oxide in 
6.00 M "03, A H a )  the heat of formation of the 
sesquioxide is obtained. 

TABLE 111 
HEAT OF FORMATION OF Pro, AT 298.16'K. 

Oxide atom of Pr) atom of 0) 
AHf (kcal./g. AHf (kcal./g. 

PrOl.500 (hex) -217.9 f 0 .8  -145.3 f 0 . 5  

Pr01.70~ -223.5 f .8 -131.2 =t .5 
PrO1.7~ -224.0 f .9  -130.5 f . 5  
Pr0l.so.r -226.5 f .8 -125.6 f . 5  
PrOl.833 -227.6 f .8 -124.2 f .6 
prOz.000~ -232.9 -116.4 

PrOl.500 (cubic)" -218.4 =k .8 -145.6 & .5  

Data from Eyring, Lohr and Cunningham.6 

( 5 )  L. Eyring, H. R. Lohr and B. B. Cunningham, THIS JOURNAL, 
74, 1186 (1952). 

( 6 )  "Selected Values of Chemical Thermodynamic Properties," 
Circular of the National Bureau of Standards 500 by Frederick D. 
Rossini, Donald D. Wagman, W. H. Evans, S. Levine, I. Jaffe, U. S. 
Gov't. Printing Office, Washington, D. C., 1952. 
(7) F. H. Spedding and J. P. Flynn, THIS JOURNAL, 76, 1474 

(1954). 
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The difference between AH, and the correspond- 
ing heat of solution of Pro, yields the heat of oxida- 
tion of PrOl.6 to give Pro,. The sum of the heat 
of formation of PrOl,5 and the heat of oxidation 
gives the heat of formation o,f Pro,. These calcu- 
lated values are shown in Table 111. 
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The nature and dependency of niobium species in solutions of varying hydrogen ion, chloride ion and hydrochloric acid 
are studied. Only three soluble chloride species appear to  exist to  any extent in these systems: Nb(OH)nClr- in high 
chloride and high hydrogen ion; Nb(OH)C13+ in extremely high hydrogen ion and low chloride and Kb(OH)2Cl3 at hydrogen 
ion and chloride ion in the range of three molar. Decreasing hydrogen ion a t  high chloride results in colloid formation. 

Niobium and tantalum are unique in the very 
small number of their water-soluble compounds. In 
order to produce water-soluble compounds of nio- 
bium it is necessary to use complexing agents and 
one of the more important of these is chloride. It 
has been found that anhydrous niobium pentoxide 
dissolves in highly concentrated hydrochloric acid 
to the extent of about four grams of the pentoxide 
per hundred milliliters.' 

Spectrophotometric work on niobium(V) solu- 
tions in hydrochloric acid of varying concentration 
has indicated the presence of several species of nio- 
b i ~ m . ~  The species present in concentrated hydro- 
chloric acid showing an absorption maximum at 251 
mp was used as the basis of a spectrophotometric 
method for the determination of niobium. Several 
species have been postulated for niobium in hydro- 
chloric acid but little work has been done to actually 
prove the existence of any of these in s o l ~ t i o n . ~ - ' ~  
In  order to Flace the colorimetric determination on 
a firm basis and to further study the effect of chlo- 
ride ion and hydrogen ion variation on the niobium 
species a study has been made of the nature of the 
species of niobium present in systems containing 
hydrogen ion and chloride ion. 

The investigation of this system has been carried 
out primarily by spectrophotometric methods. 
The complex ion present in concentrated hydro- 
chloric acid has been identified by comparison of the 
absorption spectrum of this solution to that of a solu- 
tion of a salt of this ion in an organic solvent. Other 

(1) Presented before the Northwest Regional Meeting of the Ameri- 
can Chemical Society, Eugene, Oregon, June, 1955. Published with the 
Approval of the Monographs Publication Committee, Oregon State 
Cullege, as Research Paper 294,  School of Science Department of 
Chemistry. 

(2)  Josef Wernet, 2. anorg .  allgem. Chem., 267, 213 (1952). 
(3) J. H. Kanzelmeyer and Harry Freund, Anal. Chem., as, 1807 

(1953) .  
(4) R. E. Elson, U. S. Atomic Energy Commission Report So.  

UAC-712 (1953). 
' 5 )  J. Y .  Ellenburg, G. W. Leddicotte and F. L. Moore, Anal.  

Chem.,  26, 1045 (1954). 
( 6 )  G. Gruben and Hans L. Gruben, 2. Elektvochem., 44, 771 (1938). 
( 7 )  E. H. Huffman, G. M. Iddings and R.  C. Lilly, TEE J O U R N A L ,  

(8) E. H. Huffman and G. hf. Iddings, ibid., 74, 4714 (1952). 
(9) K. A. Kraus and G. E. Moore, ibid., 71, 3855 (1949). 
(IO) IC. A.  Kraits and G. E. hfoore, ibid., 73, 2900 (1981). 

73, 4474 (1951). 

species have been characterized by comparison of ab- 
sorption spectra, ion exchange work and by quanti- 
tative study of the effect of independently varying 
hydrogen ion and chloride ion activity. 

Experimental 
Spectral Measurements.--Xll absorbance measurements 

were made by use of a Beckman Model DU spectrophotom- 
eter using matched 1.00-cm. fused silica cells. X hydrogen 
discharge lamp was used as the source of radiation for all 
measurements below 340 mp. All absorbance measurements 
w'ere made with a reagent blank in the null cell and net 
absorbances were recorded. Spectral measurements were 
made at 5 mp intervals except in the region of peaks at which 
narrower intervals were used. 

Niobium Solutions.--Niobium pentoxide obtained as 
"Columbium Pentoxide" from A .  D. MacKay, 198 Broad- 
way, New Tork 7, S. Y., was fused with potassium pyro- 
sulfate in the ratio of 1 gram of the pentoxide to 3 grams of 
the pyrosulfate. The resulting melt mas cooled, ground and 
taken up in 1 : 1 sulfuric acid. The resulting milky solution 
was neutralized with concentrated ammonium hydroxide. 
The hydrous niobium pentoxide was separated and washed 
by centrifugation, slurried with concentrated hydrochloric 
acid and placed in an ice-bath. Hydrogen chloride was 
passed through the solution for from two to three days in an 
ice-bath to complete the dissolving of the hydrated pent- 
oxide. The solutions thus prepared contained about 20 g. 
Nb/liter and were used as stock solutions for more dilutc 
solutions. 

Compounds for Spectral Comparison.-The compound re- 
ported as Cs2XbOCl5 by Weinland arid Storz" was prepared 
by their method using solutions saturnted with hydrogen 
chloride a t  temperatures varying from 45 to -20". Analy- 
sis of the compound agreed with that which was reported but 
was not considered accurate enough to distinguish between 
Cs2XbOCls and CsnSb(OH)2C15. 

The compound ( C2Hs),SSb(OH),C1, was prepared by 
mixing 1.0 g. of tetraethylammonium chloride dissolved in a 
minimum amount of 0" saturated hydrochloric acid with a 
solution containing 0.5 g. Nb in 25 ml. also in 0" saturated 
hydrochloric acid. The compound precipitated in the form 
of fine ah i te  crystals which were filtered and washed with 0" 
saturated hydrochloric acid on a sintered glass filter. The 
compound was dried over anhydrous magnesium perchlorate 
and analyzed for niobium, chloride and nitrogen. For nio- 
bium the compound was moistened, ignited and weighed as 
Nb205. Sitrogen was determined by the micro Dumas 
method, and chloride was determined by Volhard titration. 
The rest of the formula of the conipound was determined by 
difference and valence requirements. 

Siobium oxychloride ( SbOC13) was prepared by two 
methods. The first method was the thermal decomposition 

(11) R. F. Weinland and Ludwig Storz, L. nizorg.  nllgfm. Chrm.,  64,  
223 (1007). 


