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The equilibria between neodymium hydroxide and hydrogen ions and hydroxide ions have been studied by measuring the 
solubility of neodymium hydroxide in dilute hydrochloric and perchloric acids, neutral water and sodium hydroxide solutions. 
The following equilibrium constants and free energy changes were determined: Nd(OH)3(s) + 3H+ (aq) «=* Nd+ 3(aq) 4-
3H2O(I), K = 8.7 X 1018, AP2 9 8 = - 2 5 . 9 ± 0.3 kcal.; Nd(s) + 3/202(g) + 3/2H2(g) «=* Nd(OH)3(s), AF>/ = - 299 .6 ± 
0.3 kcal.; Nd(OH)3(s) <=i Nd+ 3(aq) + 3(OH)"(aq), K = 8.7 ± 4.7 X 10~24, AP298 = 31.5 ± 0.3 kcal.; Nd(s) + 3(OH)--
(aq) <=* Nd(0H)3(s) 4- 3e~, potential in basic solution, Eb = 2.701 ± 0.004 v. The water solubility was found to be 4.8 X 
10 - 5 mole of Nd(OH)3 per 1000 g. of water. The solubility in base initially decreases from the water solubility, passes 
through a minimum at 0.2 molar NaOH and increases to approximately the water solubility in 1 molar NaOH. In addition, 
to confirm the conclusions drawn from the solubility data, the hydrolysis of the trivalent ions of neodymium and also praseo
dymium has been studied. The reactions appear to be slow at 25° and most likely proceed according to the equation 
Nd3 +(aq) 4- H2O «=± Nd(OH)2+(aq) + H + (aq) , Pr3 +(aq) 4- H2O <=s Pr(OH)2 +(aq) + H+(aq). The pK% values for these 
reactions were equal within the experimental error and were determined to be 8.5 ± 0.4. 

The purpose of this investigation was to obtain 
data on the equilibria between crystalline neody
mium hydroxide and hydrogen ions and hydroxyl 
ions in aqueous solution at 25°. 

The early qualitative work done on the basicity 
of the oxides and hydroxides of the rare earth ele
ments is reviewed by Moeller and Kremers.3 

The neodymium oxide-water system has been 
investigated by Weiser and Milligan,4 Fricke,5 

Fricke and Seitz,6 and Seitz.7 The compound pre
cipitated at 100° from aqueous solutions of neo
dymium salts by the addition of hydroxide ion has 
been identified as a hydrous hydroxide, by examina
tion of dehydration isobars. This has the stoichio
metric composition Nd203-3H20 or Nd(OH)3 and 
crystallizes in the hexagonal system. No quanti
tative observations have been made on the material 
precipitated from solution at 25°; however, it is 
stated that initially the precipitate contained large 
amounts of the anion present in solution.8'9 The 
solubility of the oxide in water at 29° was measured 
by Busch10 from electrometric titrations of the 
liberated hydroxide ion, assuming that the solu
bility was Ve the molality of the hydroxide ion. 
No investigation was made of the solid phase at 
equilibrium, however. The solubility of neodym
ium sesquioxide was given as 5.75 X 1O-6 mole per 
liter, while that for praseodymium sesquioxide is 
reported to be much less, 6.1 X 10~7 mole per liter. 
Moeller and Kremers11 estimated the solubility of 
freshly precipitated neodymium hydroxide, from 
the value of the solubility product, to be 2.7 X 
1O-6 mole per liter at 25°. 

The data on the solubility product of neodymium 
(1) Taken from the dissertation presented by R. Stuart Tobias to 

the Graduate School of The Ohio State University in partial fulfillment 
of the requirements for the degree Doctor of Philosophy, 1956. 

(2) Research Division, Photo Products Department, E. I. du Pont 
de Nemours and Company, Parlin, New Jersey. 

(3) T. Moeller and H. E. Kremers, Chem. Revs., 37, 97 (1945). 
(4) H. B. Weiser and W. O. Milligan, J. Phys. Chem., 42, 673 

(1938). 
(5) R. Fricke, Z. Naturforsck., 3A, 62 (1948). 
(6) R. Fricke and A. Seitz, Z. anorg. allgem. Chem., 254, 107 (1947). 
(7) A. Seitz, Z. Naturforsch., IA, 321 (1946). 
(8) H. T. S. Britton, J. Chem. Soc, 127, 2142 (1925). 
(9) T. Moeller and N. J. Fogel, T H I S JOURNAL, 73, 4481 (1951). 
(10) W. Busch, Z. anorg. allgem. Chem., 161, 161 (1927). 
(11) T. Moeller and H. E. Kremers, J. Phys. Chen:., 48, 395 (1944). 

hydroxide all have been obtained by measuring the 
pK of a solution of a neodymium salt either at the 
beginning of precipitation of the hydroxide by 
added hydroxide ion or at a given ratio of Nd+ 3 : 
O H - after the appearance of the solid phase. 
Moeller and Kremers11 have given these solubility 
products for Nd(OH)3: from nitrate solution 3.1 
X 10-22, sulfate solution 2.6 X 10"21, acetate solu
tion 2.8 X 1O-21, and an "average" solubility prod
uct of 1.9 X 10"21. All of these were for the 
"freshly precipitated hydroxide" at 25°, but again 
no investigation was made of the solid phase pres
ent. Moeller and Fogel9 extended this study to 
perchlorate solutions and found a solubility prod
uct of 3.2 X 10"22. 

Latimer12 has estimated the free energy of for
mation of solid neodymium hydroxide to be —309.3 
kcal./mole. The National Bureau of Standards 
tables13 give a value for the free energy of formation 
of neodymium hydroxide of —309.6 kcal./mole as 
determined from the work of Endres.14 Exactly 
how this value was calculated remains somewhat 
of a mystery, as Endres' paper gives only ratios of 
the solubility products of the rare earth hydroxides 
and no absolute values. 

Procedure 
The experimental procedure and method of preparing 

reagents followed in this work are similar to that of earlier 
papers in this series.15-1 ' 

Neodymium Oxide.—Johnson Matthey and Company 
"Specpure" Nd2O3, containing approximately 0.07% of 
Pr2O3 and less than 0.003% of Sm2O3 was used. The oxide 
was purified by dissolving it in reagent grade perchloric acid, 
and precipitating the neodymium as Nd2(C20.i)3 with doubly 
recrystallized oxalic acid, washed free of soluble impurities, 
dried at room temperature and ignited in platinum at higher 
than 850° in a stream of oxygen. 

Praseodymium Oxide.—Johnson Matthey "Specpure" 
oxide which contained approximately 0.04% of neodymium 
oxide was used. 

(12) W. Latimer, "The Oxidation States of the Elements and Their 
Potentials in Aqueous Solutions," Second Ed., Prentice-Hall, I n c . 
New York, N. Y., 1952, p. 288. 

(13) "Selected Values of Chemical Thermodynamic Properties," 
Circular 500, of the National Bureau of Standards Feb. 1, 1952, 
Washington, D. C. 

(14) G. Endres, Z. anorg. allgem. Chem., 205, 321 (1932). 
(15) A, B. Garrett and R, E. Heiks, THIS JOURNAL, 63, 562 (1941), 
(16) K. Gayer and A. B. Garrett, ibid., 71, 2973 (1949). 
17) R. A Gilbert and A Ii Garrett, ibid., 78, 5501 (1956). 
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Neodymium and Praseodymium Perchlorate Buffer Solu
tions.—The neodymium and praseodymium perchlorate 
solutions were prepared by dissolving weighed amounts of 
the ignited oxides in standard perchloric acid, titrating the 
excess acid with standard sodium hydroxide solution and add
ing additional sodium perchlorate to give a total concen
tration of perchlorate ion of 3.00 molar. 

Sodium Chloride Solutions.—All of the standard sodium 
chloride solutions were prepared from weighed quantities 
of C P . sodium chloride that had been dried in platinum at 
600° for three hours. 

Sodium Perchlorate Solutions.—The sodium perchlorate 
solutions were prepared by dissolving weighed amounts of 
repurified G. Frederick Smith sodium perchlorate in distilled 
water. The sodium perchlorate was purified by dissolving 
it in water-ethanol mixtures, filtering and recrystallizing 
the product as described by Biederman and Sillen.18 No 
trace of chloride ion could be detected in the solutions pre
pared in this manner. 

Perchloric Acid Solutions.—AU of the perchloric acid 
solutions were prepared by dilution of Reagent grade, 60% 
perchloric acid with distilled water. Recrystallized sodium 
perchlorate was added to give [ClO4] ~ = 3.00 M; they were 
analyzed by the method of Oesper.19 

Solubility Measurements 
Preparation of Samples and Equilibration.—Two 150-ml. 

samples were prepared at each concentration of acid and 
base and equilibrated by the method described pre
viously.17 ~19 In the case of the samples prepared later in 
the work, equilibration was at 25° only, since it was ob
served that the samples reaching equilibrium from above 
saturation tended frequently to give colloidal sols. In the 
samples where sol formation did not occur, the neodymium 
concentrations of the 25 and 35° solutions were found to 
check within the experimental error. To determine whether 
the reaction had reached completion within the time limit of 
the experiment, samples were agitated at 25° for 2.5, 7, 14 
and 21 days. The values for the total neodymium in solu
tion and the equilibrium hydrogen ion concentration were the 
same within the experimental error for the last three samples, 
indicating that the reaction was complete in 7 days. 

Sedimentation and Method of Transfer.—These were the 
same as previous work.17 Nitrogen gas was used to prevent 
contact of the solutions with the atmosphere during all of 
these processes. 

Measurement of the Hydrogen Ion Concentration.—The 
hydrogen ion concentrations of the samples after equilibra
tion were determined with a Beckman model G pH meter, 
using a Beckman general purpose glass electrode and a 
calomel reference electrode. For the hydrogen ion con
centration measurements at equilibrium, the electrodes 
were standardized at pH. 7.00 with Beckman pH 7 buffer 
solutions accurate to ±0.02 pH unit. For the equilibrium 
pH measurement of the pure water equilibrated samples, 
standardization was with a boric acid-sodium hydroxide 
buffer at pK 9.00. 

For the pH measurements of the samples equilibrated with 
perchloric acid with [ClO4-] = 3.00 M1 the calomel cell 
electrolyte was 4 M sodium chloride instead of the usual 
potassium chloride to avoid precipitation of potassium per
chlorate at the liquid-liquid junction. 

Spectrophotometric Analysis of Neodymium.—A Beck
man DU spectrophotometer was used to determine neo
dymium in the acid equilibrated samples. Corex cells were 
used for these measurements. 

The absorption band at 796 m/x was used, since the molar 
extinction coefficient is greatest at this wave length. A 
constant slit width of 0.05 mm. was used in all measurements. 

High perchlorate concentrations had no effect on the ab
sorption spectra of the hydrated neodymium ion in the 
range 500 to 900 nu<, nor was any intensification of the ab
sorption bands observed. 

Before analysis, the samples were checked for any tur
bidity that would give high readings for the optical density 
of the solutions. Samples showing measurable turbidity 
were discarded. Measurements of the optical density were 
then taken at 796 ra/i on the original samples and also on 
samples acidified to p~H 3. The results were the same within 
the experimental limits indicating that the optical density 

(18) G. Biederman and L. G. Sillen, Arkiv Remi, 5, 425 (1053). 
(19) P. Oesper, / . Chem. Educ, 26, 588 (1949). 

measurements were related to the total neodymium in 
solution. 

I t is quite conceivable that Nd2(OH)2
4 + or some such 

species might not have its absorption peak at 796 m/i, and 
analysis on wore-acidified samples would be related only to 
[Nd3+] and not to total Nd. The treatment of data as
sumes total Nd measured. 

Activation Analyses for Neodymium.—The solubility 
of neodymium hydroxide in water and in base was well below 
the limit of sensitivity of the spectrophotometric analysis. 
These samples were analyzed by neutron-activation. The 
samples were transferred in a closed system, by nitrogen 
pressure, from the equilibration bottles to 250-ml. poly
ethylene bottles and shipped to the Oak Ridge National 
Laboratory. Aliquots of the sample material were irradi
ated for one week in the ORNL Graphite Reactor. A 
cooling period of about 5.0 days after the reactor discharge 
was maintained to allow the Na24 (15.0 h.) to decay from 
the sample. After the cooling period, at least 5-ml. dupli
cate aliquots of each sample were processed by a radiochemi
cal separation using known amounts of inactive yttrium 
as "carrier" for the neodymium radioactivity. The yttrium 
carrier was initially precipitated with alkali hydroxide. The 
hydroxide precipitate was then dissolved, and "scavenging" 
carriers such as copper, barium, sodium, strontium, etc., 
were added and removed by additional precipitations. The 
yttrium was finally precipitated as yttrium oxalate. After 
filtering onto a tared filtering paper, the precipitate was 
dried by suction. The chemical yield of the experiment was 
determined by weighing the oxalate compound as Y2(C2O4J3-
9H2O. The radioactivity of the induced Nd147 (11.3 d.), 
produced in the reaction Nd146 (n, 7) Nd147 was measured by 
means of 7 counting. The radiochemical purity of the sepa
rated radioactivity was checked by decay studies and 7 
spectral analysis by means of a single channel-7 scintillation 
spectrometer. The comparator samples were Nd2O3, and 
these were processed in the same way as the unknown 
samples. The results are based upon a comparison of the 
Nd147 radioactivity in both the standards and the test 
sample. 

Analysis of the Solid Phase in the Equilibria.—The solid 
phases remaining upon the equilibration of the neodymium 
oxide with hydrochloric acid, perchloric acid, water and 
sodium hydroxide solutions were all investigated by X-ray 
diffraction. The oxide samples were dried at 80° in a 
stream of nitrogen according to the method of Weiser and 
Milligan.20 The weight lost after ignition in oxygen at 
900° was calculated to be 13.78%. The theoretical weight 
per cent, of water in Nd2O3SH2O is 13.84%. No traces of 
chloride ion could be detected in the solid phase remaining 
after the equilibration with hydrochloric acid. 

In order to characterize definitely the solid phases, X-ray 
powder photographs were taken using copper Ka radiation 
and sealing the samples in 0.3 mm. capillaries. The calcu
lated spacings agreed well with those given by Roy and Mc-
Kinstry21 for Nd(OH)3, or the trihydrate of the oxide. 

The anhydrous oxide also was examined and found to be 
the A type of Nd2O3 by comparison of the Bragg angles 
found with those given by Zachariasen.22 Vickery23 states 
that only oxides capable of forming the A type lattice appear 
to slake and give true hydroxides. 

In the samples equilibrated with 0.1 M perchloric acid, no 
lines other than those of the hydroxide could be detected; 
however, the diffraction was weak and the lines less sharp 
than in the case of the other samples. Some material may 
have been present that was amorphous to X-rays. 

The Solubility Data 
The solubility data are collected in Tables I and 

II and shown graphically in Figs. 1 and 2. Figure 
1 shows the change in solubility of Nd(OH)3 with 
the initial hydrochloric acid concentration. Figure 
2 shows the relative effect of acid and base on the 
solubility of Nd(OH)3. 

(20) H. B. Weiser and W. O. Milligan, J. Phys. Chem., 38, 512 
(1934). 

(21) R. Roy and H. A. McKinstry, Ada Crysl., 6. 365 (1953). 
(22) W. H. Zachariasen, Z. physik. Chem., 123, 134 (1926). 
(23) R. C. Vickery, "Chemistry of the Lanthanons," Academic 

Press, Inc., New York, N. Y., 1953, p. 208. 
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0 2 4 6 8 10 12 
H = moles HC1/1000 g. H2O X IO3. 

Fig. 1.—Solubility of Nd(OH)3 in dilute hydrochloric acid. 

Equilibria with Hydrochloric Acid 

Equat ions (1), (2) and (3) may be writ ten as those 
most likely to represent the reactions occurring 
during the dissolution in acid of the samples of 
neodymium oxide. 

A-Nd2O3(S) + 3H2O — > 
Nd203-3H20(s) (or 2Nd(OH)3(s)) (1) 

Nd(OH)3(S) ZZ±1 Nd(OH)3(aq) (2) 
gNd(OH)3(s) + /H+(aq) <=± Nd,(OH)p<«-»>+(aq) + /H2O 

(3) 
The generalized reaction 3 is considered, since 

recent investigations have shown tha t solutions of 
scandium, thorium, uranium and the transuranium 
elements contain significant amounts of poly-
nuclear hydroxyl complexes. 

The average charge per neodymium atom in 
solution, Ii, is given by the following equation 
where H is the initial hydrogen ion concentration 
of the solution which is reacting with Nd2Os, [Nd] 
the total Nd in soln., h is the equilibrium hydrogen 
ion concentration after equilibration, and XPl is the 
equilibrium constant for reactions of type 3. This 
equation is only valid if no change occurs in the 
solid phase during the reaction. 

£ /[Nda(OH)p E JVX1 

H — h _ p = 0 
" [Nd] 

P = O 

^ s I N d 3 ( O H ) / 
g = l 
P = O 

S ivxv 
3 = 1 
P = O 

Since n is found to be independent of h and equal 
to 3, the equilibria for A-Nd2Os and hydrogen ions 
are given by the equations for the range of con
centrations studied. 

A-Nd2O5(S) 4- 3H5O • 
Nd(OH)3(S) + 3 H + ( a q ) 3 Z 

->• 2Nd(OH)3(S) (1) 
Nd+3(aq) + 3H2O (4) 

The equilibrium constant for reaction 4 was found 
to be 

Kt = 8.7 ± 4.7 X 10" OK.* -Ocranio 
aNcKOHh-aH+'acr" 

This corresponds to a standard free energy change 
of 

AF>v. -25.9 ± 0.3 kcal./mole Nd(OH)3 

The activity coefficients for N d + 3 in the neodym
ium chloride solutions were obtained from the data 

of Spedding and Porter2"1 for the mean coefficient 
in aqueous solutions of neodymium chloride. Ac
cording to the Debye-Hiickel limiting law, y 
N d + 3 = ^ N d C l 3 ) 3 , and it was assumed tha t the 
activity coefficient for N d + 3 in these dilute solutions 
was accurately given by the cube of the mean ac
tivity coefficient. The crystalline neodymium 
hydroxide was chosen as the standard thermo
dynamic state, so the activity of the solid hydroxide 
a t 25° is unity. 

The activity of water may be considered to be 
unity in solutions as dilute as these without intro
ducing any appreciable error. 

F rom the value of Ki and the dissociation con
s tant of water at 25°, the solubility product of the 
crystalline neodymium hydroxide may be cal
culated. 

„ v „ , ayd+3 X anio3 . , an*3 X OOH-3 , . 
Ai X A3W = — r X ; = A , „ 

CNd(OH)S X an*" OHjO3 

iC,p = 8.7 ± 4.7 X 1018 X (IO"14)3 = 8.7 ± 4.7 X IO"21 

for the reaction 

Nd(OH)3(S) ^ Z t Nd-3(aq) + 3(0H)"(aq) Ai™298 = 
31.5 ± 0.3 kcal. 

Since n — 3, and the equilibrium hydrogen ion 
concentration is very small, the plot of the total 
neodymium dissolved vs. the initial acid concen
tration is a straight line with slope 0.33. This is 
shown in Figs. 1 and 2. As was noted in the sec
tion on the X-ray diffraction analyses of the solid 
phase, the solid phase was observed to be Nd(OH) 3 

in all of the equilibria. 
The highly negative value of AF°298 for reaction 

4, and the absence of measurable concentrations of 
ionic species containing hydroxyl ion indicate tha t 
Nd(OH) 3 is a very basic hydroxide. Unfortu
nately, a lack of thermodynamic da ta for the hydrox
ides and aqueous ions of other elements in the + 3 
oxidation state prevents a quanti ta t ive compari
son. 

The solubility product was found to be smaller 
by a factor ranging from about 10' to IO2 when 
compared with most values cited in the literature. 
This is to be expected since most of these values 
have been obtained in the presence of sulfate and 
acetate ions where the neodymium ions are highly 
complexed. Also the freshly precipitated mate
rials contain appreciable amounts of these anions, 
and the solid phase therefore varies from experi
ment to experiment. 

There does not appear to be any significant com-
plexing with chloride ion. Moeller and Brantley2 6 

have shown tha t there is no change in the absorp
tion spectra of neodymium chloride solutions in 
the presence of a C l - : N d + 3 mole ratio as great as 
10. Furthermore, the da ta on the conductivity 
and transport numbers 2 6 - 2 8 of neodymium chloride, 
ni t rate and perchlorate all follow closely the laws 

(24) F. H. Spedding and P. E. Porter, T H I S JOURNAL, 74, 2781 
(1952). 

(25) T. Moeller and J. C. Brantley, Anal. Chem., 22, 433 (1950). 
(26) F. H. Spedding, P. E. Porter and J. M. Wright, THIS JOUR

NAL, 74, 2055 (1952). 
(27) F. H. Spedding, P. E. Porter and J. M. Wright, ibid., 74, 2278 

(1952). 
(28) F. H. Spedding and S. JaBe, ibid., 76, 882 (1954). 
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for ideal 3:1 strong electrolytes, indicating the ab
sence of significant complexing. 

Finally, concentrations of the rare earth ions 
were used in all of the so-called equilibrium "con
stants" given in the literature. This easily can 
cause the values to be too large by a factor of 10 
in these calculations in which the activity of a tri-
valent ion is involved. 

From the standard free energy change deter
mined for reaction 8 together with the free energy 
of formation of the Nd+3(aq) ion given by Sped-
ding and Miller,29 and the free energy of formation 
of liquid water from the National Bureau of Stand
ards tables,13 the free energy of formation of the 
crystalline neodymium hydroxide may be cal
culated. Thus 

Nd(s) + 3/2H2(g) + 3/202(g) ^ L 
3Nd(OH)3(s)AF/°28s = -299 .6 ± 0.3 kcal. 

The potential of the neodymium couple in basic 
solution also may be calculated, 
Nd(s) + 3 ( O H ) - ( a q ) ^ Z t 

Nd(OH)3(S) + 3e-AF0J98 = -186 .9 ± 0.3 kcal. 

186.9 ± 0.3 kcal. 
Eh = = 2.701 ± 0.004 v. 

3 X 23.066 kcal./v. 

The literature values of the free energy of for
mation of Nd (OH) 3 and the potential in basic solu
tion are all based upon rather inaccurate data. 
The National Bureau of Standards13 tables give 
— 309.6 kcal. for the AFf2W neodymium hydroxide 
with the work of Endres14 as a reference. As noted 
earlier this work gives only relative values of rare 
earth solubility products. Latimer12 estimates a 
value of -309.3 kcal./mole for AFf m of Nd(OH)3 
and values of from 2.90 to 2.72 for E\> from lan
thanum to lutecium. 

Equilibria with Perchloric Acid 
An attempt was made to study the equilibria of 

Nd(OH)3 with perchloric acid to which NaC104 
was added to give [CIO4-] = 3 M. The values of 
fi obtained upon analysis were erratic and approxi
mately 5. This indicates the conversion of the 
solid phase to a basic salt containing perchlorate 
ion, and an actual increase in the amount of solid 
phase present was observed. 

To check the measurements made with hydro
chloric acid, a small number of samples were pre
pared using dilute perchloric acid solution. These 
data also are given in Table I and are similar to 
those obtained with hydrochloric acid. 

Equilibria with Water and with Sodium Hydroxide 
Solutions 

The water solubility of the crystalline neody
mium hydroxide was determined to be 4.8 X 10~5 

mole/1000 g. of H2O, and the equilibrium hydrogen 
ion concentration was 8 X 1O-10 in the two samples 
measured. The solubility in base describes a 
minimum at about 0.2 M NaOH and increases to 
approximately the water solubility in 1 M NaOH. 
The data are given in Table II.2 This curve may 
be formed of two independent parts, one account
ing for the initial decrease in solubility where Nd 
= &[OH~]~" and the other describing the dissolu-

(29) F. H. SpeddingandC.F. Miller, THIS JOURNAL, 74, 4195 (1952). 

4 Ar 1.2 4*-* 

-0 .02 

I 
1.0 0.8 0.6 0.4 0.2 
MOLES NaOrl/lOOOg H2O. 

0.02 Q04 Q06 0,08 O.IO Q12 
MOLES HCl/lOOOg H2O. 

Fig. 2.—Solubility of Nd(OH)3 in sodium hydroxide and 
hydrochloric acid. 

tion at high concentrations of hydroxyl ion where 
Nd = k'[OB.~]m, with m = 2. Since the solubility 
in base was so slight, no determination could be 
made of the ionic species present. 

Hydrolysis Studies 
Experimental Procedure 

The general procedure followed is that developed by 

TABLE I 

PART 1. DATA ON THE EQUILIBRIUM BETWEEN NEODYMIUM 

HYDROXIDE AND HYDROCHLORIC ACID AT 25° 
Initial 
concn. 
hydro
chloric 
acid, 

moles/ 
1000 g. 
H J O , a 

0.1004 
.0502 
.0502 
.0502 
.0101 
.0101 
.0100 
.0100 
.0099 
.0099 
.0099 
.0099 
.0050 
.0050 
.0049 
.0049 
.0010 
.0010 
.0010 
.0010 
.0005 
.0005 

Equilibrium 
concn. 

dissolved 
neodymium, 

g. atoms/ 
1000 g. 

HaO, [Nd] 

0.0335 
.0167 
.0167 
.0167 
.00337 
.00337 
.00335 
.00335 
.00330 
.00330 
.00330 
.00330 
.00167 
.00167 
.00165 
.00165 
.00033 
.00033 
.00033 
.00033 
.00017 
.00017 

7Nd+ ' 

0.0778 
.129 
.129 
.129 
.309 
.309 
.309 
.309 
.314 
.314 
.314 
.314 
.415 
.415 
.419 
.419 
.988 
.988 
.988 
.988 

1.00 
1.00 

Ac
tivity 
N d + ' 
X 10' 

2.61 
2.15 
2.15 
2.15 
1.04 
1.04 
1.04 
1.04 
1.04 
1.04 
1.04 
1.04 
0.693 

.693 

.691 

.691 

.33 

.33 

.33 

.33 

.17 

.17 

Ac
tivity 

H + 

X 10', 
h 

7.9 
7.9 
6.2 
6.2 
5.6 
4.4 
6.3 
5.8 
7.9 
6.0 
4 .8 
4 .2 
4 .8 
4 .5 
5.4 
5.1 
3.6 
3.5 
2 .5 
2 .1 
3 .5 
3.0 

W 

3.00 
3.01 
3.01 
3.01 
3.00 
3.00 
2.99 
2.99 
3.00 
3.00 
3.00 
3.00 
2.99 
2.99 

X 10H 

5.3 
4.4 
9.0 
9.0 
5.9 

12 
4.2 
5.3 
2 .1 
4 .8 
9.4 

14 
6.2 
7.6 
4.4 
5.2 
7.0 
8.0 

22 
36 

3.9 
6.3 

Ki = 8.7 ± 4.7 X 10« 

PART 2. DATA ON THE EQUILIBRIUM BETWEEN NEODYMIUM 

HYDROXIDE AND PERCHLORIC ACID AT 25° 

0.0998 0.0329 4.9 3.03 
.01051 .00340 6.3 3.09 
.00210 .00070 3.8 3.0 
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TABLE I l 

T H E SOLUBILITY OF NEODYMIUM HYDROXIDE IN SODIUM 

HYDROXIDE SOLUTIONS AT 25° 
Initial moles of hydroxide Solubility of Nd(OH)S1 moles/1000 g. 

ion/1000 g. H2O H1O X 10* 

0.0607 
.1800 
.1800 
.5273 
. 5273 

1.0125 
1.0125 

1.98 ± (0.10) 
0.58 ± ( .05) 
0.51 ± ( .10) 
1.42 ± ( .10) 
0.83 ± ( .07) 
4.30 ± ( .80) 
3.47 ± ( .14) 

Sillen and co-workers30 ~33 for the study of the hydrolysis of 
multivalent metal ions. All measurements were made in 
the constant ionic medium 3 M NaClOi. 

Electrochemical Cells.—The electrode and titration ap
paratus used in this work was essentially that described by 
P~orsling, Hietanen and Sillen,34 and the hydrolysis data 
were obtained from the e.m.f. values of the"cell 

Pt 
(anode) 

HClO4 

Me(ClOi)3 
quinhvdrone 
NaClO4 

3 M 
NaClO4 

4 M 
NaCl 

Hg2Cl2 

Hg 
(cathode) 

The £° for the couple Nd ^* Nd+ 3(aq) + 3e~ is so large 
that there is no reduction of the Nd+ 3(aq) in the presence of 
hydroquinone, and the quinhvdrone electrode should there
fore be suitable for the measurement of the hydrogen ion 
activity. 

Two gold plated platinum electrodes were used, and these 
were led through the titration vessel cover in 4 mm. glass 
tubes. The upper end of each platinum electrode was 
sealed with wax through a male standard taper plug which 
was seated in the corresponding female fitting sealed to the 
upper end of the 4 mm. tubes. In this way, all glass-to-
metal seals were eliminated. These have been reported to 
be the cause of ^reproducibility in the e.m.f. values of 
cells of this type.35 

The nitrogen used to exclude the atmosphere during the 
measurements was purified by successive washings in con
centrated sodium hydroxide solution, alkaline sodium an-
thraquinone (3-sulfonate solution, concentrated sulfuric acid, 
aqueous silver nitrate, distilled water, and finally 3 molar 
sodium perchlorate solution. 

The e.m.f. of the cell, as measured, is given by the 
equation 

E = £0 + Ei + E1' 
-RT U2H X «2cr X OQ X a2HB ,-,, 

- (Oj 2F (JHg2OIi X CQH2 

where 
Q and QH2 refer to quinone and hydroquinone, respectively 
E = measured e.m.f. of cell 
EP — thermodynamic reversible e.m.f. when the activi

ties of all reactants and products are unity 
Ej = junction potential at the interface between the 

solution in the titration vessel and the 3 M 
NaClO4 salt bridge electrolyte 

E1' = junction potential at the interface between the 
3 M NaClO4 salt bridge electrolyte and the 4 M 
NaCl calomel half cell electrolyte 

Although this separation of the e.m.f. is not thermodyrnamic-
ally valid, it has proved to be of use. The value of E1' is 
maintained constant throughout the measurements by the 
design of the cell. 

The magnitude of the potential E1 between the solution 
being titrated and the salt bridge electrolyte has been the 
subject of an extensive investigation by Biedermann and 
Sillen13 and was found to obey the relation E1 = 0.0167A (v.) 
where h is the hydrogen ion concentration in moles per liter. 

(30) L. G. Siller Acta Chem. Scand., 8, 299 (1954). 
(31) L. G. Sillen, ibid., 8, 318 (1954). 
(32) S. Hietanen and L. G. Sillen, ibid., 8, 1607 (1954). 
(33) B. O. A. Hedstrom, ibid., 9, 613 (1955). 
(34) W. Forsling, S. Hietanen and L. G. Sillen, ibid., 6, 901 (1952). 
(35) A. B. Garrett, E. Hogge and R. E. Heiks, Science, 92, 18 

(1940). 

Since hydrolysis does not occur until h is about 10~6 Af, the 
potential E1 should be negligible in this work. Combining 
the constant terms in equation 5, assuming that activity 
coefficients remain constant in the constant ionic medium 
with [ClO4

-] = 3 M, we obtain the equation 

E = EQ' - 59.16 log h (6) 

The e.m.f. values are measured in millivolts and h is the 
equilibrium hydrogen ion concentration. 

In practice, the e.m.f. values of two such cells were de
termined, i.e., each platinum electrode was read against the 
calomel half cell at every point in the titration to determine 
whether any poisoning of the electrodes was occurring. If 
the values of successive readings differed by more than 0.1 
liiv., the run usually was discontinued. The entire cell and 
titration vessel were immersed in a water thermostat which 
was controlled at 25 ± 0.1°. 

In addition to the above cells, readings also were made in 
some of the experiments using a Beckman glass electrode in 
place of the quinhvdrone electrode. 

Both types of cells gave the same values, within the ex
perimental error, for the hydrogen ion concentration in the 
presence of praseodymium and neodymium ions over a wide 
range of hydrogen ion concentrations. It is thus evident 
that no complexing reactions occurred involving the rare 
earth ions and quinone or hydroquinone. 

Electrical Circuits.—A Leeds and Northrup K-2 poten
tiometer was used to measure the potentials of the quin-
hydrone-calomel cell. 

Since the hydrolysis cell had a rather high internal re
sistance, a Leeds and Northrup type 7673 thermionic ampli
fier was used to amplify the current produced. A Beckman 
model G pH. meter was used. 

Analysis of the Free Acid Concentration of the Rare 
Earth Buffers.—The free acid concentration is defined as 
the concentration of hydrogen ion that is bound only to 
solvent molecules. In addition to the measurement of the 
pti of the rare earth buffer solutions made with the Beckman 
G pH meter before the addition of the sodium perchlorate, 
an accurate determination of the hydrogen ion concentration 
of these solutions was made using the method of Grau.36 

Essentially this consists of plotting the function A Vb/AE 
the volume increment of base added divided by the differ
ence in the e.m.f. of the cell before and after the addition 
of the base, vs. the volume of base added, Fi,. This plot 
gives a straight line which intersects the Fi, axis at the 
equivalence point. The data were obtained during the hy
drolysis run, so no separate, analyses of the solutions were 
necessary. 

The Data 
The da ta for the hydrolysis of the aqua praseo

dymium and neodymium ions are given in the 
form Z(log h)-B where 

Z = av. no. of hydroxide groups per metal atom 
h - H 

B . 
h = equilibrium [H "j 
H = analytical concn. of hydrogen ion assuming no hy

drolysis 
B ~ total metal concentration 

The data for neodymium and praseodymium 
are given in Figs. 3 and 4, respectively. 

Discussion of the Data 
If the hydrolysis of the neodymium and praseo

dymium ions occurs according to the Br0nsted 
mechanism 

M- 3 + H2O 5Z± M(OH)+2 + H + 

and the equilibrium constant for the reaction is Ku 

Z is given as a function of [H + ] = h by the equa
tion 

Z = 
1 

i + [ H + ] A V 

(30) G. Grau, Ada Chem Scand., 4, 5.59 (1950). 
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The hydrolysis reactions were found to be slow 
at 25°, which caused a gradual drift in the hydro
gen ion concentration with time. Because of this 
difficulty the points in Figs. 3 and 4 for different 
total metal ion concentrations, B, do not lie on the 
same curve. It was therefore necessary to base 
the estimate of the hydrolysis constant primarily 
upon the hydrogen ion concentration at which hy
drolysis began. The solid curves in Figs. 3 and 4 
were calculated assuming —log K\ = 8.0 and 8.5, 
and give Z as a function of —log H + . By com
parison of the experimental data with these curves, 
it appears that the hydrolysis proceeds by the 
Bronsted type reactions 

Xd(H2O)n
+ 3 + H2O ^ Z t Xd(OH)(H2O)n- ,+2 + H3O + 

Pr(H 2O) n
+ 3 + H2O ZZ=C Pr(OH)(H2O)n- ,+2 + H3O + 

and that the hydrolysis constants for the two reac
tions are equal to 10~8°, within the rather large 
experimental error. To judge from the spread of 
the data, the true value probably lies within the 
limits of pK* = 8.5 ± 0.4. This corresponds to 
an equilibrium constant of 3 X 1O-9, and the rare 
earth ions therefore rank among the weakest of the 
aquo-acids. 

The extremely weak action of Nd+ 3 and Pr+ 3 

as aquo-acids is to be expected, since the forces 
acting between the central ion and the surrounding 
water molecules must be almost purely electro
static. The very high basicity and hence the weak 
bond between the neodymium ion and hydroxide 
ion has been shown by the results of the solubility 
measurements. 

Conclusions 
From the large negative value of the standard 

free energy change for the reaction of neodymium 
hydroxide with hydrogen ion, it is evident that this 
hydroxide is a strong base. These data place neo
dymium hydroxide with the hydroxides of mag
nesium, calcium, the heavier alkaline earths, and 
the alkali metals as the strongest of the bases. 
This indicates that the Nd+3-hydroxide ion bond is 
weak, being formed by electrostatic attraction 
alone; this has been verified by the very slight 
hydrolysis of the trivalent cation. The high co
ordination number of the neodymium ion with re
spect to hydroxide ion, 9, gives rise to a high lattice 
energy for the solid hydroxide, however, and the 
hydroxide is only slightly soluble in water. By 
analogy, the heavier of the transuranium elements 
should form bases about as strong as neodymium 
hydroxide, although the possibility of a small de
gree of covalent bonding in the compounds of the 
transuranium elements37 will probably cause them 

(37) G. T. Seaborg and K. Street, Jr., T H I S JOURNAL, 72, 2790 
(1950). 
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Fig. 3.—Hydrolysis of praseodymium pcrchlorate. 
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Fig. 4.—Hydrolysis of neodymium perehlorate. 

to be slightly less basic. 
Neodymium hydroxide dissolves in distilled 

water to give a basic solution with pK 9.1. The 
very low solubility of the hydroxide prevents the 
preparation of highly basic solutions even though 
the hydroxide is a strong base. 

Neodymium hydroxide shows a slight tendency 
to dissolve in concentrated base solutions. No ac
curate identification of the ionic species present in 
these solutions could be made. 
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