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I. INTRODUCTION 

Although interest in electrolytic solution behavior has 

steadily Increased since 1887, the development of a sound 

theory of electrolytic solutions for any but the most dilute 

solutions has not been realized. 

The electrolytic solution theory of Debye and Huckel 

(1) was successful in predicting the behavior of the 

thermodynamic properties of solutions of strong electrolytes 

in the concentration range approaching infinite dilution. 

The complexity of the problem above this concentration range 

is magnified many times by such effects as ion-solvent 

interactions, modification of the solvent by the hydrated 

ions, and short range interactions of the ions. Due to 

this additional complexity attempts to modify or extend 

the theory of Debye and Huckel have in general been of little 

success. 

A prerequisite for the successful development of a 

theory of electrolytic solutions applicable up to concen

trated solutions appears to be the determination of the 

effects of the interactions mentioned above on the various 

thermodynamic properties of electrolytic solutions. It is 

thus desirable to collect data on strong electrolytes over 

the concentration range of infinite dilution to saturation. 

Ideally one would make measurements on a series of electro

lytes which differed in only one variable such as the 
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degree of complexatlon, ionic size, or degree of inter

action with the solvent. Although this ideal series does 

not exist it is approximated by the rare earths. 

The rare earth salts provide an excellent series for 

the study of electrolytic solution behavior due to their 

Ghemical similarity across the series. Since the electronic 

structures of the rare earth ions differ only in the extent 

of filling of the 4f subshell, which is shielded by the 

rilled 5s and 5P subshells, the chein'.cal properties of the 

rare earths are quite similar. The rare earths all form 

trivalent cations in aqueous solution which exhibit a 

fairly regular decrease of ionic radius with increase of 

atomic number. The rare earths do not hydrolyze as 

extensively as most other triposltive ions in aqueous solu

tion. The salts formed by the rare earths are very soluble 

in water and thus afford an opportunity to study systems 

approaching the fused salt system. The study of the 

thermodynamic properties of the rare earth salts of a given 

anion will provide information on the effect of cation size. 

By varying the anion information on the effects of anion 

size and degree of complexatlon can be obtained. 

Shortly after large scale ion exchange processes were 

developed at Ames Laboratory (2) capable of producing large 

quantities of high purity rare earths, this laboratory 

undertook an extensive study of the thermodynamic and 
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transport properties of aqueous rare earth salt solutions 

from infinite dilution to saturation (3,4,5,6,7,8,9,10,11, 

12). 

One of the thermodynamic properties of interest in 

this program is the relative apparent molal heat constant 

01^. This quantity, which is directly related to the heat 

of dilution, provides a sensitive indicator of energy 

changes occurring during a dilution process due to complex 

dissociation, hydrolysis, ion-solvent interactions, and 

electrical work, of separating charges. It was of interest 

in this investigation to study these effects as well as to 

provide additional data on 3-1 electrolytes for comparison 

with existing electrolytic solution theories. 

The limiting law of Debye and Huckel has been shown to 

quantitatively describe the heat of dilution data of a 

number of very dilute univalent electrolyte solutions (13, 

14). For a number of higher charge type electrolytes (14, 

15,16,17) the limiting law has not been as successful due 

to the complicating effects of hydrolysis and complexation. 

The study of 3-1 electrolytes of the rare earths thus 

provides an opportunity to investigate the behavior of 

salts which differ in their tendencies to form complexes, 

but which have the Important property that their degree 

of hydrolysis can be controlled. 

Heat of dilution data are valuable for the practical 
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reason that they are needed to correct heats of reaction 

involving electrolytes to the standard state which is 

usually infinite dilution. 

This thesis is a report of the measurement of the 

heats of dilution of La(NO^)^, NdfNO^l^, Gd(NOj)g, HofNO^)^, 

ErfNOg)], Lu(NO?)^, LatClO^)^, NdfClO^)^, GdfClO^)^, 

Er(C10^)g, and LutClO^)^ in aqueous solutions from infinite 

dilution to saturation. The heats of solution of La(NOg)^' 

GHgO, Nd(N02)j'6H20, GdfNOgio'ôHgO, HofNOgj^'GHgO, 

ErfNO.jg'GHgO, LufNOgïg.SHgO, Ia(C104)3.8H20, NdtClO^)^' 

8H2O, Gd(C104)3-81120, and Er(C10%)3'8H20 were also measured. 

The relative partial molal heat contents were calculated 

from the heat of dilution data. vJherever possible the 

derived relative partial molal heat contents were combined 

with activity data to calculate the partial molal excess 

entropies of dilution. 

Studies of the partial molal volumes (9, 12) of some 

aqueous rare earth chlorides, nitrates, and perchlorates 

Indicate that a hydration change occurs across the middle 

section of the rare earth series. The heat of dilution 

data of thirteen rare earth chlorides (3, 10) have been 

interpreted in terms of this hydration change. It was of 

Interest to see if this trend could be detected from the 

heat of dilution data of the perchlorates and nitrates 

also. 
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II. THEORY 

The ionization theory postulated by Arrhenius (l8) 

in 1887 marked the beginning of the development of the 

modern theory of electrolytes. Although Arrhenius' theory 

of partial dissociation adequately described weak electro

lytic solution behavior, it was readily apparent that it 

could not describe the behavior of strong electrolytes 

satisfactorily. The calculation of the electrical work 

of separating ions in solution was the object of several 

attempts to account for the various properties of strong 

electrolytes (19,20,21,22,23,24,25,26,27) and led to 

general acceptance of the hypothesis of complete dissocia

tion. In 1912 Milner (28, 29) analyzed the problem math

ematically and was able to show the correct concentration 

dependence of the activity coefficient in dilute solutions. 

The complexity of Milner's treatment precluded its appli

cation to the derivation of expressions for related 

thermodynamic properties. 

The first successful solution to this problem was 

obtained by Debye and Hiickel in 1923 (l). These workers 

developed an interionic attraction theory from which they 

were able to derive an expression for the excess free 

energy of an electrolytic solution. In their treatment 

the excess free energy of an electrolytic solution was 

defined as that free energy resulting from the electrostatic 



6 

interactions of the ions. 

The primary problem confronting Debye and Htickel was 

that of deriving an expression for the average electro

static potential about any given ion in an electrolytic 

solution. The basic assumptions which were made to 

simplify the problem are listed as follows: 

1. Strong electrolytes are completely dissociated 

into spherical unpolarizable ions having a mean 

distance of closest approach. 

2. All deviations from ideality are caused by the 

electrostatic interactions of the ions. 

3. The ions move in a continuous medium of uniform 

dielectric constant. For dilute aqueous solu

tions the dielectric constant of pure water is 

used. 

4. In the absence of external fields the distribution 

of ions about any given ion is spherically 

symmetric. In order to satisfy the condition of 

electrical neutrality each ion, on a time average 

basis, is surrounded by an excess of oppositely 

charged ions which constitute an ionic atmosphere 

of equal and opposite charge. This time average 

distribution is assumed to be described by the 

Boltzmann distribution function 

nj = ruexp 
-Zi e '''jl 

kT 
(2.1) 
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where is the number of ions of type i per 

unit volume at a point j in the solution, the 

quantity e tl/j is the electrical potential 

energy of an i ion, having a charge Zj_ e, at 

point j at which the electrostatic potential is 

#j, and nj_ is the average number of i ions per 

unit volume of solution. 

5. The average electrostatic potential of an i ion 

at any point j in the solution can be determined 

using the Poisson equation, which relates the 

electrostatic potential to the charge density 

Boltzmann distribution function given by 

Equation 2.1, Equation 2.2 is in violation of 

the principle of linear superposition of fields. 

In order to circumvent this problem Debye and 

Huckel considered only dilute solutions where 

it is valid to approximate Equation 2.1 by the 

truncated series expansion given in Equation 

2.3. 

Pj(r). 

^ Pj(r) ( 2 . 2 )  

Since Oj(r) is directly proportional to the 

( 2 . 3 )  
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Using these assumptions Debye and Hiickel derived an 

expression for the average potential, actually the potential 

of average force, at any given point in the solution. The 

work required to charge an ion from zero to ^ in the 

field of the average electrostatic potential was then 

calculated and equated with the excess free energy of the 

solution per mole of solute. The expression obtained by 

Debye and Hiickel is given in Equation 2.4. 

_ex V.z'.'G NKT 
Ù.F = vNkT ln(f,) = ^ 

i 3D 
(2.4) 

Equations 2.5 and 2.6 define the functions T and K. 

K - I 

2\l/2 4^we' 

1000 DkT 

1/2 1/2 
c (2.5) 

T = 

(KaO) o\3 
Ô (Ka°)^ - Ka° + ln(l + Ka^) ( 2 . 6 )  

V 

The symbols contained in the previous equations pertain to 

the following quantities: 

excess molar free energy of the solute 

total number of ions into which one molecule 

of solute dissociates 

Avogadro's number 

Boltzmann's constant 

absolute temperature 

mean rational ionic activity coefficient 

N 

k 

T 



'i 
number of ions of charge e obtained from 

the dissociation of one molecule of solute 

e fundamental electronic charge 

D dielectric constant of the pure solvent 

c molar concentration of the solute 

a° mean distance of closest approach of the ions 

The excess molar enthalpy of dilution is obtained by-

substituting Equation 2.4 into the Gibbs-Helmholtz 

equation given below. 

ÔT LT J 
M 
t2 

(2.7) 

Since AH represents the relative molar enthalpy of dilution 

with respect to Infinite dilution it can be equated with 

the relative apparent molal heat content Thus we 

have the expressions 

0T = - T< 1-
?>T 

_exi 
AF ( 2 . 8 )  

and 

A. = - T' 5T f - 1  i  
(2.9) 

to represent the excess molar enthalpy of dilution. The 

differentiation indicated in Equation 2.9 has been carried 

out by Owen and Brinkley (30) and was corrected later by 

Swanson (31). The expression obtained for is given 

in Equation 2.10, 
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= - A 

+ A 

1 + Ka. 
o 
'1 ainD' 
— + 

rra 
+ 

3j 

ry -

1 + Kâ a [ 

r ;̂ ln(a°r 

9T 

,1/2 

.1/2 (2 .10)  

in which a is the thermal expansibility of the solvent and 

the functions t and A are as defined below. 

A = NTE' 

2D 

o = 0{TKa°) 

aKa( 

1000 DkT 

(KaO)3 

1/2 3/2 

1 + Ka" - 1 

(2.11) 

- 21n(l + Ka°) 
1 + Ka° 

(2.12) 

In the limit of infinite dilution the functions r, n, and 

Ka° approach values of 1, 1, and 0, respectively. Sub

stitution of these values into Equation 2.10 yields the 

limiting form of the concentration dependence of the 

enthalpy of dilution. 

C, = - A 
âlnD 1 a 

+ — + — 
dT T 3 

1/2 
(2.13) 

This equation can be expressed in terms of molality by 

employing the following conversion 

rc 0 v n - l  m = 
cL 1 - 1000 

(2.14) 

where d. is the density of pure water and is the 

apparent molal volume of the solution. This equation 
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simplifies to the following form as the concentration 

approaches zero. 

m = A. (2.15) 

Substitution of Equation 2.15 into Equation 2.13 yields the 

limiting law expression for the relative apparent molal heat 

content as a function of molality. 

(2.15) 

The term Ay is defined as 

Ah = - 'ÈlnR + 1 + 1 
BT T 3 

(2.17) 

and has been calculated by Earned and Owen (32) to be 6925 

for an aqueous 3-1 electrolyte at 25° C. using the 

dielectric constant data of Wyman and Ingalls (33) and 

the density of water data tabulated in the "International 

Critical Tables" (34). Since the first term contained in 

the brackets of Equation 2.17 Is negative and only slightly 

larger in magnitude than the sum of the two remaining 

positive terms, the calculated value of Ay is quite 

sensitive to uncertainties in these terms. 

The validity of the Debye-Huckel limiting law 

equations as infinite dilution is approached has been well 

established by critical examinations of the statistical 

mechanical basis of the theory carried out by Kramers (35), 
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Fowler (36), Onsager (37), Kirkwood (38), Fowler and 

Guggenheim (39), and Kirkwood and Poirier (4o). 

In general, attempts to extend the theory to more 

concentrated solutions have been of two types. Those of 

the first type have been concerned with the electrostatic 

effects of higher terms in the Poisson-Boltzmann equation. 

Calculations of this type were undertaken by Gronwall £t aJ. 

(4l), LaMer e^ (42), and Guggenheim (43). The retention 

of higher terms of the Poisson-Boltzmann equation, however, 

leads to inconsistencies in the theory as pointed out by 

Fowler and Guggenheim (39). 

The second general method of attack on this problem 

is exemplified by the attempts of several workers to 

extend the theory by inclusion of parameters which are 

intended to take into account effects such as hydration of 

the ions and incomplete dissociation of the solute at 

higher concentrations. Work in this area has been carried 

out by Huckel (44), Scatchard (45), Robinson and Stokes 

(46), Elgen and Wicke (47, 48), and Glueckauf (49). Al

though their treatments have led to expressions which, in 

many cases, are capable of representing activity and 

osmotic coefficient data to moderate concentrations, the 

calculation of related thermodynamic properties from these 

expressions would, at best, be qualitative in nature due 

to the lack of knowledge of the temperature ana pressure 
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dependences of the various parameters. A striking example 

of this appears in Equation 2.10 in which the temperature 

dependence of a° is unknown and Is, therefore, either 

assumed to be zero or used as an empirical parameter to 

fit experimental data. 

Bjerrum (50) proposed an association theory which 

predicted the existence of ion pairs in solution under 

certain conditions using a simple coulombic potential func

tion. This theory was extended to include the formation of 

triple ions and the interaction of two ion pairs to form 

quadruple ions by Fuoss and Kraus (5I, 52). The effects of 

ion pair interactions were also considered by Mayer (53) who 

applied his cluster theory of imperfect gases (5^) to ionic 

solutions. Poirier (55) obtained expressions for the 

thermodynamic properties of solutions using Mayer's results. 

Recently Glueckauf (56) has derived equations which 

describe the behavior of activity coefficient and osmotic 

coefficient data up to moderate concentrations using the 

results of Kirkwood (38). 

The treatises of Earned and Owen (32) and Robinson and 

Stokes (57) on electrolytic solution chemistry include 

comprehensive accounts of the Debye-Huckel theory and its 

various extensions. 

Although the Debye-Huckel theory adequately describes 

electrolytic solution behavior as infinite dilution is 



14 

approached, it is evident that development of a theory for 

concentrated solutions will be dependent upon the successful 

determination of the effects of such factors as solvent 

structure, ion-solvent interaction, and short range repul

sive forces between ions. 
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III. THERMODYNAMICS 

A thermodynamic property is defined as a thermodynamic 

function having an exact differential. The line integral 

of an exact differential depends only upon the limits of 

the integration irrespective of the path over which the 

integration is carried out. The value of a thermodynamic 

property is therefore determined solely by the state of 

the system. Energy, pressure, and volume are typical 

thermodynamic properties. 

The first law of thermodynamics relates the change in 

the internal energy of a system, AE, to the amount of heat 

Q absorbed by, and the amount of work V,' done on, the system. 

The quantities Q and W, as defined above, are designated 

as positive quantities in accordance with usual convention. 

The energy change associated with a process which takes 

place in the absence of any external fields and involves 

only mechanical work can be expressed by Equation 3.2, 

where P and V represent the pressure and volume of the 

system, respectively. Since E, P, and V are thermodynamic 

functions which depend only on the state of the system, 

the heat absorbed by the system under the conditions just 

AE = Q, + W (3.1) 

AE = 0 - A(PV) (3.2) 
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described must also be dependent only upon the particular 

state of the system. This absorbed heat Is thus a thermo

dynamic property and is called the enthalpy H. 

H = E + PV (3.3) 

AH = AE + A(PV) (3.4) 

The change in enthalpy for an isobaric process is given by 

Equation 3.5 which is of particular use to thermochemists 

since many experiments are carried out under constant 

pressure. 

AH = AE + PAV (3.5) 

Thermodynamic properties are classified as extensive 

or intensive functions. Extensive properties, such as 

volume and energy, are dependent upon the mass of the 

system while intensive properties, such as temperature 

and pressure, are independent of the mass of the system. 

An extensive thermodynamic function is more precisely 

defined as a homogeneous function cf first degree with 

respect to the number of moles of material present in the 

system. Consider the extensive function G defined by 

Equation 3.6. 

G = f (T, P, n^, n2, nj) (3.6) 

By the above definition, increasing the number of moles of 
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each component of a system by some constant factor k would 

Increase the value of the extensive function G by the same 

factor. 

kG = f (T, P, kn2, kng, kn^) ( 3 . 7 )  

For many applications of thermodynamics to chemical 

and physical problems it is convenient to employ partial 

molal quantities. The partial molal properties are 

derived from the application of Euler's theorem to homo

geneous thermodynamic functions. Equation 3.8 expresses 

Euler's theorem for the homogeneous extensive function G, 

° = V (4) T. P, n, ' = 

where the subscripts T, P, and nj imply that these variables 

are held constant during the differentiation. The partial 

molal G of component i at constant temperature and pressure, 

G^j is defined by Equation 3.9. 

• g ) T, 

Physically, G^ can be pictured as the total change in G 

upon addition of one mole of component i to an infinite 

amount of the system. 

This research involved the measurement of the heat 

absorbed or evolved upon dilution of a rare earth nitrate 
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or perchlorate solution or upon solution of a hydrated 

crystal of one of these rare earth salts. All experiments 

involved two-component rare earth salt-water systems and 

were conducted at constant temperature and pressure. Under 

these conditions the measured heats were enthalpies. 

The partial molal enthalpy, or partial molal heat 

content, of component 1 in a system is defined in 

Equation 3-10. 

Throughout this work i = 1 refers to the solvent and i = 2 

refers to the solute. At constant temperature and pressure 

the total enthalpy of the system can be expressed as, 

where superscript i refers to the state of the system. The 

quantities and Hg represent the partial molal heat 

contents of water and rare earth nitrate or perchlorate, 

respectively. 

Unlike the volume of a solution, no absolute value 

can be determined for the enthalpy of a solution. It is 

thus necessary to choose some standard or reference state 

for the system under study and to calculate the difference 

between the enthalpies of the system in its present and 

standard states. Solution thermodynamic functions are 

(3.10) 

H i (3.11) 
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usually expressed with respect to the solvent standard 

state of pure solvent and with respect to the hypothetical 

one-molal ideal solute standard state. The partial molal 

heat content of the solute in this hypothetical standard 

state is the same as the partial molal heat content of 

the solute in an infinitely dilute solution. For this 

reason it is convenient to use the infinitely dilute solu

tion as a reference state for the partial molal heat content 

of the solute. The enthalpy of a two-component system in 

its standard state is expressed by Equation 3.12 as 

= n^H° + ngHg (3.12) 

where H° is the partial molal heat content of pure water 

and Hg is the partial molal heat content of rare earth 

nitrate or perchlorate in an infinitely dilute solution. 

The total enthalpy of the solution in state i, with 

respect to its standard state enthalpy, is called the 

relative total enthalpy L^. 

1/ = (3.13) 

The relative total enthalpy is expressed in terms of the 

two components of the solution in Equation 3.1^. 

= n^(Hi - H^) + n2(H| - H^) (3.1%) 

Since is an extensive property, inspection of Equations 
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3.8, 3.10, and 3.14 leads to the equation, 

+ ngL^ (3.15) 

—i —1 
where and L2 are the relative partial molal heat contents 

of the solvent and solute in the solution in state i, 

respectively. 

It is convenient for carrying out calculations from 

experimental data to define an apparent molal quantity 0Q. 

" "'°° ( 3 . 1 6 )  

"2 

The relative apparent molal heat content 0-^, in state i, 

is defined as 

i —o 
A L - n.Ln 

=  —  ( 3 .  I T )  
ng 

—0 
It is obvious that L^, the relative partial molal heat 

content of the pure solvent in the state of the pure 

solvent, is identically zero by inspection of its defini

tion. 

- iÇ (3.18) 

Combination of Equations 3-15 and 3.17 leads to the 

following expression for the relative apparent molal heat 

content of a system in state i. 

+ ngLg (3.19) 
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Differentiation of Equation 3.19 with respect to ng yields 

L2 in the form 

2̂ ' [TnJ T. P, n, ' (||) t, P, 

(3.20) 

which, when substituted back into Equation 3.19, leads to 

an expression for L^. 

= '-4 (5)T. P. n, 

Equations 3.20 and 3.21 are the fundamental equations upon 

which calorimetric determinations of and Lg are based. 

In the preceding section the theoretical concentration 

dependence of 0-^ was predicted to be a function of the 

square root of the molality. The concentration scale used 

throughout this work was molality. In order to transform 

Equations 3-20 and 3-21 into forms which are more amenable 

to the experimental data, the following conversion factors 

are employed, 

ng = m (3.22) 

"1 = ^ (3-23) 

where m is the molality and is the molecular weight of 

water. Substitution of these quantities into Equations 

3.20 and 3.21 leads to the following expressions for the 
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relative partial molal heat contents in terms of the square 

root of the molality. 

^2 = (AIt, P, n/ 

&) T, P, n, • 

All calculations of and Lg made during the course of 

this research were based on Equations 3.24 and 3.25. 

Consider the dilution of a solution containing n^ moles 

of water and ng moles of rare earth nitrate or perchlorate 

into n* moles of pure water. The relative heat content of 

the solution before the dilution is 

= n-,L^ + ngLg + n*L° (3.26) 

and the relative heat content of the solution after the 

dilution is 

 ̂ £> 
L = (n^ + n*) + n^Lg (3.27) 

The difference between the relative heat contents of the 

initial and final states of the solution is the enthalpy 

of dilution. 

^̂ 1̂1. ~ = (n̂  + n̂ ) + ngLg -

niLi - ngLg (3.28) 
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The relative apparent molal heat contents of the Initial 

and final states of the solution may be related to the 

enthalpy of dilution using Equation 3.19. 

AHpll. = - "A '3.29) 

Prom Equation 3.29 it is evident that knowledge of the heat 

of dilution and the relative apparent molal heat content 

of one of the two states will enable the relative apparent 

molal heat content of the other state to be calculated. 

Assuming that 0^ is known, the corresponding value for the 

initial solution may be calculated by Equation 3.30, 

jpl = - AHo (3.30) 

in which AH^ is the enthalpy of dilution per mole of solute. 

The value of at infinite dilution is zero. If the heat 

of dilution is measured for very dilute solutions, an 

extrapolation function can be found which will enable 

values of the relative apparent molal heat contents to be 

determined. The particular procedure used in this research 

is discussed in a later section. 

Consider the dissolution of ng moles of a crystalline 

rare earth nitrate or perchlorate hydrate into n^ moles 

of pure water. The relative enthalpy of the system before 

the dissolution is given by 

= n^L^ + n^L (3.31) 
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where L is the relative molar enthalpy of the pure hydrate. 

The relative enthalpy of the system after the dissolution 

is given by 

= (n^ + nj)L^ + ngLg (3-32) 

where nj is the number of moles of water present in ng moles 

of hydrate crystals. The difference between the relative 

enthalpies of the initial and final states is the enthalpy 

of solution to the final state. 

= IF - = (N^ + NJ)!^ + NGLG - N^L 

(3.33) 

The enthalpy of solution can be related to the relative 

apparent molal heat content of the final solution by 

Equation 3.34. 

AHsol. = - "zL (3.34) 

The enthalpy of solution per mole of hydrate crystal is 

AHg = - î' (3.35) 

All values of L determined in this work were calculated 

by combining the relative apparent molal heat content data 

from the dilution studies with the measured enthalpies of 

solution using Equation 3-35.  

The excess partial molal free energy of the solute is 
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defined as 

Û Y 
Pg = vRTln(v^) (3.36) 

in which v, R, T, and Yj. represent the number of ions per 

molecule of solute, the universal gas constant, the 

absolute temperature, and the mean molal activity coeffi

cient, respectively. Since the mean molal activity 

coefficient equals unity at infinite dilution and at the 

hypothetical standard state, the infinitely dilute solution 

-ex 
can be used as a reference state for values of Pg . If 

Yj. is known as a function of concentration, values of the 

excess partial molal free energy of the solute can be 

calculated using Equation 3-36 and combined with the experi

mentally determined relative partial molal heat contents to 

yield values of the relative partial molal excess entropy 

of the solute. 

= HG - - T(S2 - (3.37) 

Since is unity at infinite dilution, it is readily 

apparent that the value of ° is zero by inspection of 

Equation 3.36. Substitution of Equation 3-36 and the 

definition of Lg Into Equation 3.37 and rearranging yields 

the following equation. 

T(S2 - SG) = LG - VRTLN(YI) (3.38) 
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Equation 3.38 was used for all calculations of TfSg - S2) 

made during the course of this research. 

The usefulness of excess functions is twofold. First, 

experimental data are used to calculate derived quantities 

relative to a physically meaningful state (infinite 

dilution). Second, the problem of handling free energy 

and entropy functions which approach minus and plus 

infinity, respectively, as the concentration approaches 

zero is avoided. 

The partial molal free energy of the solvent is given 

by Equation 3.39, 

'a-, 
F^ = RT In 

N 
1 
1J 

(3 .39 )  

where a^ is the activity of water and 

NI 
55.51 

55.51 + vm 
(3.40) 

The term takes account of the ideal free energy of 

mixing. Values of the partial molal entropy of the 

solvent were calculated using Equation 3.41. 

RAI 
T(ÏÏ-, S^) = - RT In 

LNU 
(3.41) 
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IV. EXPERIMENTAL APPARATUS 

The differential adiabatlc solution calorimeter used 

throughout this work was built by Naumann (58) following the 

design of an apparatus described by Gucker, Pickard, and 

Planck (59). Several modifications have since been made by 

Eberts (60), Csejka (6I), DeKock (3), and Pepple (10). 

A schematic diagram of the calorimeter is given in Figure 

1. Figures 2 and 3 are schematic diagrams of the electrical 

circuits. Reference to the figures will be designated (i-X) 

where i refers to the figure and X to the alphabetically 

labeled parts. 

The calorimetric apparatus was located in a room thermo-

stated between 23-5 and 25.0° C. 

A double-walled 22-gallon water bath was insulated with 

three inches of exploded mica between Its inner and outer-

walls. This bath served as an adiabatic medium for the 

calorimeter. The bath contained copper cooling coils (l-A) 

and an auxiliary 500-watt Calrod heater. The insulated water 

bath lid rested 5^ inches above the floor on a sturdy angle-

iron frame. The water bath was mounted on a movable angle-

iron platform and could be raised to the level of the water 

bath lid by means of a hydraulic bumper Jack. 

A 100 gallon per minute centrifugal stirrer circulated 

the water in the water bath. A copper baffle was soldered 

to the inside of the bath directly across from the stirrer 
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in order to reduce thermal gradients. 

The adiabatic temperature control system employed a $00-

watt Calrod heater which was mounted on the bath lid. The 

heater leads passed through the lid, and the heater encircled 

the adiabatic heat shield (l-B). 

The adiabatic heat shield, which served as a submarine 

jacket, surrounded the calorimeter containers and shielded 

them from the relatively large temperature oscillations of 

the water bath. The submarine walls were constructed of 1/8-

inch monel sheet and the bottom was constructed of l/4-inch 

monel plate. A horizontal cross section of the submarine 

would have parallel sides and semicircular ends. The sub

marine was attached to its lid by means of 20 machine screws 

countersunk in a l/4-lnch by l/4-inch inconel strip which was 

welded to the upper inside edge of the submarine wall. A 

water-tight seal between the submarine and its lid was pro

vided by an 1/8-inch rubber 0-ring which rested on this strip 

inside the screws. 

The l/4-inch monel plate submarine lid was suspended 

eight inches below the water bath lid with eight brass tubes 

which housed the stirrer shafts, sample holder rods, and 

electrical leads from the calorimeter containers. 

The calorimeter container lids were constructed from 30-

mil tantalum sheet and were suspende 3 from the submarine lid 

by two thin-walled stainless steel tubes (l-H). Each lid 
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contained a heater well (l-D), and three holes for the control 

thermel (1-G), stirrer shaft (l-E), and sample holder rod 

(1-P). 

The cylindrical calorimeter containers (l-C) were con

structed from 15-mil tantalum. The containers were four 

inches in diameter and six inches deep. A rectangular well 

was welded into the side of each calorimeter container to 

hold the main thermopile (l-j). A 1/4-inch rim extended out

ward horizontally from the top of each calorimeter container. 

Eight machine screws were threaded, from beneath, through a 

brass ring located immediately below the container rim. A 

similar brass ring rested on top of the container lid. A 

container was attached to its lid by passing the screws 

through matching holes in the container rim, container lid, 

and second brass ring and bolting the system together. A 

thin coat of Apiezon L grease was put on the container rims 

before assembly to insure a vapor tight seal. 

The heater well in each container lid held two heaters, 

a 99 ohm heater to supply heat for calorimeter measurements 

and a 1.5 ohm trickle heater to compensate for temperature 

drifts in the containers. The calorimeter heaters were made 

from nonlnductlvely wound 38 B and S gauge manganln wire, 

and the trickle heaters were made from 30 B and S gauge 

manganln wire. The wire was wound around a thin mica strip, 

annealed, and inserted Into the heater wells. The free 
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volume in the heater wells was filled with melted paraffin 

wax to increase heat conduction from the heaters. 

All heater leads were made from 30 B and S gauge copper 

wire. Potential leads of 36 B and S gauge copper wire were 

soldered to the midpoints of the calorimeter heater leads. 

The leads from each heater well were connected to a six 

conductor shielded cable at a teflon junction block (l-K) 

attached to the underside of the submarine lid. The calo

rimeter heater circuit is shown in Figure 2 and the trickle 

heater circuit in Figure 3. Two Leeds and Northrup 12-positlon 

silver contact rotary switches (2-C, 2-D) regulate the calo

rimeter heater circuit. Switch 2-C was wired so that the 

potential drop across either heater, across both heaters in 

series, across the standard resistor (2-E), or across a dummy 

heater (2-P) could be measured. Switch 2-D was wired so that 

current could be passed through either heater, through both 

heaters in series, or through a dummy heater. When switch 

2-D was set to allow current to pass through either heater, 

or through both heaters in series, an electronic timer was 

engaged. 

Low discharge lead storage batteries provided the current 

sources for the calorimeter heaters. The following arrange

ments were used: two two-volt batteries in parallel (2-V^, 

2-V2); two six-volt batteries in parallel (2-V3, 2-V^); and 

five six-volt batteries (2-V^; 2-V^, 2-Vr, 2-Vg, 2 - Y - j )  
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connected to give a twelve-volt working potential. An A.C. 

source was used to bring the calorimeter containers to oper

ating temperature and was disconnected at all other times. 

The resistance of each calorimeter heater was determined 

by measuring the potential drop across the heater and across 

the standard resistor while the same current was flowing 

through each. The resistance of the heaters remained constant 

within 0.006 percent throughout the course of this work. 

The potentiometer (2-l) was a Leeds and Northrup Type 

K-2. The standard resistor and standard cell had been 

calibrated by the National Bureau of Standards and were 

constant to within a few parts per one hundred thousand. 

The electronic timer (2-G) used a 5-megacycle quartz 

crystal frequency standard whose output was divided down to 

1000 cycles per second by a series of flip-flop frequency 

dividers. The time interval between turning a heater on and 

off was displayed on the timer to 0.001 second. 

The liquid in the calorimeters was mixed by stirrers 

(l-E) which consisted of the following three parts: a lower 

section of tantalum rod, an upper section of stainless steel 

rod, and a one inch length of nylon spacer connecting the 

other two sections. Each stirrer was mounted so that the 

nylon spacer was immediately below the lower stirrer shaft 

bearing. Two New Departure number 77R^A sealed bearings 

were used for each stirrer shaft, one mounted immediately 
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above the submarine lid and the other mounted just above the 

water bath lid. 

A 325 rpm synchronous motor (l-M), mounted above the 

water bath lid, drove the stirrers by means of a pulley 

assembly using an 0-ring as a drive belt. 

The samples were contained in thin-walled annealed pyrex 

bulbs. The approximately spherical bulbs ranged in volume 

from 4 milliliters to 20 milliliters. The sample bulbs were 

held by their necks in a stainless steel support which could 

hold one or two sample bulbs depending upon bulb size. 

The sample holder rods (1-F) extended above the bath lid 

so that the samples could be positioned over the sample 

breakers (1-N) when the calorimeter was assembled. Each 

sample holder rod consisted of three parts: a tantalum rod 

to which the sample holder was attached, a stainless steel 

rod extending above the bath lid, and a one inch length of 

stainless steel tube connecting the two rods. 

The sample breakers were constructed from a 2-1/4 inch 

length of l/4-inch tantalum tube which vas flattened at the 

upper end and cut to form a point. A sample bulb was broken 

by manually lowering the sample holder rod toward the breaker 

which was cemented to the bottom of the container with melted 

Apiezon W wax. 

Adiabatic control of the bath was maintained by moni

toring the difference in temperature between the water bath 
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and calorimeter containers with two 5-junction copper-

constantan thermels (2-J, 2-J'). One end of each control 

thermopile was held by a copper tube (l-L) which extended 

into the water bath from the submarine lid. The other end 

of each control thermopile was held by a 1/4-inch tantalum 

tube welded into each calorimeter container lid (l-G). 

Melted paraffin wax was used to fill any remaining space in 

the two thermopile tubes. 

The control thermels were made from 36 B and S gauge 

copper wire and 30 B and S gauge constantan wire. The 36 B 

and S gauge copper leads extending from the control thermels 

were connected to a teflon junction block mounted to the 

underside of the submarine lid. A shielded four-conductor 

cable carried the control thermel signals from the junction 

block to a Leeds and Northrup 12-position silver contact 

rotary switch (2-K). This switch was wired so that either 

thermel signal, both thermel signals in series, or the two 

signals in opposition could be sent to the bath controller 

(2-L). Since the maximum possible signal was desired the 

thermels were switched in series. From this switch the signal 

was passed through an Ayrton shunt (2-M) to the automatic bath 

controller. The bath controller amplified the signal from the 

thermels approximately 10^ times and fed the output to a 

Thyratron relay switch which operated the bath control heater. 

The 500-watt Calrod bath heater was connected in series with 
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a Variac (2-P) to control the heating rate. 

By proper adjustment of the heating and cooling rates 

alternate heating and cooling periods of 15 to 30 seconds 

each were attained with a temperature oscillation in the 

water bath of t 0.0005° G. 
The temperature of the water bath was read to a hundredth 

of a degree from a mercury thermometer which was calibrated 

over the operating temperature range with an NBS platinum 

resistance thermometer in conjunction with a Leeds and 

Northrup Model G-2 Mueller Temperature Bridge. 

The temperature difference between the calorimeter con

tainers was detected with the main thermopile (l-j). The main 

thermopile consisted of two 30-junction thermopiles (3-U, 

3-U') made from 36 B and S gauge copper wire and 30 B and S 

gauge constantan wire with 36 B and S gauge copper leads. 

Each half of the main thermopile was constructed over a thin 

7 centimeter by 12 centimeter mica sheet. The two 3O-junction 

thermopiles were separated with a thin mica sheet and placed 

in a copper casing which fit snugly into the thermopile wells 

in the calorimeter containers. The empty space was filled 

with melted paraffin wax. 

The thermopile leads were connected to the teflon 

junction block described earlier. The thermopile signals 

were carried through four-conductor shielded cable to a Leeds 

and Northrup 12-positlon rotary silver contact switch (3-V) 
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wired so that the signals could be passed individually, in 

series, or in opposition. From this switch the signal was 

fed to a Liston Becker Model l4 breaker type D.C. amplifier 

(3-W). The amplifier output was passed through a Liston 

Becker filter circuit (3-X) to reduce the noise level and 

displayed on a 60 millivolt Brown recording potentiometer 

(3-Y). A Stabiline type IE-5101 voltage regulator (3-Z) 

provided the constant power supply for the amplifier and 

recorder. 
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1. Adlabatic differential calorimeter 
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V. SOLUTION PREPARATION 

A stock solution of rare earth nitrate or perchlorate was 

prepared by dissolving an excess of the spectrographically 

pure rare earth oxide in the appropriate C.P. grade acid. The 

undissolved oxide was removed by filtering the hot solution 

through a sintered glass funnel. In order to remove the 

colloidal hydrolisis products present in the solution, a 

determination of the equivalence pH for the hydrolisis equi

librium represented by Equation 5.1 was made. 

+ HGO = ROH^* + (5.1) 

Samples of the stock solution were titrated with a dilute 

solution of the appropriate acid on a Sargent Model D recording 

titrator. The equivalence pH of the solution was determined 

from the recorded pH versus titrant volume curves. The stock 

solution was adjusted to the equivalence pH and was heated 

to facilitate the reaction of the acid with the colloidal 

species. The solution was then repeatedly adjusted to the 

equivalence pH and heated until further heating did not change 

the room temperature pH of the solution. The stock solution 

was placed in a well stoppered Pyrex flask. 

Dilutions were made by addition of weighed amounts of 

stock solution and freshly prepared conductivity water. The 

conductivity water, which had a specific conductance of less 

than 1 X 10"^ mho per centimeter, was prepared by distilling 
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tap distilled water from an alkaline potassium permanganate 

solution. The dilutions were made at intervals of 0.1 in 

square root of molality over the concentration range from 

one-hundredth molal to saturation. 

Saturated solutions of the nitrates and perchlorates were 

prepared by desiccating a portion of the stock solution over 

magnesium perchlorate until crystals began to form. The 

solution and crystals were transferred to a well stoppered 

Pyrex flask and placed in a water bath controlled at 25.00 t 
0.01° C. The solution was allowed to equilibrate for at least 

two weeks before samples of the saturated solution were drawn 

off with a pipette. 

The rare earth concentrations of the stock and saturated 

solutions were determined by one or more of the following 

three methods: 

1. Oxide analysis. Samples of rare earth salt solution 

were weighed into ceramic crucibles, the rare earth was pre

cipitated with a 20 percent excess of twice recrystallized 

oxalic acid, and the precipitate was dried under infrared 

lamps and ignited to the oxide at 900° C in a muffle furnace. 

The samples were weighed as anhydrous rare earth oxides. The 

samples were then repeatedly heated and weighed until constant 

weight was obtained. 

2. Sulfate analysis. Samples of rare earth salt solu

tion were weighed into ceramic crucibles, the rare earth was 
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precipitated with an excess of one molar sulfuric acid, and 

the excess acid was removed as sulfur trioxide by heating 

with a Meeker burner. The samples were ignited in a muffle 

furnace at 550^ c and were weighed as anhydrous rare earth 

sulfates. The samples were then repeatedly heated and 

weighed until constant weight was achieved. 

3. EDTA analysis. Samples of rare earth salt solution 

were weighed into flasks, buffered to pH 5, and the rare 

earth was titrated with EDTA using xylenol orange as indi

cator and pyridine as an endpoint sharpener. The EDTA solu

tion was standardized versus a zinc chloride solution prepared 

by weight from electrolytically prepared zinc metal. A second 

standard for the EDTA titration method was a gadolinium nitrate 

solution prepared by dissolving a weighed amount of pure 

gadolinium metal in the stoichiometric amount of nitric acid. 

All analyses were performed in triplicate with a preci

sion of t 0.05 percent. Analyses made by different methods 

typically agreed within t 0.1 percent. All weights determined 

in the course of this research were corrected to vacuum. 

The concentrations of saturated La(NO^)^, Gd(NO^)^, 

la(ClO^)^, Nd(C10^)g, and GdfClO^)^ were taken from the data 

of Walters (11). 

Hydrated crystals of La(NO^)^, Nd(NO^)^, Gd(NO^)^, 

Ho(NOg)^, Er(NOg)o, LutNOo)^, LafClO^)^, NdfClO^)^, and 

Gd(ClO^)^ were grown from their respective saturated solu-
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tlons, dried over magnesium perchlorate, ground, and analyzed 

by EDTA titration to determine when the excess water vjas 

removed. The crystals of the rare earth hydrates were 

removed from the desiccant when an EDTA analysis indicated 

the rare earth composition to be within 0.1 percent of its 

theoretical composition. The crystals were never dehydrated 

below their theoretical water composition. The rare earth 

nitrate hydrates of lanthanum, neodymium, gadolinium, holmium, 

and erbium were hexahydrates. Lutetium nitrate formed a 

pentahydrate. The perchlorate crystals obtained for 

lanthanum, neodymium, and gadolinium contained eight waters 

of hydration per rare earth ion. The crystals grown for 

erbium perchlorate analyzed as having slightly less than eight 

waters of hydration which leads one to suspect the presence 

of more than one type of hydrate. 

An attempt to grow a single type of hydrate was made by 

growing crystals from solutions containing an excess of 

perchloric acid. The mixture of rare earth perchlorate, 

perchloric acid, and water chosen to grow the hydrate was 

estimated from the solubility study of the Ce(C10^)g-HC10^-

HgO system carried out by Zinov'ev and Shchirova (62). The 

ratio of Er(C10^)^-HC10^-H20, in percent by weight, in the 

mixture was 35.2:24.7:35.2. The crystals grown from this 

mixture were washed with chloroform and dried under vacuum. 

The crystals were analyzed as previously described. Erbium 

perchlorate formed the octahydrate. 
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VI. EXPERIMENTAL PROCEDURE 

All heat of dilution and heat of solution experiments 

were carried out at 25.00 t 0.01° C by the following procedure. 

All samples were introduced into the sample bulbs with 

either a stainless steel tipped syringe or a glass pipette. 

Teflon plugs were placed over the sample bulb necks while 

weighings were made. After the samples were weighed the sample 

bulbs were sealed with melted Apiezon W wax. Considerable 

care was exercised while handling the sample bulbs in order 

to prevent solution from sloshing up into the bulb neck. 

Solution lodged in a bulb neck and separated from the rest of 

the sample solution would not undergo dilution when the bulb 

was broken. 

Samples of the hydrated crystals were transferred to the 

sample bulbs with only a brief exposure to the atmosphere. A 

small glass tube with one end drawn out was quickly filled 

with the crystals, inserted into a sample bulb neck, and the 

salt was tapped into the bulb. The sample bulbs were weighed 

and sealed in the same manner as described previously. 

On the day of a run conductivity water was weighed into 

the calorimeter containers, subject to the condition that the 

total weight of conductivity water and samples equal approxi

mately goo grams, and the apparatus was assembled. Room 

temperature was always below 25° C and consequently the 

following steps always involved heating thie water bath and 
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calorimeter containers to the operating temperature. Imme

diately after assembly either the containers or the water 

bath, whichever was the cooler, was heated to within 0.001° C 

of the other and the adiabatic temperature control was 

switched on. The bath and calorimeter containers were then 

heated simultaneously to 24.9° C. An A.C. current source, 

in series, was used to heat the calorimeter containers during 

this step. The temperature differential between the calo

rimeter containers was then reduced to less than 0.0001° C. 

The temperature of the entire system was raised to 24.95° C 

using the regular calorimeter heater current sources and the 

auxiliary bath heater. Pinal adjustments were made in the 

heating and cooling rates and the system was allowed to 

equilibrate for two to three hours. At the end of this time 

near-equilibrium was established as evidenced by a constant-

slope trace of the main thermopile e.m.f. signal. 

The first heat to be carried out was the determination 

of the heat capacity ratio of the calorimeter containers. 

Before each heat made during the course of this research, 

the current was stabilized by passing it through a dummy 

resistance box set at the resistance of the heater to be 

used. The calorimeter heaters were switched in series and 

30 calories were added to each container using the 12-volt 

current source. A difference in heat capacity between the 

two containers would cause an unequal temperature rise and 
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was detected as a displacement of the recorder trace. The 

heat capacity ratio, which was used as a multiplicative 

correction to chemical heats, vias calculated from this 

displacement. 

The operation of differential calorimeters depends on 

the balancing of chemical heat in one container with electrical 

heat in the other container. It is therefore necessary to know 

the relative rise in temperature of one container with respect 

to the other upon addition of equal amounts of heat to each 

container. The heat capacity ratio determined during each 

run rarely differed from unity by more than 0,05 percent. 

Two chart calibrations were made after the heat capacity 

determination. Unless an adjustment was made in the system 

between two heats the afterslope of the previous heat was 

also the foreslope of the following heat. The chart calibra

tions determined the sensitivity of the main thermopile in 

terms of calories per millimeter recorder chart displacement. 

Most of the experiments were carried out at a setting on the 

Liston Becker amplifier of gain 19, which corresponded to 

a sensitivity of approximately 4,0 x 10"^ calories per 

millimeter of displacement. On gain 19 a full chart displace

ment corresponded to a temperature change of about 0.0001° C 

or to about 0.1 calories of heat. The 2-volt current source 

with resistance from a variable resistance box switched in 

series with the heater generated approximately 0.04 calories 
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for each calibration heat. The amplifier gain was set at 20 

for measurements made on dilute solutions involving very 

small heat changes. The thermopile sensitivity at this 

setting was about 2.5 x 10"^ calories per millimeter chart 

displacement. 

The samples were run last. A dilution or solution experi

ment was carried out by switching the appropriate current 

source into the calorimeter heater in one container, reading 

the potential drop across the standard resistor and, halfway 

through the heating period, breaking the sample bulb in the 

other container. Electrical heat VKV.: supplied to the same 

container in which the saninle /as dissolved in the case of 

endothermlc heats of solutJ.on. In caseu where large heats of 

dilution or solution ..ere involved, adiabatic conditions were 

maintained during the heating period by manually regulating 

the auxiliary water 1 •\i;h heater. The electrical heat required 

to balance a heat of dilution experiment could usually be 

estimated to within a few percent. Within 10 to 15 minutes 

of a break a smaller heat, with the 2-volt current source, 

could be estimated closejy enough to bring the two containers 

to within 0.0001° C o ' each other. 

Since the heating rate of electrical heaters Is linearly 

dependent on time while chemical heat is an exponential 

function of time, the sample bulbs were broken halfway 

through the heating period to minimize the heat leak between 
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the calorimeter containers. Heating periods for dilution and 

solution experiments rarely exceeded 90 seconds. 

The electrical heat generated in a calorimeter container 

was calculated according to Equation 6.1, where Ry is the 

resistance of the heater, Rg the resistance of the standard 

resistor, Eg the potential drop across the standard resistor, 

t the time In seconds, and 4.184 the joulecalorle conversion 

constant. 

*el, 
4.184 (RG)2 

( 6 . 1 )  

The heat evolved or absorbed during a sample break was 

calculated by making the following four corrections to the 

electrical heat. 

The equilibrium vajjr pressure of water above a rare 

earth salt solution dncreaues as the concentration of the 

solution increases. Consequently, water evaporates into the 

free volume oC the sample bulb when a break is made. The 

importance of this effect increases with the concentration 

of the sample solution. The evaporation correction, although 

negligible for the I'-wost experimental concentrations, amounted 

to as much as 0.00 ca: orles for a few concentrated solutions. 

The correction was estimated according to Equations 6.2 and 

6.3, 

27? AP V 
Sevap. " 29% 755 25#%} 10514 calories (6.2) 
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QEVAP = 0,000566VAP calories (6 .3)  

where V is the free volume in milliliters of the sample bulb, 

A? is the difference in millimeters mercury between the 

vapor pressure over the sample solution and over pure water, 

and 10514 is the latent heat of vaporization of water 

according to Rossini (63). The evaporation is endothermic. 

The breaking of a sample bulb is accompanied by the 

evolution of a small amount of heat. A correction for this 

effect, though usually small enoufçh to be within the limits 

of accuracy of the measurements, was applied to all experi

mental determinations. The extremely thin-walled sample 

bulbs would deform elastically when premised against a small 

postal scale platform. The bulbs were separated into groups 

according to the observed scale reading at which deformation 

began. The heats of breaking of bulbs from each group were 

measured and the results are given by Equation 6.4 where S 

is the magnitude of the scale reading in ounces. 

Due to the extremely small heats of opening involved a 50 

percent uncertainty is estimated for the heats of opening 

calculated using Equation 6.4. All but a very few of the 

sample bulbs used throughout this work began to deform at 

readings of two ounces or less. 

The chemical heat associated with a sample break was 

open 0.00080 S calories (6.4) 
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rarely exactly balanced with electrical heat. The correction 

for the amount by which the electrical heat exceeded or fell 

short of the chemical heat was based on the distance of 

separation, measured at the point of the break, between the 

foreslope and afterslope. The chart correction was calculated 

by multiplying this distance of separation by the sensitivity 

determined from the calibration experiments. 

The last correction to be considered is the heat capacity 

correction. This correction is applied in the following 

manner. Consider an experiment in which chemical heat is 

evolved in container I and is balanced by electrical heat in 

container II. The corrected heat evolved in container I is 

given by Equation 6.5, where Cj/Cjj is the ratio of the heat 

capacity of container I plus contents to that of container II 

plus contents. 

This correction was applied only to the sum of the electrical 

heat plus the chart correction. If electrical heat was added 

to the container in which the sample break occurred no heat 

capacity correction was necessary. 

The chemical heat evolved due to the dilution or solution 

of a sample is given by Equation 6.6, 

9dil. = * Schart) + ̂ evap. ' Sopen (®-6) 



where the various quantities are identified by their sub

scripts, and C' refers to the heat capacity ratio. The 

oh'jmio'il heat absorbed due to the endothermic dissolution of 

a sample is given by Equation 6.7. 

^801. " %1. - ^chart " ̂ evap. %pen 

The operation of the calorimeter was tested by measuring 

the enol:a]py of neutralization of hydrochloric acid with 

sodium hydroxide. The neutralization of HCl was chosen as 

a test reaction bf:cau:;e iv. was well-characterized and could 

be carried out in almost exactly the same manner as a dilution 

experiment. 

The hydrochloric acid was made up to a concentration of 

0.15857 molal by a co-v:orl<er by weight dilution from constant 

boiling hydrochloric acid according to the procedure of 

Foulk and Holllngsvjorth (64). Standardization versus potas

sium hydrogen phthalate Indicated an acid concentration of 

0.15846 molal. The acid was reanalyzed during this research. 

The mean value obtained from triplicate analyses was 0.15849 

molal with a precision of O.O3 percent. Samples of the acid 

were introduced into the sample bulbs, weighed, and sealed 

as described previously. 

Carbonate free concentrated sodium hydroxide was 

prepared by a standard method (65). 

Conductivity water was weighed into the calorimeter 
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containers anJ, Ir.mcdlately prior to attaching the containers 

to their lids, enough concentrated sodium hydroxide solution 

v.as pipetted into each container to give a carbonate free 

solution of 0.003 molal sodium hydroxide. This gave approxi

mately a fourfold cxcns!3 of base over acid in each calorimeter 

container which m?nimized the offoots of any absorbed carbon 

dioxide in the solution on the hoai: of neut.ralization measure-

men t s. 

Since the riyrtrochloric a>;id was the limiting reactant 

it was only necessary to laiov; the concentration of the sodium 

hydroxide to v;ithin ten percent. 

The neutralization reaction is gi-'cn by Equations 6.8 

and 6.9 where aHj,j is the ^ntl,alpy of neutralization of the 

acid at an ionic strength (n) of O.OO5 and is the enthalpy 

of neutralization at zero ionic strength (infinite dilution). 

NaOH (0.003m) + MCI (0.003m) = NaCl (0.003m) 

HGO ; AHFJ (6.8) 

°"aq. + "aq. = "2° ' (6-9) 

Equation 6.8 was ob'.alned by combining Equations 6.10, 6.11, 

6.12, and 6.13. 

4Na0H (0.003m) + HCl (0.1585m) = NaCl (0.00075m) 

4- HgO + 3Na0H (0.00225m); (6.10) 

3NaOH (0.003m) = 3NaOH (0.00225m): (6.11) 



NaCl (0.003m) = NaCl (0.00075m); AHii ( 6 . 1 2 )  

HCl (O.lSGSm) - HCl (0.003m); (6.13) 

The heat of neutralization was calculated usln# Equation 

6.14, 

where the values of aHj, .aHjj, and aHjjj were calculated 

usinr; the relative apparent molal heat contents of NaOH, 

NaCl, and HCl taken from th:D literature (63, 66). 

The heat of neutralization vjac corrected to infinite 

dilution using Equation 6.1%. 

= At! - 2^ (NaCl, 0.003m) + 0^ (haOH, 0.003m) 

+ (HCl, 0.00:^) (6.15) 

A total of 15 samples were run. The average enthalpy of 

neutralization at 25° C was ^H^ = -13364 calories per mole 

with a mean deviation of 27 calories per mole. The average 

o 
enthalpy of neutralization at infinite dilution was ^Hj^ = 

-13339 t 27 calories per mole. This result is In good agree

ment with the value obtained by Vanderzee and Swanson (66), 

and by Hale, Izatt, and Christensen (67) who both reported 

-I3336 t 18 calories per mole. 

The experimental precision of these measurements was 

0.2 percent. An additional uncertainty of O.O5 percent in 

•''^EXP. - - AHj j j  (6.14) 
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the hydrochloric acid concentration would lead to a total 

uncertainty in aH^ of 0,c5 percent. 
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VII. TREATMENT OF DATA AND RESULTS 

The heat of dilution experiments carried out during the 

course of this work were of two types; (l) dilution of a 

sample solution containing ng moles of solute into pure water 

with the evolution of calories of heat, and (2) dilution 

of a sample solution containing nA moles of solute into the 

solution resulting from the first type of dilution with the 

evolution of calories of heat. The integral heats of 

dilution of these two processes are given by Eouations 7.1 

and 7.2, v;here AH^_^ corresponds to the dilution of a sample 

from molality m^ to molality mp. 

AH-j^_2 — Mg (7-l) 

AHi_2 = (q^ + q2)/(n2 + (7.2) 

These integral heats of dilution are referred to as long 

chords since they correspond to dilutions which range from 

several hundredfold to nearly two thousandfold. 

The heat evolved upon dilution of one mole of solute 

from molality m^ to molality mg can be calculated by com

bining Equations 7.1 and 7.2 to get Equations 7.3. This 

process corresponds to a dilution of about 

~ ~ '^•^1-3 (7.3) 

twofold and is referred to as a short chord. The short chords 
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provide heat of dilution data in the concentration range 

from 0,0009 molal to approximately O.OO7 molal. 

As it was shown earlier, the relative apparent molal 

heat content is a function of the square root of molality 

as Infinite dilution is approached. An appropriate extrapo

lation function for extrapolating the heat of dilution data 

to infinite dilution would therefore be the derivative of the 

relative apparent molal heat content with respect to the square 

root of molality. Since the limiting value of this derivative 

at infinite dilution has been theoretically evaluated, a 

comparison of the data obtained in this work with the 

theoretical value may be made. The extrapolation function 

use d  t h r o u g h o u t  t h i s  w o r k  i s  g i v e n  b y  E q u a t i o n  7 . 4 .  

The short chord method of Young and co-workers (l4, 68, 

69) was used for the extrapolations. In this method the 

slope, S, of the versus curve in very dilute solu

tions is represented by a power series in m^/^. This is 

shown in Equation 7.5 where A is the limiting slope obtained 

at infinite dilution. The average value of the slope at 

1 /p 
S  = = A + Bm ' + Cm ( 7 . 5 )  

'•MV2 
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the midpoint of a short chord, may be written as 

NL/2 

1/2 

M^ 

J Sdm" 

p.  =  (7 .6)  
ML/a - .1/2 

where the midpoint of the chord is given by Equation 7.7 .  

m 1/2 _ L/ML/2 . .1/2 (m"/"  +  m^/<)  (7 .7)  
f - 2 \"3 

The Pj data for the nitrates and perchlorates studied 

in this work were represented by Equations 7.8  and 7.9 ,  

respectively. The 

P^ = A + Em 1/2 (7.8) 

-1 

Pi  =  A + + Cm (7 .9)  

parameters in these equations were generated from a standard 

double-precision orthogonal polynomial least squares program 

run on an IBM 360 computer. The parameters occurring in 

polynomial expressions for 0-^, Lg, and were generated in 

the same manner. 

The extrapolated values obtained for the A parameter 

for the nitrates were within experimental error of the 

theoretical value of 6925. Since the data indicated that 

the nitrates were approaching the Debye-Huckel limiting lavj 
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slope, the data were forced to this value and B was re

evaluated using the same least squares program described 

previously. A typical plot of the P l̂ data for the nitrates 

is shown in Figure 4 using the data obtained for latNO^)^. 

The limiting slopes obtained for the perchlorates using 

an equation of the form of Equation 7.8 did not approach 

the theoretical value in the case of the perchlorates. The 

P^ data were then fit to equations of the form of Equation 

7.9. The limiting slopes obtained for La(C10^)g and NdXciO^)^ 

were still much lower than the Debye-Hiickel value. In order 

to determine whether or not it would be justifiable to force 

the data to the Debye-Huckel limit inspite of this apparent 

deviation from theory, a second extrapolation of the data 

was made using an extrapolation function which recognized 

the dependence of on ion size. This second extrapolation 

function, designated P|, Included the average distance of 

closest approach of the ions, a°, which should affect the 

perchlorates more than the nitrates due to the larger size 

of the former. Equation 7.10 defines p|, where K and a° are 

as defined previously. The value of K for a 3-1 electrolyte 

in water at 25° C Is 0.806 m^/^ and a° Is expressed in 

angstroms. Using the a° 

_ 2_ 
P^ = (1 + K a°) Pj^ = A' + 2B' o 

Ll + K a J 
(7.10) 

values obtained from activity coefficient and conductance 
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data (70), limiting slopes were obtained which agreed within 

experimental error with the predicted value. Figure 5 shows 

the data of La(ClC^)^ using an aP parameter of 7.0. The 

agreement betv;3en A' and 6925 Indicated that the data of 

the rare earth perchlorates studied in this work could be 

forced to the limiting law value. The standard deviation of 

the fit obtained when the data were represented by 

Equation 7-9 with A set equal to 6925 was approximately 50 

percent lower than that obtained using Equation 7.10. The 

Pj^ data for the rare earth perchlorates were therefore fit 

to Equation 7.9 with A = 6925. The P^ data of LatClO^)^ is 

shown in Figure 6. The dashed and solid curves represent 

the PjL data fit to Equations 7.8 and 7.9, respectively. The 

standard deviation of the fit was nearly the same for both 

curves. 

The parameters in Equations 7.8 and 7.9 are listed in 

Tables 12 and 13; respectively. The relative apparent molal 

heat contents of solutions in the concentration range from 

which the Pj_ data were taken were calculated by substituting 

Equations 7.8 and 7.9 into Equation 7.11 and performing the 

integration. The relative apparent molal heat contents of 

the nitrates and perchlorates, in this concentration range, 

are calculated by Equations 7.12 and 7.13, respectively. 

1/ 
K(m) = f Pi dmV2 (7.11) 
^ 0 
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j2f^(m) = + I m (7.12) 

%(m) = + I m + I m3/2 (7.13) 

The relative apparent molal heat contents of solutions 

above this concentration range were calculated using 

Equation 3.30. The 0-^ values obtained for dilute solutions 

of LatNO^)] and LatClO^)^ are compared with data of other 

investigators (60, 71, 72) in Figures 7 and 8, respectively. 

The heat of dilution data for the nitrates and perchlo-

rates studied are presented in Tables 1 through 11. The 

column headings from left to right represent the following 

quantities; molality of the sample solution, the number of 

moles of solute contained in the sample, the square root of 

molality of the solution resulting from the dilution, the 

amount of heat evolved upon dilution, in calories, calculated 

using Equation 6.6, the integral heat of dilution in calories 

per mole of solute, Pj_, the relative apparent molal enthalpy 

of the final solution, in calories per mole, calculated from 

Equations 7.12 and 7.13, the relative apparent molal enthalpy 

of the sample solution in calories per mole of solute, and 

the average value of the relative apparent molal enthalpy of 

the sample solution in calories per mole of solute. 

The integral heat of dilution of a sample solution 

diluted into a solution resulting from a previous dilution, 

for which no heat of dilution was measured, was calculated 

using Equation 7.14, where 
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AH 
QG -

(7.14) 1-3 

(m^) and 0 [m ) are calculated using Equation 7.12 or 7.13. 
L d L 3 

The relative apparent molal heat contents were expressed 

as empirical least squares polynomial equations over three 

concentration ranges: (l) very dilute, (2) moderate, and 

(3) concentrated. 

1. The dilute range pertained to solutions below 0.008 

molal. The equations used to calculate 0-^ in this region 

have already been discussed. 

2. The moderate concentration range extended from zero 

molal to approximately 1.1 molal. 

3. The concentrated range pertained to all solutions 

above 1.1 molal. 

The values for the rare earth nitrate solutions in 

the moderate concentration range were fit to Equation 7-15 

with an average standard deviation of less than 9 calories 

per mole. 

The data of the rare earth perchlorate solutions in 

the moderate concentration range were fit to Equation 7-16 

with an average standard deviation of less than 8 calories 

per mole. Lanthanum perchlorate was the only salt requiring 

the last term in Equation 

+ dm + em 
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+ DM + + GM^ 

(7.16) 

The 0j^ data of the rare earth nitrate solutions above 

1.1 molal, excluding Nd(NO^)^, were fit to Equation 7.17. 

Equation 7.I8 was used to represent the data of NdtNO^)^ 

above 1.1 molal. The average standard deviation of the fit 

obtained for these two equations was less than 5 calories 

per mole. 

= a ' m^/^ + b'm + c'm^^^ + d'm^ + e'm^ + f'm^ (7.17) 

0 = a" + b"m^/3 + + d"m + e"m^'^^ + f"m^'^^ 1j 

+ G"M^ + H"M^'^^ (7.18) 

The data of the rare earth perchlorate solutions 

above 1.1 molal were represented by Equation 7.19 with an 

average standard deviation of less than 12 calories per 

mole. 

0^ = A' + + Cm + + E'm^ + (7.19) 

The parameters for Equations 7.I5, 7.17, and 7.18 are 

listed In Tables l4 and 15. The parameters appearing In 

Equations 7.16 and 7.19 are presented In Tables 20 and 21, 

respectively. 

The purpose of representing the 0j^ data by these 

polynomial equations was to enable the derivative of 0j^ with 
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respect to to be calculated and combined with the 0^, 

data to obtain expressions for and Lg. It is to be 

emphasized that the equations representing the data are 

strictly empirical and should not be used to calculate 

values of outside of the stated regions of validity. For 

certain concentration ranges the 0-^ data were best described 

by empirical equations composed of a linear combination of 

1/2 1/3 
power series in m ' and m 

The mean average deviation of determined for the 

241 sample solutions listed in Tables 1 through 11, was less 

than 3 calories per mole. The uncertainties in , 

^j^(mi), and aH^ ^ were estimated by the method of propaga

tion of precision indexes as described by Worthing and 

Geffner (73). This method enables the reliability of 

indirectly determined quantities to be evaluated. Consider 

the derived quantity 

U = ffx^, Xg, ..., (7.20) 

where Xg, X^ represent the independent, directly 

measurable quantities from which U is derived. The probable 

error associated with the derived quantity is obtained from 

Equation 7.21, where Py and P^^ refer to the probable error 

associated with U and X,-, respectively. 
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The values for 0-^ were calculated using the following 

equations: 

^L(mi) = - AH^_^ (3.30) 

= Am^/^+|in (Nitrates) (7.12) 

p'L(mf) = Am^/^ + (Perchlorates) (7.13) 

^Hl-2 = (7.1) 

,„,.3 = (7.2) 
^ ^ N2 + NG 

The equations used to calculate the probable errors in 

0L(mj^), ^j^(m^), and in that order, are given below. 

\(MJ.) - \ BA )  ^ A * \  i B  J + ( AC / 

(7.22) 

^2 / \ 2 f 1' \ 2 
\ \9J2FL(MF) / VL(%) 

Since the value of A in Equations 7.8 and 7.9 was set 

at the theoretical value of 6925, the uncertainties in 

are contained only in the B and C terms. The first 

term of Equation 7.22 is, therefore, zero. The third term of 
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this equation is also dropped In the case of the nitrates. 

The probable errors, calculated using Equations 1.22, 1.23, 

and 7.24, are listed for a number of sample solutions of 

La(NOg)g and La(ClO^)^ in Tables 26 and 27, respectively. 

Values of and Lg were calculated for each salt solu

tion studied during the course of this work by Equations 

3.25 and 5.24. The polynomial expressions for 0-^ were sub

stituted into these equations in order to evaluate the 

derivative of 0-^ with respect to . 

The equations obtained for Lg are of the same form as 

those representing 0-^ over the corresponding concentration 

ranges. The values of Lg for the rare earth nitrates and 

perchlorates below 1.1 molal can be calculated using 

Equations 7.25 and 7.26. The parameters in these equations 

are listed In Tables I6 and 22, respectively. 

LG = + B^M^/^ + + D^M + E^M^/^ + F^M^'^^ 

(7.25) 

LG = + D^M + E^M^/^ 

+ (7.26) 

The values of Lg for these solutions above 1.1 molal are 

calculated using Equations 1.21, 7.28, and 1.29. The 

parameters for these equations are given in Tables 17 and 23. 
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— I 1/2 ,1 ' 3/2 .I 2 I 3 ^I 4 
LG = A^M + B^M + CIM ^ + D^M + E^M + F^M 

(Nitrates-La, Gd, Ho, Er, Lu) (7.27) 

LG = AÏ + b y / 3  + .Y/2 + <J> + c y / 3  + 

+ (Nd(N0^)2) (7-28) 

LG = AJ + + C|M + + EJM^ + (7.29) 

The relative partial molal heat content of the solvent 

below 1.1 molal is given by Equations 7.30 and 7.31 for the 

nitrates and perchlorates, respectively. The parameters 

for these two equations are listed in Tables I8 and 24, 

respectively. 

L^ = + BGM^^^ + C^M^/^ + D^M^ + 

(7.30) 

LI = + CGM^/^ + OGMF + EGM 

+ PGM^/^ + GGM^ (7.31) 

The empirical expressions for above 1.1 molal are 

given in Equations 7.32, 7.33, and 7-34 for Nd(NO?)_, the 

other nitrates studied in this work, and the perchlorates, 

respectively. The parameters corresponding to these three 

equations are listed in Tables 19 and 25. 

L^ - AGM^/3 + BGM^/^ + CGM^ + D^M^/^ + E^M^/^ 

+ FGM^ + GGOJ/^ (7.32) 



66 

+ d^m3 + (7.33) 

7/2 
(7.34)  

Values of Lj and at given concentrations, are listed 

in Tables 28 through 31 for the six nitrates and five 

perchlorates studied in this research. Since L-]_ and Lg are 

functions of the derivative of 0-^ with respect to square 

root of molality, the values of these two quantities calcu

lated at about 1.1 molal are somewhat sensitive to which 

polynomial equation, that pertaining to solutions below 1.1 

molal or that pertaining to solutions above 1.1 molal, is 

used for their calculation. For this reason, the values of 

Lj and Lg between 1.0 and 1.2 molal, used in constructing 

Figures 15 through l8, were averages of the values calculated 

using the polynomial equations corresponding to both concen

tration ranges. 

It is difficult to estimate the uncertainties in 

quantities which are determined from the derivatives of 

least squares polynomial equations. It is unlikely, how

ever, that an uncertainty greater than 1 percent can be 

associated with the values of and Lg calculated from the 

derivatives of the 0j polynomial equations, except in the 

neighborhood of the terminal concentrations of each concen

tration range to which the equations apply. 

The partial molal excess entropy of the solute and 
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solvent were calculated for solutions of ErtNO^)^, NdtClO^)^, 

Gd(ClO^)^, and LuXClO^)^. The values of T(S2 - and 

T(S^ - S°) were calculated from Equations 3.38 and 3-41. 

These quantities were not calculated for the other salts 

studied in this work due to lack of activity coefficient data. 

The activity coefficient data used to calculate the 

partial molal excess entropies were obtained from the osmotic 

coefficient studies of Weber^ on the rare earth perchlorates, 

and of Petheram on the rare earth nitrates (74). The 

osmotic coefficient data of the latter worker were extended 

from 1.8 molal to saturation by means of a linear extrapola

tion. The use of a linear extrapolation seemed justifiable 

as the data from 0.6 molal to 1.8 molal could be fit to a 

straight line. The activity coefficients above 1.8 molal 

were calculated from the extrapolated osmotic coefficient 

"data" in the usual manner by Herman Weber. The osmotic 

coefficient data of ErCl^ (74) and of the rare earth per

chlorates^ are linear within approximately 2 percent above 

1.0 molal. For this reason the error introduced into the 

osmotic coefficients calculated for Er(N02)^ solutions by 

the above method is estimated to be well within 10 percent. 

This error would not seriously effect the trends in the 

^Weber, H. 0., Ames Laboratory of the A.E.G., Ames, 
Iowa. Activity data of some rare earth perchlorate solu
tions at 25° C. Private communication. 1969. 
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calculated values of the partial molal excess entropies for 

this salt. 

The values obtained for T(S2 - S^) and T(S^ - S^) for 

the above-mentioned rare earth salt solutions are listed in 

Tables 32 and 33, respectively. The number in parentheses 

immediately below the final value of TfSg - Sg) and T(Sj - S^) 

for each salt, in these two tables, is the molality of the 

saturated solution of that salt. 

The integral heats of solution of La(N0^)2'6H20, 

NDFNOGJ^'ÔHGO, GDFNO^JG'&HGO, HOFNOUJG'ÔHGO, ERFNO^J^'GHGO, 

LUFNOJÏJ'SHGO, LATCLO^IG'BHGO, NDTCLO^J.-SHGO, GDFCLO^JG' 

SHgO, and ErfClO^j^'SHgO were measured as part of this 

research. The heats of solution were measured in the same 

manner as described previously for the heat of dilution 

experiments. In general, two samples of hydrate crystals 

were placed in each calorimeter container, the first being 

dissolved in pure water and the second sample being dissolved 

in the solution resulting from the dissolution of the first 

sample. These two processes are represented by the following 

equations : 

Hg (RXg-yHgO) + xHgO = RX^frng) ; ^sol. (7.35) 

"2 RXGFMG) + N^ (RX^-YHGO) = (N^ + N^) RX (M^) ; 

The integral heat of solution for the process represented by 
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Equation 7.35 is given by Equation 7.37, where q^^^ is the 

heat evolved upon dissolution of the sample containing n2 

moles of hydrate. The Integral 

^SOL 
AH3 = • (7.37) 
^ NG 

heat of solution of n^ moles of the hydrate, corresponding 

to the process designated by Equation 7-36, is given by 

Equation 7.38, where q^^^ calories of heat are evolved and 

values of ^^(m^) and are taken from the heat of 

dilution data. 

.«3 = ^^01. + (,.38) 

n' 

The integral heats of dilution were used to calculate 

the relative molal heat contents of the hydrated crystals 

using Equation 3.35. The heat of solution data of the 

nitrates and perchlorates, respectively, are listed in 

Tables 34 and 35, where L is the relative molar heat content 

of the rare earth nitrate or perchlorate hydrate and the 

remaining quantities are as previously defined. 

The uncertainties in the heat of solution data are 

estimated to be t 0.4 percent for the rare earth nitrates, 

and ! 0.05 percent for the rare earth perchlorates. These 

estimates include uncertainties in the composition of the 

hydrated crystals set at 0.1 and 0.2 percent for the nitrates 
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and perchlorates, respectively. The higher uncertainty in 

composition of the perchlorate octahydrates is attributable 

to their very hygroscopic nature. 
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Figure 7-  Comparison of the relative apparent molal 
heat contents of aqueous lanthanum nitrate 
solutions at 25° C using the Debye-Hûckel 
limiting law 
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Figure 8. Comparison of the relative apparent molal heat 
contents of dilute aqueous lanthanum perchlorate 
solutions at 25° C as determined by Nutter 
(filled circles) and by this work (open and 
half-filled circles) . The difference In 
between the open and half-filled circles is 
the uncertainty introduced into by the 
extrapolation of the data to infinite 
dilution 
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circles) and by this work (open circles) 



Table 1. Observed heats of dilution of aqueous lanthanum nitrate solutions at 
25° C 

/I 
rig X 10 X 102 -q dil.(cal) Pi 

0.009027 0.8873 0.9930 0.037 484 497 t 13 
0.8825 0.9903 0.039 509 

0.01702 1.075 1.093 0.058 613 622 t 8 
1.155 1.133 0.064 630 

0.05013 3.732 2.037 0.243 784 789 ± 5 
3.227 1.894 0.216 793 

0.09897 9.908 3.319 O.7O8 924 919 ± 3 
10.212 3.369 0.723 920 
13.722 3.906 0.923 915 
10.112 3.353 0.713 916 

0.1599 23.464 5.137 1.585 983 983 ± 1 
23.773 5.170 1.606 984 
15.693 4.177 1.137 982 

0.2498 24.271 5.196 1.710 1015 1017 - 1 
24.621 5.232 1.740 1018 

0.3598 29.450 5.720 1.962 1001 1002 ± 1 
28.896 5.670 1.934 1002 

0.4091 19.880 4.710 1.386 982 980 ± 1 
47.393 7.263 2.727 980 
47.102 7.241 2.707 979 



Table 1. (Continued) 

IR.̂  HG X 10'̂  X 

0.639T 50.533 7.500 
50.748 7.516 

O.&lOl 53.873 7.744 
54.069 7.758 

1.000 46.578 7.200 
46.511 7.195 

1.208 27.362 5.517 
27.480 5.528 

1.341 23.579 5.121 
18.315 4.513 
18.334 4.515 

1.634 22.847 5.041 
22.928 5.049 

1.̂ 60 25.302 5.305 
24.777 5.249 
31.536 5.923 

2.092 26.367 5.415 
26.314 5.410 
30.828 5.856 

dll.(cal) PI ^L(mi) 

2.657 
2.662 

941 
941 

941 

2.540 
2.557 

896 
898 

897 ± 1 

2.115 
2.119 

856 
858 

857 T 1 

1.370 
1.372 

826 
825 

826 T 1 

1.208 
0.991 
0.993 

818 
816 
817 

817 ± 1 

1.174 
1.181 

816 
817 

817 ± 1 

1.347 
1.322 
1.587 

847 
846 
848 

847 i 1 

1.432 
1.436 
1.612 

864 
867 
865 

865 ± 1 



Table 1. (Continued) 

NG X 10̂   ̂X 10̂  

2 .557 21.564 4.901 
20.997* 6.882 
21.504 4.894 
21.150* 6.890 

2 .893 17.652 4.433 
17.570* 6.260 
17.698 4.439 
17.388* 6.248 

3 .239 12.881 3.786 
13.048* 5.370 
12.886 3.786 
12.914* 5.357 

3 . 606 22.822 5.042 
23.054* 7.146 
22.745 5.034 
23.320* 7.160 

4 .000 43.136 6.938 
44.055* 9.858 
43.550 6.971 
44.508* 9.907 

*Sample was diluted into the r 
sample. 

q dil.(oal) 

1.477 980 981 ± 1 
1.041 4710 981 
1.478 981 
1.055 4684 983 

1.448 1090 1094 ± 2 
1.129 4855 1093 
1.460 1096 
1.121 4942 1096 

1.273 1224 1226 t 3 
1.073 5297 1222 
1.279 ]̂ )29 
1.069 5251 1228 

2.452 137̂  1377 ± 1 
2.026 4672 1376 
2.446 1377 
2.058 4595 1379 

5.022 1555 1556 ± 2 
4.137 3894 1553 
5.082 1559 
4.193 3669 1557 

molality of the immediately preceding 



Table 1. (Continued) 

mi n2 X 10^ 
1/2 

X 10 -q dil.(cal) Pi 

4.456 25.420 5.321 3.713 1777 1775 ± 2 
26.203* 7.581 3.298 4540 1776 
25.518 5.332 3.714 1771 
25.930* 7.568 3.276 4325 1777 

4.608 27.373 5.523 4.173 1851 1852 ± 1 
32.239* 8.147 4.230 4378 1851 
27.386 5.524 4.186 1855 
32.047* 8.135 4.204 4473 1852 



Table 2. Observed heats of dilution 
25° C 

4 1/2 : 
ng X 10 x 10 

0.01022 0.7523 0.9144 
0,7360 0.9043 

0.04035 3.016 1.831 

0.1024 7.723 2.930 
6.505 2.689 

0.1639 14.680 4.040 
14.432 4.005 

0.2533 20.534 4.778 
19.966 4.712 

0.3697 28.272 5.608 
24.285 5.197 

0.4908 41.638 6.807 
44.702 7.053 

0.6595 42.695 6.893 
40.298 6.696 

0.8342 60.110 8.182 
55.857 7.886 

1.032 48.129 7.319 
56.753 7.949 
64.171 8.454 

aqueous neodymlum nitrate solutions at 

q dil.(cal) Pj^ 

0.029 446 471 t 25 
0.032 496 

0.176 703 703 

0.485 812 810 t 2 
0.415 808 

0.891 851 851 ± 1 
0.878 850 

1.200 864 863 ± 1 
1.169 862 

1.520 857 856 ± 2 
1.345 854 

1.957 839 840 ± 1 
2.063 840 

1.836 802 803 ± 1 
1.768 803 

2.114 770 770 T 1 
2.016 769 

1.744 750 748 ± 2 
1.907 747 
2.047 746 



Table 2. (Continued) 

mi ng X 10^ m^^/^ X 10^ -q dll.(cal) Pi ^^(mi) 

1.250 43.290 6.941 1.590 741 741 ± 1 
44.194 7.013 1.605 740 

1.491 40.229 6.691 1.543 748 748 t 1 

27.184 5.499 1.178 747 

1.755 23.240 5.090 1.134 783 785 t 1 
23.663* 7.225 0.736 4183 784 
23.148 5.080 1.139 787 
25.323* 7.345 0.780 4247 785 

2.033 26.626 5.448 1.421 846 843 t 2 
25.532* 7.620 0.900 4o84 844 
27.821 5.569 1.455 840 
24.957* 7.665 0.874 3898 842 

2.368 14.930 4,077 1.048 948 951 t 2 
17.200* 5.979 0.922 4669 949 
16.235 4.251 1.135 953 
16.516* 6.036 0.883 4644 953 

2.662 16.021 4.223 1.300 1064 1064 t 1 
16.596* 6.024 1.072 4675 1064 
18.396 4.525 1.465 1064 
15.113* 6.106 0.955 4693 1062 

Sample v.-as diluted Into the final molality of the immediately preceding 
sample. 



Table 2. (Continued) 

mi ng X 10^ X 10^ -q dil.(cal) Pi ^L(nii) 

3.036 30.467 5.827 2.737 1226 1223 ± 3 
26.222* 7.945 1.883 3933 1225 
30.266 5.808 2.696 1219 
27.005* 7.985 1.939 3744 1221 

3.394 25.374 5.317 2.799 1409 1408 ± 1 
26.021* 7.564 2.392 4143 1407 
29.692 5.752 3.218 1409 
25.597* 7.846 2.307 4035 1406 

3.618 27.601 5.546 3.339 1526 1527 t 1 
26.089* 7.731 2.690 4014 1525 
29.518 5.735 3.553 1528 
26.907* 7.926 2.747 3980 1527 

4.144 21.149 4.852 3.264 1827 1828 t 1 
19.552* 6.730 2.685 4350 1828 
18.509* 4.539 2.887 1829 
19.387 6.493 2.687 4550 1827 

4.582 13.909 3.935 2.565 2082 2086 ± 3 
20.093* 6.150 3.367 4492 2087 
15.493 4.153 2.842 2083 
18.868* 6.183 3.157 4360 2090 



Table 3. Observed heats of dilution of 

ng X 10^ rrif^ x 10^ 

0.03951 2.968 1.816 
2.744 1.746 

0.09998 11.112 3.515 
9.202 3.198 

0.1566 12.430 3.717 

0.2500 24.406 5.210 
19.165 4.616 

0.3597 33.267 6.084 
31.366 5.907 

0.4980 39.528 6.632 
47.671 7.284 

0.6417 45.290 7.100 
54.422 7.784 
49.617 7.432 

0.8114 60.272 8.193 
56.946 7.963 

1.004 76.113 9.210 
69.701 8.812 

1.211 69.953 8.828 
57.859 8.026 

aqueous Gd(NOg)g solutions at 25° C 

-q dll. (cal) ?! 

0.171 695 693 + 2 
0.158 690 

0.699 846 846 
0.595 846 

0.826 892 892 

1.529 928 927 + 1 
1.249 925 

1.984 937 938 
+ 1 

1.898 938 

2.218 925 925 
2.557 925 

2.417 936 916 + 1 
2.761 914 
2.591 917 

2.879 899 900 + 1 
2.771 901 

3.301 887 889 ± 1 
3.130 890 

3.165 894 895 + 1 
2.778 896 



Table 3. (Continued) 

mi 

0
 

X cvi c m^^/^ X 10^ -q dil.(cal) Pi 0L(mi) 

1.440 54.464 7.787 2.765 915 915 
53.389 7.710 2.721 915 

1.692 41.704 6.825 2.490 968 962 ± 4 
46.462* 9.909 1.795 3602 959 
44.570 7.056 2.605 965 
45.851* 10.035 1.743 3478 957 

1.957 27.432 5.531 2.007 1049 1050 t 1 
25.928* 7.708 1.427 4042 1049 
25.141 5.294 1.877 1053 
26.527* 7.584 1.477 4258 1049 

2.254 19.014 4.602 1.682 1158 1162 ± 3 
19.826* 6.574 1.420 4356 1160 
17.936 4.470 1.613 1165 
22.563* 6.713 1.614 4570 1164 

2.566 17.371 4.399 
1317 - 1 22.667* 6.675 1.981 1317 1317 - 1 

16.637 4.305 1.761 1316 
22.677* 6.614 1.999 4422 1319 

2.696 10.407 3.403 1.346 1503 1511 ± 5 
14.176* 5.229 1.621 4737 1510 
12.361 3.709 1.593 1516 
12.112* 5.217 1.377 4980 1516 

*Sample was diluted into the final molality of the immediately preceding sample. 



Table 3- (Continued) 

mi 
2i 

ng X 10 X iqS -q dil.(cal) Pi ^L(ra^) 

3.238 1^.942 4.212 2.362 1735 1736 t 1 
; - 417* 5.944 2.090 4607 1737 
1^.^43 4.146 2.291 1734 
10.323* 5.945 2.164 4508 1737 

3.622 21.614 4.906 3.722 2009 2012 ± 3 
22.413* 7.000 3.460 4331 2009 
20.920 4.827 3.622 2015 
22.814* 6.977 3.536 4405 2014 

3.352 14.185 3.973 2.865 2261 2266 ± 3 
15.560* 5.752 2.900 4587 2264 
14.707 4.046 2.975 2268 
15.345* 5.782 2.857 4735 2269 

4.400 15.786 4.191 3.731 2616 2617 - 1 
16.030* 5.949 3.531 ^608 2617 
14.786 4.056 3.508 2618 
16.338* 5.884 3.606 4748 2618 



Table 4. Observed heats of dilution of aqueous holmium nitrate solutions at 25° C 

rrii 
Ai 

ng X 10 m^'/^ X 10^ -q dil.(cal) Pi L̂(NII) 

0.01576 1.171 1.141 0.054 537 550 ± 13 
1.170 1.140 0.057 563 

0.04989 3.494 1.970 0.242 822 520 t 2 
2.859 1.782 0.200 817 

0.09920 5.887 2.558 0.476 974 976 ± 1 
5.844 2.549 0.4Y5 •Jl I 

0.1662 10.344 3.391 0.905 1088 1086 ± 2 
10.330 3.389 0.900 1084 

0.2508 17.806 4.450 1.600 1169 1171 i 2 
17.638 4.431 1.594 1173 

0.259S 18.622 4.562 1.769 4567 1226 1229 t 1 
14.050* 6.029 1.116 1230 
16.755 4.578 1.786 4778 1229 
14.043* 6.041 1.108 1230 

0.4915 20.997 4.843 2.092 4462 1286 1289 t 1 
21.698* 6.889 1.772 1290 
23.394 5.114 2.305 4631 1289 
19.599* 6.917 1.572 1289 

0.5403 24.497 5.231 2.436 4584 1303 1303 - 1 
22.963* 7.264 1.841 1302 

*Sample was diluted into the final molality of the immediately preceding sample 



Table 4. (Continued) 

-, ^4 1/2 
ng X 10 x 

23.623 
24.095* 

5.141 
7.288 

0.8020 37.683 
32.167* 
41.048 
30.116* 

3.494 
8.822 
6.773 
a.900 

0.9929 28.260 
27.433* 
27.598 
30.970* 

5.618 
7.875 
5.550 
8.072 

1.210 27.911 
27.665* 
28.718 
27.044* 

5.5&2 
7.867 
5.65 
7.875 

1.427 <2.417 
34.475* 
33.265 
31.805* 

Ô.017 
8.632 
6.091 
8.509 

1.685 18.004 
26.671* 
17.377 
28.115* 

4.481 
7.052 
4.400 
7.112 

dil. (cal) ?! 

2.360 4625 1304 
1.933 1302 

3.812 4076 1380 1378 ± 1 
2.591 1378 
4.098 4104 1378 
2.335 1374 

3.147 44-79 1442 1439 ± 2 
2.492 1439 
3.076 4409 1440 
2.801 1436 

3.321 4425 i5l6 1515 t 1 
2.730 1514 
3.403 4377 1515 
2.664 1514 

4.090 4264 1609 1607 t 2 
3.604 1604 
4.189 4247 1609 
3.337 1606 

3.380 1740 
2.558 4620 1739 
3.569 1742 

1740 T 1 



Table 4. (Continued) 

HG X IĈ  % 

1.958 17.574 
17.873* 
18.887 
16.238* 

4,424 
6.280 
4.584 
6.248 

2.236 19.071 
14.084* 
17.421 
15.556* 

4.608 
6.073 
4.402 
6.054 

2.550 22.253 
21.249* 
22.123 
23.503* 

4.979 
6.958 
4.962 
7.122 

2.830 16.221 
17.877* 
17.851 
17.773* 

4.250 
6.159 
4.456 
6.292 

3.338 24.140 
26.527* 
25.526 
26.107* 

5.184 
7.506 
5.333 
7.582 

3.724 14.472 
13.574* 
15.156 
14.993* 

4.013 
5.585 
4.105 
5.768 

dil.(cal) 

2.593 IG9G 
3.061 4718 1898 
2.356 1899 

1898 t 1 

3.444 4805 2084 2085 t 1 
2.310 2084 
3.167 4506 2085 
2.566 2086 

4.489 4583 2314 2318 t 3 
3.892 2315 
4.482 4662 2322 
4.302 2320 

3.693 4867 2536 2537 t 1 
3.752 2536 

-1.046 4771 2537 
3.716 2538 

6.414 4509 2964 2967 4 
6.518 2963 
6.787 4615 2973 
6.406 2969 

4.430 4790 3308 3311 - 2 
3.944 3313 
4.634 4866 3310 
4.337 3312 



Table 4. (Continued) 

mi 
4 

X 10 X 10^ -q dil.(cal) Pi 

4.131 14.719 4.047 5.063 5117 3689 3684 ± 4 
15.581* 5.806 5.087 3687 
15.588 4.163 5.337 4811 3679 
14.181* 5.751 4.628 3681 

4.564 11.671 3.604 4.507 4886 4o86 4090 t 2 

14.120* 5.356 5.232 4091 
11.961 3.646 4.619 5014 4089 
11.289* 5.082 4.192 4092 

5.027 12.449 3.721 5.335 4516 4516 ± 4 
12.469 3.722 
13.311* 5.352 5.498 4524 
12.730 3.762 5.451 4515 
14.958 4.076 6.372 4510 



Table 5. Observed heats of dilution of aqueous erbium nitrate solutions at 25° C 

"^1 
4 

ng X 10 -q dil.(cal) Pi FL(I^I) 

0.009496 0.6753 0.866 0.026 443 443 t 1 
0.8495 0.972 0.032 442 

0.03830 2.662 1.720 0.169 748 748 
2.545 1.682 0.162 748 

0.1011 10.484 3.414 0.787 964 968 ± 3 
10.466 3.411 0.793 971 

0.1770 15.761 4.186 1.306 1084 1085 t 1 
15.470 4.147 1.288 1086 

0.2546 8.779 3.131 0.841 1155 1158 ± 2 
9.588* 4.519 0.790 5036 1160 

0.3516 13.354 3.861 1.299 1211 1215 ± 4 
11.283* 5.235 0.927 5036 1212 
11.050 3.513 1.106 1220 
12.317* 5.098 1.037 5287 1218 

0.4909 26.369 5.430 2.509 1268 1267 ± 1 
19.209* 7.123 1.475 4572 1266 
25.107 5.299 2.403 1268 
20.099* 7.094 1.557 4518 1267 

0.6428 20.734 4.812 2.129 1314 1315 ~ 1 
19.380* 6.681 1.647 4575 1315 

*Sainple v;as diluted into the final molality of the immediately preceding sample. 



Table 5- (Continued) 

HP X 10̂  X 10 

20.747 
19.201* 

';.S13 
j.uo7 

0.8138 26.833 
23.732* 

5.475 
7.503 

1.005 38.106 
29.985* 
37.607 
30.680* 

6.527 
8.710 
6.484 
8.722 

1.209 25.189 
22.313* 
25.136 
22.357* 

5.301 
7.272 
5.295 
7.271 

1.422 26.998 
31.102* 
28.661 
31.166* 

5.690 
8.181 
5.657 
8.163 

1.712 28.016 
27.150* 
28.391 
27.548* 

5.590 
7.838 
5.628 
7.892 

1.969 22.253 
24.199* 

4.980 
7.191 

q dll.(cal) ^^(nij^) 

2.130 1314 
1.637 ^:515 1315 

2.811 1367 1366 t 1 
2.030 ^^48 1364 

4.046 1429 1428 t 2 
2.584 4033 1426 
4.011 1432 
2.642 412:' 1426 

3.029 1514 1513 t 1 
2.266 4̂55 1513 
3.025 1514 
2.267 4514 1512 

3.737 iSlB 1620 ± 1 
3.405 4026 1621 
3.702 1620 
3.418 4054 1522 

4.097 1787 1786 t 1 
3.429 4368 1784 
4.145 1787 
3.479 4209 1785 

3.707 1961 1962 ± 1 
3.564 4545 i960 



Table 5. (Continued) 

in^ ng X 10^ x 

22.160 4.970 
24.307* 7.192 

2.258 20.624 4.793 
18.596* 6.606 
20.715 4.804 
18.318* 6.591 

2.570 18.010 4.478 2.570 
18.425* 6.367 
18.438 4.531 
17.990* 6.367 

2.949 17.032 4.355 
17.091* 6.162 
16.964 4.346 
16.693 4.311 
16.956* 6.119 
16.710 4.313 
16.866* 6.112 

3.288 16.044 5.954 
16.108 4.234 
15.717* 5.950 
16.030 4.224 
15.825* 5.953 

3.703 15.200 4.113 
15.123* 5.808 

dll.(cal) ^^(m^) 

3.697 1963 
3.590 4505 1963 

3.914 2184 2182 t 1 
3.192 4744 2182 
3.926 2182 
3.147 4650 2182 

3.927 2450 2453 - 3 
3.690 4754 2451 

3.612 2457 

2790 ± 2 
4.017 2788 
4.281 2787 

3.991 2789 
4.225 2790 
3.983 4658 2794 

4.444 3112 3111 - 1 
4.590 3107 
4.225 4645 3111 
4.575 3111 
4.250 4835 3112 

4.962 3515 3513 ± 2 
4.684 4920 3516 



Table 5. (Continued) 

mi ng X 10^ X 10^ -q dil.(cal) Pi 

15.056 4.093 4.909 3510 
15.386* 5.819 4.764 4809 ' 3513 

4.014 14.326 3.993 5.120 3819 3819 - 1 
13.982* 5.611 4.766 5043 3818 

4.452 13.365 3.856 5.364 4250 4249 t 1 
13.144* 5.430 5.062 5114 4250 
13.343 3.853 5.351 4247 
13.659* 5.480 5.256 5046 4248 

4.848 11.714 3.610 5.169 4637 4637 - 1 
11.979* 5.133 5.096 5266 4636 
11.816 3.626 5.211 4635 
11.800* 5.125 5.026 5023 4638 

5.179 10.336 3.391 4.911 4963 4967 - 2 
10.750* 4.842 4.950 5155 4966 
10.848 3.474 5.157 4971 
10.382* 4.859 4.774 5495 4967 

5.456 9.240 3.206 4.625 5207 5209 t 1 
9.526* 4.568 4.636 5169 5210 



Table 6. Observed heats of dilution of aqueous lutetium nitrate solutions at 25° C 

mi 
ZL 

ng X 10 X 10^ -q dil.(cal) Pi 

0.008001 0.7105 0.8885 0.026 426 408 t 18 
0.6975 0.8799 0.023 ' 389 

0.04795 3.347 1.929 0.220 783 780 t 3 
3.051 1.840 0.200 776 

0.1016 5.777 2.534 0.439 922 927 t 5 
6.257 2.636 0.478 932 

0.1604 7.727 2.931 0.644 1018 1019 t 2 
7.962 2.973 0.663 1021 
9.916 3.320 0.803 1017 

0.2466 16.554 4.290 1.388 1097 1096 ± 2 
15.513 4.151 1.306 1094 
16.574 4.293 1.391 1098 

0.3599 15.316 4.134 1.369 1145 1143 ± 2 
13.496* 5.658 0.983 5085 ll4l 
11.882 3.643 1.089 1142 

0.4881 19.752 4.695 1.780 1180 1181 t 1 
17.779* 6.459 1.300 4563 1182 
21.292 4.877 1.899 1180 
16.689* 6.501 1.212 4483 1181 

*Sample was diluted into the final molality of the immediately preceding sample. 



Table 6. (Continued) 

mi ng X 10^ X 

0 .6403 22.491 5.015 
26.243* 7.366 
24.879 5.272 
25.591* 7.492 

0 .8135 26.447 5.434 
27.067* 7.715 
27.859 5.580 
26.868* 7.807 

0 .9917 29.583 5.749 
29.373* 8.103 
30.153 5.801 
28.862* 8.103 

1 .181 23.070 5.073 
21.972* 7.081 
22.337 4.989 
22.088* 7.028 

1 .432 18.376 4.526 
19.934* 6.529 
18.233 4.506 
21.021* 6.606 

1 .709 30.521 5.836 
29.897* 8.203 

dil.(cal) 

2.065 
1.895 
2.252 
1.829 

2.456 
1.989 
2.561 
1.955 

2.827 
2.222 
2.876 
2.184 

2.414 
1.905 
2.344 
1.911 

2.161 
1.997 
2.144 
2.089 

3.874 
3.209 

4487 

4351 

4296 

4221 

4214 

4188 

4358 

4492 

4523 

4643 

4098 

1213 
1210 
1212 
1211 

1244 
1241 
1241 
1239 

1285 
1281 
12B6 
1282 

1344 
1345 
1343 
1342 

1447 
1448 
1446 
1445 

1602 
1600 

1212 ± 1 

1241 ± 1 

1283 t 2 

1343 ± 1 

1446 ± 1 

1602 t 1 



Table 6. (Continued) 

4 1/P 
n^ X 10 ' x 10 

30.017 
31.106* 

5.785 
8.247 

2.051 18.892 
16.489* 
18.461 
17.655* 

4.587 
6.274 
4.532 
6.336 

2.260 17.676 
14.490* 
17.637 
14.958* 

4.436 
5.982 
4.429 
6.019 

2.596 42.589 
22.566 
20.151* 

6.885 
5.011 
6.891 

2.928 12.800 
13.716* 
14.341 
12.767* 

3.772 
5.428 
3.995 
5.491 

3.260 12.134 
14.039* 
12.543 
11.978 
14.173* 

3.675 
5.395 
3.736 
3.649 
5.390 

dll.(cal) ^(m^) 

3.822 1604 
3.334 4IO3 I6OI 

2.995 1859 1856 t 3 
2.335 467^ 1859 
2.917 1851 
2.499 4462 1855 

3.144 2045 2043 ± 2 
2.341 4754 2045 
3.130 2041 
2.411 4698 2041 

8.505 2375 2375 
4.694 2:^^) 
3.837 4415 2375 

3.220 2748 2754 ± 5 
3.238 4837 2751 
3.610 2760 
3.008 5080 2759 

3.900 3166 
3.683 3166 

3.938 3166 

3166 



Table 6. (Continued) 

4 I/P 
X 10 ' x 10 

3.644 14.714 4.044 
14.717* 5.719 
15.098 4.099 
13.164* 5.607 

4.060 15.335 4.131 
15.368* 5.844 
16.321 4.259 
12.386* 5.648 

4.553 11.947 3.646 
13.273* 5.296 
12.541 3.733 
13.118* 5.339 

4.872 15.423 4.141 
16.262* 5.934 

5.056 7.536 2.893 
7.643* 4.106 

5.482 6.732 2.736 
6.649 2.718 
7.799* 4.006 

5.804 8.215 3.021 
6.235* 4.006 

dll.(cal) &("IL) 

363% ± 1 
4,745 3634 
5.108 3632 
4.253 4708 3635 

6.000 4l64 4162 ± 4 
5.769 4635 4167 
6.362 4155 
4.655 4341 4163 

5.450 4787 4788 t 2 w 
5.858 4733 4792 
5.714 4786 
5.770 5025 4786 

7.604 5181 5182 ± 1 
7.746 4785 5183 

3.955 5431 5429 t 2 
3.904 5820 5427 

3.867 5918 5923 t 4 
3.824 5924 
4.388 5233 5928 

5.005 6283 6289 t 4 
3.737 4335 6294 



Table 6. (Continued) 

M- NR 
h 1/2 2 

X 10 X 10 -q dil.(cal) PL(MI) 

5.792 

7.531 
7.379* 

5.218 
4.848 
9.098* 

2.894 
4.071 

2.407 
2.322 
3.938 

4.597 
4.405 

3.731 
3.486 
6.402 

5650 

6213 

6287 
6285 

7305 
7341 
7330 

7325 t 14 



Table 7. Observed heats of dilution 
at 25° C 

H 1/2 2 
ni^ ng X 10 x 10 

0.01027 0.8766 0.9869 
0.7400 0.9063 

0.03991 3.028 1.834 
2.853 1.780 

0.08912 7.191 2.827 
7.184 2.824 

0.1611 10.478 3.411 
10.133 3.356 
11.120 3.514 

0.2500 14.702 4.043 
14.612 4.029 

0.3504 23.589 5.122 
21.217 4.855 

0.4939 26.458 5.426 
23.554 5.116 

0.6448 29.844 5.763 
28.937 5.671 

aqueous lanthanum perchlorate solutions 

-q dll.(cal) 

0.035 464 451 + 3 
0.028 438 

0.158 637 638 + 1 
0.150 638 

0.404 729 728 + 1 
0.402 727 

0.622 790 789 + 2 
0.607 792 
0.651 786 

0.864 812 811 + 1 
0.856 810 

1.288 816 816 + 1 
I.18O 815 

1.399 811 809 + 2 
1.268 807 

1.556 815 815 
1.516 815 



Table 7. (Continued) 

ng X 10^ x 10^ 

0.8167 29.768 5.757 
29.660 5.744 

1.005 36.986 6.416 
36.261 6.350 

1.176 30.810 5.855 
30.815 5.853 

1.465 39.053 6.611 
42.182* 9.519 
35.632 6.313 
48.668* 9.693 

1.733 28.393 5.630 
29.129* 8.006 
28.268 5.614 
29.189* 7.997 

1.982 24.324 5.205 
23.857* 7.321 
24.402 5.217 

2.238 16.655 4.305 
17.839* 6.192 
16.773 4.322 
27.002 5.485 
25.947* 7.676 

*Sample was diluted Into the final 

dll.(cal) 

1.622 839 339 ± 1 
1.614 838 

2.113 889 889 
2.07Ô 8S9 

2.n63 968 967 ± 2 
2.05Ù 965 

3.270 1162 1164 t 2 
2.776 3200 1165 
3.018 1162 
3.211 3200 1166 

3.190 1413 1413 - 1 
2.799 3460 l4l4 

2.802 1412 

3.484 1705 1707 t 3 
3.046 3640 1705 
3.508 1711 

2062 ± 1 
2.994 2057 
3.063 2063 
4.804 2063 
4.201 3580 2063 

lality of the immediately preceding sample 



Table 7. (Continued) 

ng X 10^ x 

26.348 
28.178* 

5.422 
7.794 

2.565 16.615 
17.544* 
16.700 
16.351* 

4.299 
6.162 
4.313 
6.065 

2.902 15.992 
14.089* 
14.207 
14.893* 

4.217 
5.782 
3.977 
5.690 

3.255 10.891 
10.688* 
10.204 
11.914* 

3.481 
4.899 
3.368 
4.957 

3.581 21.945 
20.468* 
24.643 
20.364* 

4.942 
6.868 
5.240 
7.079 

4.093 9.054 
11.968* 
12.873 
10.750* 

3.174 
4.835 
3.783 
5.123 

q dll.(cal) 

4.696 2063 
4.556 3610 2063 

3.916 2593 2591 ± 2 
3.869 4l80 2588 
3.935 2592 
3.621 4000 2592 

4.733 3192 3192 t 2 
3.970 4240 3188 
4.223 3194 
4.225 4050 3195 

4.004 3875 3875 - 2 
3.800 4220 3877 
3.754 3873 
4.231 4320 3873 

9.350 4523 4521 ± 1 
8.408 3830 4521 
10.458 4518 
8.351 3520 4521 

4.934 5634 5626 ± 4 
6.351 4900 5626 
6.961 5620 
5.685 4050 5623 



Table 7. (Continued) 

M. Hg X 10 m. 
1/2 

X 10 -q dil.(cal) 

4.465 6.522 2.692 4.140 6508 6511 t 3 
6.615* 3.820 4.129 4730 6509 
6.662 2.722 4.231 6513 
6.231* 3.786 3.893 4680 

4.791 8.064 2.995 5.717 7266 7269 ± 2 
8.142* 4.245 5.686 4260 7269 
8.047 2.990 5.708 7268 
8.110* 4.236 5.663 4450 7271 



Table 8. Observed heats of dilution of 
at 25° C 

à 1/2 2 
M-, HG X 10 X 10 

0.01050 0.6252 0.8335 
0.6406 0.8432 

0.04221 3.268 1.906 
2.799 1.763 

0.1004 5.771 2.533 
6.108 2.604 

0.1599 10.031 3.339 
9.808 3.300 

0.2496 13.597 3.888 
14.575 4.023 

0.3606 21.023 4.836 
21.638 4.902 

0.4763 24.924 5.266 
23.907 5.154 

0.6390 29.525 5.732 
31.423 5.910 

0.7945 41.946 6.835 
45.788 7.137 

aqueous neodymium perchlorate solutions 

-q  d i l . ( ca l )  

0.026 471 467 ± 4 
0.026 462 

0.169 635 621 t 14 
0.139 607 

0.325 714 716 ± 2 
0.343 717 

0.571 760 758 ± 2 
0.557 757 

0.747 764 764 ± 1 
0.790 763 

1.053 756 754 ± 2 
1.072 752 

1.178 744 743 t 2 
1.132 741 

1.274 720 722 ± 2 
1.345 723 

1.644 719 719 
1.748 719 



Table 8. (Continued) 

HG X 10^ X 10^ 

1.005 35.007 
37.070 

6.242 
6.420 

1.227 44.291 
42.928 

7.023 
6.910 

1.444 47.073 
45.148* 
47.093 
49.715* 

7.261 
10.146 
7.261 
10.390 

1.670 29.878 
34.773* 
31.434 
33.728* 

5.774 
8.484 
5.926 
8.523 

1.964 24.763 
27.930* 
26.422 
27.255* 

5.256 
7.662 
5.427 
7.729 

2.254 18.659 
17.442* 
18.213 
17.438* 

4.559 
6.339 
4.502 
6.296 

*3ample was diluted into the final 

dil.(cal) Pi 

1.558 752 751 ± 1 
1.620 750 

2.172 823 826 ± 3 
2.142 828 

2.871 951 953 ± 3 
1.964 2970 955 
2.861 949 
2.147 2880 955 

2.515 1132 1130 ± 1 
2.336 3380 1130 
2.624 1131 
2.253 3330 1129 

2.858 1425 1424 t 1 
2.776 3530 1423 
3.031 1424 
2.692 3520 1422 

2.893 1794 1794 t 2 
2.450 3960 1790 
2.834 1797 
2.463 3910 1795 

molality of the immediately preceding sample. 



Table 8. (Continued) 

4 1/2 
ng X 10 x 10 

2.603 17.070 4.358 
19.983* 6.419 
17.685 4.439 
18.648* 6.359 

2.879 12.707 3.759 
13.009* 5.346 
11.899 3.639 
13.174* 5.281 

3.223 14.299 3.987 
13.092* 5.517 
12.629 3.750 

3.025 15.337 4.132 
15.658* 5.873 
15.777 4.189 
14,894* 5.839 

4.075 13.452 3.869 
13.350* 5.461 
13.472 3.870 
12.670* 5.390 

4.509 7.857 2.954 
7.917* 4.186 
8.071 2.996 
7.637* 4.179 

q dil.(cal) 

3.541 2309 2310 ± 1 
3.857 3780 2310 
3.666 2312 
3.596 3870 2310 

3.258 2774 2775 ± 1 
3.170 4050 2774 
3.062 2777 
3.216 4230 2776 

4.539 3394 3396 ± 4 
3.982 4140 3392 
4.032 3402 

6.022 4152 4152 ± 1 
5.939 3880 4153 
6.187 4150 
5.648 3810 4151 

6.550 5083 5082 ± 2 
6.324 4130 5082 
6.554 5079 
6.019 3650 5085 

4.665 6109 6110 ± 2 
4.617 4300 6112 
4.788 6106 
4.454 4130 6112 



Table 8. (Continued) 

m-, HP X 10 

4.685 7.733 
8.615* 
10.609 

7.600* 

2.933 
4.264 
3.433 
4.498 

q dil. (cal) 

4.936 6554 6547 ± 7 

5.397 4680 6552 
6.730 6539 
4.742 4090 6541 

o 



Table 9. Observed heats of dilution of 
at 25° C 

ng X 10^ x 10^ 

0.02339 4.440 2.221 
4.573 2.253 

0.05915 7.493 2.886 
7.538 2.895 
7.797 2.944 

0.1132 13.299 3.845 
13.726 3.907 
14.003 3.946 

0.1982 25.371 5.313 
27.235 5.505 
25.735 5.351 

0.3275 34.273 6.176 
34.291 6.177 
24.769 5.249 
24.656 5.237 

0.4256 42.807 6.904 
42.919 6.913 
29.256 5.706 
29.318 5.712 

0.5525 34.553 6.202 
34.576 6.204 

aqueous gadolinium perchlorate solutions 

-q dil.(cal) 

0.114 392 397 ± 4 
0.121 401 

0.394 694 698 ± 4 
0.403 704 
0.409 696 

0.774 795 791 ± 3 
0.783 786 
0.805 792 

1.466 851 856 ± 3 
1.579 860 
1.497 856 

2.019 894 894 t 1 
2.019 894 
1.539 891 
1.541 895 

2.482 910 912 t 1 
2.498 913 
1.828 913 
1.832 913 

2.174 935 937 t 2 
2.184 938 



Table 9. (Continued) 

mi Hg X 104 X 10^ 

21.862 4.931 
21.924 4.938 

0.7330 27.407 5.522 
27.354 5.517 
22.708 5.026 
22.302 4.980 

0.9182 50.285 7.484 
50.597 7.507 
27.552 5.538 
27.828 5.566 

1.081 18.619 4.550 
10.291* 5.669 
18.839 4.579 
9.911* 5.653 
39.300 6.630 
39.303 6.630 

1.320 37.612 6.489 
42.442* 9.450 
37.492 6.479 
42.497* 9.447 
19.671 4.678 
9.490* 5.694 

*Sample was diluted into the final 

dil.(cal) Pi 

1.487 938 
1.484 935 

1.908 977 
1.922 984 
1. S29 979 
1.633 992 

3.492 1044 
3.521 1047 
2.112 1048 
2.138 1051 

1.666 1133 
0.793 3950 1137 
1.682 1137 
0.770 3715 1139 
3.180 1130 
3.190 1133 

3.693 1298 
3.385 3300 1299 
3.666 1294 
3.409 3144 1299 
2.070 1300 
0.891 3632 1302 

983 ± 5 

1048 ± 2 

1136 t 3 

1299 t 2 

molality of the immediately preceding sample. 



Table 9. (Continued) 

MI NG X 10^ X 

1.556 13.176 3.828 
8.677* 4.928 
13.351 3.853 
8.491* 4.927 
13.405 3.861 
8.576* 4.943 
34.806 6.237 
32.160* 8.641 
34.971 6.251 
32.138* 8.650 

1.823 26.637 5.452 
25.494* 7.619 
26.615 5.449 
25.329* 7.607 

2.074 22.079 4.962 
22.251* 7.026 
22.016 4.955 
22.298* 7.025 

2.389 18.786 4.575 
18.506* 6.443 
18.863 4.584 
18.338* 6.435 

2.891 13.227 3.837 

q dil. (cal) Pj: 

1.024 
1.735 
1.013 
1.734 
1.013 
4.170 
3.298 
4.173 
3.297 

4.058 
3.478 
4.052 
3.449 

4.083 
3.786 
4.080 
3.782 

4.024 
4.384 
3.984 

4.233 

3855 

3335 

3448 

3368 

3590 

3628 

3595 

3816 

4036 

1508 
1515 
1516 
1507 
1511 
1505 
1504 
150% 
1503 

1801 
1801 
1800 
1798 

2108 
2110 
2112 
2108 

2560 
2568 
2563 

3413 

1508 

1800 

2110 

2564 



Table 9 -  (Continued) 

*1 Hg X 10 X 10̂  -q dil.(cal) Pi 

13.127 3.822 4.197 3409 
11.786* 5.265 3.625 3985 3411 

3.104 15.884 4.205 5.654 3788 3787 t 1 
14.233* 5.789 4.877 3977 3788 
15.718 4.183 5.592 3786 
14.335* 5.783 4.913 3894 3786 

3.499 10.944 3.490 4.763 4549 4547 ± 2 
10.947 3.490 4.764 4549 
10.328* 4.865 4.361 4567 4544 

3.827 7.153 2.821 3.602 5201 5204 ± 2 
7.399* 4.022 3.646 4563 5202 
7.265 2.843 3.662 5207 
7.357* 4.032 3.624 4853 5204 

4,205 6.213 2.628 3.636 6008 6011 t 4 4,205 
6.048* 3.692 3.478 4709 6008 
6.136 2.612 3.597 6017 

4.611 7.620 2.910 5.181 6969 6972 ± 3 
7.484 2.884 5.094 6975 



Table 10. Observed heats of dilution of aqueous erbium perchlorate solutions 
at 25° C 

0.03982 

0.1154 

0.2029 

0.2307 

0.3603 

NG X 10^ X 10^ -q dil.(cal) 

4.558 5.117 0.221 
4.913 5.455 0.238 
3.514 3.901 0.178 
5.455 6.057 0.258 

13.172 3.827 0.738 
14.209 3.975 0.785 

24.317 5.198 1.431 
17.622 4.427 1.094 
26.036 5.382 1.512 

5.795 2.541 0.413 
5.451* 3.535 0.337 
5.606 2.500 0.402 
5.651* 3.537 0.347 
20.446 4.770 1.258 
22.480 5.002 1.370 

35.988 6.336 2.170 
35.939 6.332 2.153 
35.922 6.323 2.152 
35.872 6.319 2.152 
29.807 5.757 1.855 
29.768 5.754 1.845 

4990 

4610 

760 
773 
729 
785 

779 
778 

867 
867 
867 

868 
872 
870 
870 
876 
880 

926 
922 
921 
922 
923 
921 

762 ± 17 

779 t 1 

867 

873 - 4 

923 t 1 

Sample was diluted into the final molality of the immediately preceding sample. 



Table 10. (Continued) 

mi ng X 10^ 
1/2 

X 

0. 5129 29.312 
29.149 
29.144 
29.402 

5.734 
5.718 
5.717 
5.742 

0. 6626 31.785 
31.798 
31.777 
55.194 
55.199 

5.950 
5.952 
5.950 
7.839 
7.839 

0. 8408 72.174 
71.777 
53.374 
53.557 
53.466 

8.967 
8.942 
7.708 
7.721 
7.714 

1. 055 53.019 
51.130 
51.305 
51.973 
68.741 
68.889 

7.682 
7.544 
7.556 
7.606 
8.756 
8.765 

1. 227 48.139 
54.400* 
47.964 
55.472* 

7.347 
10.697 

7.335 
10.744 

dil.(cal) 

1.907 951 954 ± 2 
1.913 955 
1.909 954 
1.928 

2.165 989 994 t 2 
2.183 995 
2.188 997 
3.412 993 
3.422 995 

4.714 1063 1065 t 1 
4.707 1065 
3.718 1067 
3.704 1063 
3.720 1066 

4.322 1164 1186 ± 1 
4.194 1185 
4.234 1190 
4.256 1186 
5.366 1185 
5.386 1186 

4.684 1331 1321 t 5 
4.213 3030 1329 
4.589 1315 
4.249 3000 1316 



Table 10. (Continued) 

ng X 10^ x 10 

47.^60 
53.8:2* 
43.035 

7.347 
10,682 
7.311 

1.498 39.663 
43.349* 
39.630 
42.865* 

6.664 
9.625 
6.657 
9.590 

1.700 29.132 
31.214* 
29.358 
31.064* 

5.701 
8.197 
5.723 
8.202 

2.033 35.765 
35.072* 
36.016 
34.899* 

6.319 
8.884 
6.340 
8.888 

2.358 32.748 
28.448* 
32.940 
28.209* 

6.043 
8.255 
6.060 
8.252 

2.676 14.870 

15.045* 

4.067 

!-7OF9 
5.769 

q dil.(cal) 

H" 

4.604 1320 
4.149 3160 1321 
4.613 1317 

4.932 1578 1578 t 1 
'1.610 3250 1579 
4.031 1578 
4.548 3180 1578 

4.394 1807 1808 ± 2 
4.211 3610 1812 «e 
4.428 1808 
4.144 3300 1805 

7.000 2279 2282 ± 1 
6.280 3310 2282 
7.057 2282 
6.241 3220 2283 

8.084 2781 2781 ± 1 
6.560 3550 2781 
8.135 2782 
6.491 3420 2780 

4.630 3344 3348 ± 3 
4.515 3870 3346 
4.641 3348 
4.494 4080 3353 



Table 10. (Continued) 

ng X 10^ x 10 

3.086 

3.413 

3.863 

4,215 

8.377 3.051 
10.045* 4.523 
8.273 3.032 
9.074* 4.390 
8.306 3.038 
13.035 3.807 
12.866* 5.366 
12.980 3.799 
13.173* 5.392 

7.834 2.949 
8.577* 4.267 
7.800 2.942 
8.681* 4.276 

9.153 3.190 
9.187^ 3.194 
8.973* 4.489 

14.221 3.977 
14.812* 5.681 
9.733 3.290 
10.899* 4.660 
9.796 3.299 
10.999* 4.806 
9.232 3.205 

dil.(cal) ^L(MI) 

3.320 4l44 
3.829 3620 4131 
3.273 4136 
3.476 4080 4135 
3.293 4l46 
5.122 4I47 
4.891 4830 4152 
5.095 4143 
5.020 5610 4155 

3.642 4825 
3.874 5670 4819 
3.628 4827 
3.913 5240 4815 

5.100 5760 
5.135 5777 
4.894 5170 5772 

9.092 6619 
9.268 4470 6622 
6.260 

4470 
6625 

6.887 4350 6628 
6.304 6629 
6.938 4090 6630 
5.951 6635 

4143 

4822 ± 5 

5770 t 6 

6627 - 4 



Table 10. (Continued) 

ng X 10^ x 10 

4.627 7.971 
7.777* 
7.500 
7.2^2* 

2.978 
4.185 
2.887 
4.142 

dll.(cal) 

5.898 7577 7576 t 4 
5.658 3980 7573 
5.550 7573 
5.800 5080 7583 



TABLE 11. OBSERVED HEATS OF DILUTION OF 
AT 25° C 

4 1/P 2 
NG X 10 ^ X 10 

0.009869 0.8268 0.9585 
0.7667 0.9225 

0,06717 5.160 2.395 
4.472 2.228 

0.09880 5.193 2.402 
5.740 2.524 

0.1546 8.392 3.054 
7.946 2.970 

0.2496 10.511 3.418 
12.323 3.700 

0.3586 23.928 5.159 
24.995 5.271 

0.4944 32.418 6.007 
33.507 6.104 

0.6409 46.017 7.159 
45.501 7.115 

0.8068 49.117 7.397 
48.380 7.337 

AQUEOUS LUTETLUIN PERCHLORATE SOLUTIONS 

DLL.(CAL) PI PL(MI) 

0.030 
0.023 

426 
360 

393 ± 33 

0.289 
0.255 

704 
705 

704 ± 1 

0.313 
0.345 

747 
752 

750 ± 3 

0.533 
0.503 

812 
806 

809 ± 3 

0.689 
0.801 

850 
857 

854 ± 4 

1.468 
1.525 

882 
883 

883 T 1 

1.974 
2.035 

910 
911 

911 ± 1 

2.738 
2.725 

937 
940 

939 ± 2 

3.166 
3.133 

995 
996 

996 ± 1 



Table 11. (Continued) 

mi ng X 10^ X 10^ -q dil.(cal) Pi 3
 

H
 

1.006 32.379 6.018 2.566 1093 1095 dr 2 
30.221* 8.354 1.898 3400 1097 
32.383 6.016 2.566 1093 
32.223* 8.482 2.015 3380 1097 

1.174 31.908 5.971 2.880 1202 1203 ± 2 
26.062* 8.038 1.941 3440 1205 
28.688 5.659 2.623 1201 

1.432 24.852 5.267 2.865 1425 1425 ± 1 
24.740* 7.433 2.463 3620 1426 
24.201 5.195 2.792 1424 
26.437* 7.507 2.626 3630 1424 

1.676 21.130 4.854 3.025 1688 1689 ± 2 
21.491* 6.889 2.764 3600 1691 
20.023 4.723 2.876 1687 
21.957* 6.833 2.829 3660 1690 

1.980 15.421 4.145 2.874 2090 2091 t 2 
16.667* 5.976 2.874 3950 2090 
15.942 4.212 2.977 2096 
16.095* 5.968 2.760 4370 2090 

2.232 15.226 4.116 3.405 2461 2464 t 3 
13.344* 5.636 2.820 3780 2466 

Sample was diluted into the final molality of the immediately preceding sample. 



Table 11. (Continued) 

MI 
4 

NG X 10 X 10^ -q dll.(cal) PI 

2.529 18.757 4.568 5.090 2958 2961 ± 2 
15.770* 6.195 4.073 3670 2962 
16.386 4.272 
16.077* 6.011 4.168 2964 

2.870 10.066 3.347 3.4I4 3583 3585 ± 2 
10.818 3.468 3.664 3583 
11.383* 4.967 3.723 3980 3588 

3.196 11.396 3.561 4.610 4246 4238 t 8 
10.621* 4.949 4.164 4340 4245 
13.315 3.847 5.344 4227 
11.411* 5.242 4.456 3590 4234 

3.567 10.850 3.475 5.240 5026 5021 ± 2 
13.107* 5.163 6.147 4530 5021 
11.514 3.577 5.545 5017 
10.643* 4.962 5.003 3990 5021 

4.039 12.864 3.784 7.527 6062 6049 ± 7 
13.403* 5.406 7.635 4860 6050 
13.480 3.872 7.857 6044 
14.150* 5.542 8.005 4170 6042 

4.634 9.975 3.331 7.215 7423 7421 ± 3 
9.695* 4.677 6.900 4250 7425 
9.953 3.326 7.195 

4510 
7419 

10.036* 4.713 7.130 4510 7416 
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Table 12. Parameters for the empirical expressions of P^ 
and below O.OO7 molal for the rare earth 
nitrates 

A B 

La(NO^)2 6925 - 37160 

Nd(NO^) 6925 - 44290 

Gd(NOg)^ 6925 - 43480 

Ho(NOg)g 6925 - 38630 

Er(N02)2 6925 - 39870 

Lu(NOg)2 6925 - 41590 

Table 13. Parameters for the empirical expressions of Pj^ 
and 0T below O.OO7 molal for the rare earth 
perch loraiieL'' 

A B c 

La( ClOjj) 2 6925 - 79240 421480 

Nd(C104)3 6925 - 82930 444610 

Gd(C104)3 6925 - 84990 499425 

Er(C104)3 6925 - 70670 304190 

111(0104)3 6925 - 85000 524620 



Table 14. Parameters for the empirical expressions of of rare earth nitrate 
solutions below 1.0 molal corresponding to Equation 7.15 

a b o d e  f  

508.71 7525.9 -7118.3 -3816.5 7244.9 -3485.0 

ND(NO^)^ -1002.1 14819.0 -17550. 1241.4 10206.0 -6960.7 

GD(NO^)^ 615.87 6468.1 -5957.8 -4938.4 9731.5 -5024.6 

HO(NO^)O 2509.6 -4750.3 12942. -22838. 25827.0 -12246. 

ER(NO^)O -127.30 10822.0 -13077. 5119.1 -3235.5 1929.8 

Lu(N0q)g 735.54 5464.5 -4845.0 -1689.4 1344.8 276.68 



Table 15. Parameters for the empirical expressions of of rare earth nitrate 
solutions above 1.0 molal corresponding to Equations 7.17 and 7.18 

a ' b' c ' d' e ' f ' 

La(NO^)2 4686.0 7264.5 4286.0 -864.19 10.223 0.49051 

GdtNOo)^ 2966.1 -2719.3 -27.876 756.80 -89.058 4.1432 

Ho(NO3)3 4167.2 -4794.7 2109.6 10.203 -55.505 3.5927 

Er(NO3)2 3346.1 -2559.1 -165.34 926.87 -121.38 6.3119 

Lu(NO^)2 3486.0 -2807.1 -467.58 1204.6 -136.11 5.9494 

a" b" c" d" e" f" g" h" 

N d ( ) 2  685.30 -440.17 1681.4 -1141.5 -2435.0 2297.7 205.24 -101.19 



Table 16. Parameters for the empirical expressions of Lg of rare earth nitrate 
solutions below 1.0 molal corresponding to Equation 7-25 

AI 

La(NO^)g 693.00 11289.0 -11864.0 -7633.0 16905.0 -8712.5 

ND(NO^)^ -1336.1 2222S.O -29250.0 2482.8 23814.0 -17417.0 

GD(N03)3 821.15 9702.1 -9929.7 -9876.8 22707.0 -12562.0 

HofNO^)^ 3346.2 -7125.4 21570.0 -45676.0 60263.0 -30615.0 

ErfNO^)^ -169.73 16233.0 -21795.0 10238.0 -7549.5 4824.5 

980.72 8196.7 -3G75.0 -3378.8 3137.9 691.70 



Table 17. Parameters for the empirical expressions of L2 of rare earth nitrate 
solutions above 1.0 molal corresponding to Equations 7.27 and 7.28 

4 
1 

^1 < 4 < 
La(NOg)2 7029.0 -14529. 0 10715. 0 -2592. , 6 40.692 2 .4526 

Gd(N03)3 4449.2 -5438. , 6 -69. 690 2270, .4 -356.23 20 .716 

Ho(NO^)2 6250.8 -9589. 4 5274. 0 30. .609 -222.02 17 .964 

Sr(N03)3 5019.2 -5118. 2 -413. 35 2780. . 6 -465.32 31 .560 

Lu(N03)3 5229.0 -5614. 2 -1169. 0 3613. ,8 -544.44 29 .747 

> " 

1 

NDFNOO)^ 685.30 -586.89 2522.1 -2283.0 -5681.6 5744.2 615.72 -354.16 



Table l8. Parameters for the empirical expressions of L]_ for rare earth nitrate 
solutions below 1.0 molal corresponding to Equation 7.30 

a^ bg Cg dg e ̂ f ̂ 

LA(NOG)G -3.3201 -67.793 85.496 68.758 -174.03 94.179 

NDTNO^)^ 6.0180 -133.49 210.79 -22.365 -245.16 188.27 

GD(N03)3 -3.6985 -58.265 71.557 88.970 -233.77 135.79 

HOTNOG)^ -15.071 42.791 -155.44 411.45 -620.40 330.94 

ER(N03)3 0.76447 -97.485 157.06 -92.224 77.721 -52.151 

LU(N03)3 -4.4172 -49.224 58.192 30.436 -32.304 -7.4770 



Table 19. Parameters for the empirical expressions of Lj for rare earth nitrate 
solutions above 1.0 molal corresponding to Equations 7-32 and 7.33 

*2 ^2 CA *2 ^2 ^2 

La(N03)3 -42.210 130.87 -116.72 31.137 -0.55251 -0.035347 

GD(N03)3 -26.718 48.989 0.75915 -27.268 4.8132 -0.29857 

HO(N03)3 -37.537 86.378 -57.451 -0,36762 2.3998 -0.25890 

Er(N03)3 -30.141 46.103 4.5027 -33.396 6.56OI -0.45485 

Lu(N03)3 -31.401 50.571 12.734 -43.403 7.3562 -0.42872 

ft It tf It ti It 
^2 "2 =2 "-2 "2 ^2 «2 

NdtNOj)^ 2.6433 -15.146 20.565 58.490 -62.091 -7.3950 4.5574 



Table 20. Parameters for the empirical expressions of for rare earth 
perchlorate solutions belov/ 1.1 molal corresponding to Equation 7.I6 

A B c D E F G 

La( ClO^j ) 2 1385. 5 1982. .9 000.00 -8533. ,8 9764. ,0 -3629.8 -76.093 

Nd(0104)3 1331. 5 1905. 0 658.14 -10756. ,6 13783. ,8 -6164.5 0.000 

03(0104)3 687. 40 4790. 0 -3108.0 1 V
Jl 0
0
 

9 11826. 8 -5526.0 0.000 

Er(CIO4)3 619. 93 C
D

 
0
0
 
0 -10923.9 7098. 7 -9235. 4 6107.4 0.000 

Lu(CIO4)3 988. 84 4413. 6 -5334.6 955. 41 -3186. 0 3253.4 0.000 



Table 21. Parameters for the empirical expressions of 0-^ for rare earth 
perchlorate solutions above 1.1 molal corresponding to Equation 7.19 

a '  b '  c  d '  e  '  p  '  

LA(0104)3 2108.2 -1729.1 -413.96 448.79 657.13 -176.40 

ND(C104)3 2275.5 -2294.3 -161.23 704.54 314.54 -85.561 

GD( 0102^)3 1725.6 -1419.6 236.48 16O.72 496.69 -108.50 

ERFCIO^)^ 5377.1 -10874.9 8288.6 -1729.7 000.00 96.714 

LUTCLO^)^ 2033.2 -1373.1 -669.55 772.18 524.09 -162.55 



Table 22. Parameters for the empirical expressions of Lg for rare earth 
perchlorate solutions below 1.1 molal corresponding to Equation 7.26 

AI 

lafclo^)^ 1847.3 2974.4 000.0 -17067.6 22782.7 -9074.5 -228.28 

ndcclo^)^ 1773.3 2857.5 1096.9 -21513.2 32162.2 -15411.2 000.00 

gdfclo^)^ 916.53 7185.0 -5180.0 -15157.8 27595.9 -13815.0 000.00 

er(c104)3 826.57 11232.0 -18206.5 14197.4 -21549.3 15268.5 000.00 

lu(c104 3 1318.5 6620.4 -8891.0 1910.8 -7434.0 8133.5 000.00 



Table 23. Parameters for the empirical expressions of L2 for the rare earth 
perchlorate solutions above 1.1 molal corresponding to Equation 7-29 

A ' B • C ' D ' E ' P ' 
1  1  1  1 1 1  

LAFCLO^)^ 2108.2 -2593.7 -827.92 1122.0 1971.4 -617.40 

Nd( 0102^)3 2275.5 -3441.5 -322.46 1761.4 943.02 -299.46 

Gd(0104)3 1725.6 -2129.4 472.96 401.80 1490.1 -379.75 

Er(C104)3 5377.1 -I6312.4 16577.2 -4324.3 000.0 338.50 

Lu(0104)3 2033.2 -2059.7 -1339.1 1930.5 1572.3 -568.93 



Table 24. Parameters for the empirical expressions of L]_ for rare earth 
perchlorate solutions below 1.1 molal corresponding to Equation 7.31 

AG BG CG DG EG ?2 GG 

La(0104)3 -8.3204 -17.862 000.0 153.74 -234.54 98.092 2.7418 

Nd( 0104)3 -7.9959 -17.160 -7.9047 193.79 -331.1166.59 0.0000 

03(0104)3 -4.1281 -43.148 37.329 136.54 -284.10 149.33 0.0000 

ERFOLO^)^ -3.7229 -67.452 131.20 -127.89 221.85 -165.05 0.0000 

1^(0104)3 -5.9383 -39.758 64.072 -17.213 76.531 -87.920 0.0000 



Table 25. Parameters for the empirical expressions of L]_ for rare earth 
perchlorate solutions above 1.1 molal corresponding to Equation 7.34 

A^, 

La(0104)3 15.575 7.4575 -12.127 -23.676 7.9446 

NdfClO^)^ 20.666 2.9046 -I9.038 -11.326 3.8535 

03(0104)3 12.787 -4.2602 -4.3431 -17.896 4.8866 

Er(0104)3 97.956 -149.32 46.741 0.000 -4.3558 

Lu(C104)- 12.368 12.062 -20.866 -18.883 7.3208 



Table 26. Probable errors calculated, 
a number of La(NOg)g sample 

using Equations 
solutions 

7.22, 7.23, and 7.24 for 

mi m^^/^ X 10^ . p2 
^Hl-f 

p2 p2 
' ̂L( mi ) 

0.009027 0.993 142.2 0.0001 142.2 

0.01702 1.093 180.3 0.0002 180.3 

0.05013 2.037 13.4 0.002 13.4 

0.1599 5.137 0.64 0.08 0.72 

0.2498 5.232 0.65 0.00 0.73 

0.3598 5.670 0.65 

H
 
H
 
d
 0.76 

0.4891 7.241 0.37 0.30 0.67 

0.8101 7.758 0.27 0.39 0.66 

1.000 7.200 0.32 0.29 0.61 

2.092 5.415 0.63 0.09 0.72 

3.606 5.042 1.46 0.07 1.53 

4.608 5.523 2.55 0.10 2.65 



Table 2?. Probable errors calculated using Equations 
a number of La(C10^)g sample solutions 

7.22, 7.23, and 7.24 for 

mi M^l/2 ^ IO2 
0L(mf) VLC^II) 

0.03991 1.834 21. 0.006 21. 

0.08912 2.827 3.2 0.067 3.3 

0.1611 3.356 1.8 0.18 2.0 

0.2500 4.043 1.0 0.55 1.6 

0.3504 5.122 0.78 2.21 2.99 

0.4939 5.426 0.53 3.11 3.64 

0.6448 5.763 0.55 4.45 5.00 

0.8167 5.744 0.97 4.37 5.34 

1.005 6.4l6 0.45 8.44 8.89 

2.238 4.323 3.9 0.81 4.7 

3.581 5.240 18.4 2.53 20.9 

4.791 2.995 54.5 0.10 54.6 



Table 28. values at selected concentrations for some aqueous rare earth 
nitrate solutions at 25° C 

Molality LafNO^)^ NdfNO^)^ Gd(NOg)g HofNOg)^ ErfNOg)^ LufNOg)^ 

0.10 
0.20 

0.278 
0.240 

0.167 
0.079 

0.238 
0.230 

0.414 
0.702 

0.390 
0.691 

0.377 
0.611 

1.00 -3.29 -0.406 -0.584 5.73 6.31 4.79 
1.50 2.71 3.59 6.70 20.9 22.2 21.3 
2.00 17.1 18.0 26.0 48.9 52.1 57.7 

2.50 40.9 42.8 59.1 90.1 96.5 115. 
3.00 73.6 78.0 105. 143. 152. 190. 
3.50 115. 120. 161. 206. 216. 276. 

4.00 164. 167. 224. 277. 283. 368. 
4.50 221. 213. 358. 353. 458. 
5.00 452. 429. 542. 

5.50 619. 
6.00 693. 
6.50 775. 

ituratlon 235. 220. 278. 458. 509. 833. 
(4.608) (4.582) (4.400) (5.027) (5.456) (6.792) 



Table 29. Lp values at selected concentrations for some rare earth nitrate 
solutions at 25*^ C 

Molality LafNOg)^ Nd(NOg)g GdfNOgjg HofNOg)^ ErfNOg)^ LufNOg)^ 

0.10 1081 910 979 1208 1185 1137 
0.20 1068 880 980 1322 1303 1231 
0.50 871 765 888 1459 1443 1288 

1.00 678 522 862 1763 1781 1553 
1.50 817 884 1174 2371 2488 2280 
2.00 1185 1336 1781 3212 3436 3436 

2.50 1677 1946 2596 4181 4532 4853 
3.00 2234 2644 3522 5199 5664 6374 
3.50 2821 3369 4480 6216 6751 7869 

4.00 3425 4062 5417 7215 7754 9241 
4.50 4047 4671 8208 8675 10435 
5.00 9236 9561 11434 

5.50 12264 
6.00 12993 
6.50 13734 

saturation 4184 4760 6134 9293 10415 14232 
(4.608) (4 .582)  (4.400) (5.027) (5.456) (6.792) 



Table 30. values as selected concentrations for some rare earth perchlorate 
solutions at 25° C 

-

Molality 1^(0104)3 NdCciO^)^ GdfClO^)^ ErfClO^)^ LuCClO^)^ 

0.10 0.189 0.156 
0.20 0.128 0.024 
0.50 0.030 -0.47 

1.00 6.1 3.8 
1.50 35.1 30.3 
2.00 94.2 84.6 

2.50 185. 170. 
3.00 309. 289. 
3.50 462. 442. 

4.00 643. 629. 
4.50 843. 849. 

saturation 966. 938. 
(4.791) (4.685) 

0.233 0.250 0.247 
0.301 0.373 0.339 
0.975 1.13 0.891 

8.2 11.1 10.2 
38.3 45.2 41.1 
93.3 105. 103. 

178. 192. 196. 
294. 310. 320. 
443. 466. 472. 

625. 667. 647. 
837. 923. 840. 

888. 997. 893. 
(4.611) (4.627) (4.634) 



Table 31. Lg values at selected concentrations for some aqueous rare earth 
perchlorate solutions at 25° C 

Molality LafClO^jg ^d(C10^)g GdfClO^)^ ErfClO^)^ LufClO^)^ 

0.10 860 
0.20 841 
0.50 812 

1.00 1234 
1.50 2485 
2.00 4351 

2.50 6593 
3.00 9O8O 
3.50 11705 

4.00 14371 
4.50 16990 

saturation 18462 
(4.791) 

818 910 
772 938 
679 1033 

968 1545 
2109 2871 
3824 4609 

5925 6690 
8313 9035 
10931 11579 

13699 14263 
16570 17034 

17649 17656 
(4.685) (4.611) 

915 893 
965 931 
1074 1008 

1769 1658 
3253 3018 
5146 4973 

7280 7264 
9662 9761 

12322 12355 

15299 14952 
18632 17465 

19540 18114 
(4.627) (4.634) 



Table 32. Values of T(S2 - Sg) at selected concentrations for some rare earth 
salt solutions at 25° C 

TCSG - SG) 

Molality Nd(C104)3 GdfClO^)^ LufClO^)^ ErfNOg)^ 

0.10 3278 3257 3108 3779 
0.20 3385 3388 3239 4208 
0.50 3022 3077 2875 4527 

1.00 2038 2101 1969 4612 
1.50 1339 1413 1221 4863 
2.00 964 843 739 5278 

2.50 845 488 439 5798 
3.00 960 391 324 6327 
3.50 1246 539 356 6793 

4.00 1571 834 418 7161 
4.50 1719 1068 279 7437 
5.00 7669 

saturation 2216 1083 177 7922 
(4.685) (4.611) (4.634) (5.456) 



Table 33. Values of TfÊ  - S?) at selected concentrations for some rare earth 
salt solutions at 25° C 

- T(SI - S^) 

Molality NdfClO^)^ GdfClO^)^ LufClO^)^ Er(NOo)o 

0.10 0.825 0.914 0.928 1.25 
0.20 0.948 1.18 1.19 2.32 
0.50 -2.23 -1.25 -1.59 3.74 

1.00 1.56 5.80 7.68 3.71 
1.50 -38.0 -33.1 -33.6 7.43 
2.00 -57.0 -53.4 -51.3 18.1 

2.50 -70.3 -70.4 -66.2 36.2 
3.00 -72.3 -79.0 -75.1 58.3 
3.50 -60.3 -74.3 -77.1 81.9 

4.00 -36.0 -58.2 -77.9 101. 
4.50 -10.3 -45.7 -93.1 117. 
5.00 132. 

saturation -3.97 -45.5 -103. 150. 
(4.685) (4.611) (4.634) (5.456) 



Table 34. Observed heats of solution of rare earth nitrate hydrates In water at 
25° C 

ng X 10^ X 10^ "^sol (c&l) L" Mean L* 

LAFNOGJ^'SHGO 

NDFNOGJG.&HGO 

Gd(NÔ )2 * ôHgO 

HOFNOGIG'ÔHGO 

ERTNO^IG'ÔHGO 

LU(NO^)2 * 5H2O 

9.843 3.307 4.601 -4465 -4462 t 6 
13.732* 5.117 6.653 -4470 
12.032 3.658 5.629 -4450 
13.485* 5.327 6.550 -4463 

10.638 3.439 4.468 -3988 -3991 t 3 
11.630 3.594 4.901 -3994 

15.048 4.092 -3017 ± 5 
13.774* 5.662 4.714 -3017 
13.048 3.808 4.257 -3025 
15.728* 5.654 5.358 -3010 

11.614 3.592 -1026 ± 1 
13.816* 5.315 1.956 -1026 
11.683 3.605 1.464 -1028 
10.084* 4.920 1.411 -1025 

14.021 3.947 1.120 -557 -558 ± 3 
15.745* 5.751 1.534 -562 
16.670 4.307 1.368 -560 
15.029* 5.938 1.477 -553 

10.143 3.357 2786 
13.723* 5.149 -3.315 2786 
10.739 3.455 -2 .762 2786 

diluted into the final molality of the immediately preceding 



Table 35- Observed heats of solution of rare earth perchlorate hydrates in 
water at 25° C 

n. 

LAFCLO^JG-SHGO 

ND(C102|)3-8H20 

GDFCLO^J^'SHGO 

ER(C102^)3-8H20 

, X 10^ X 10^ -9sol.(cal) L" Mean L* 

5.125 2.386 4.769 9450 9423 T 18 
6.089* 3.529 5.592 9432 
5.165 2.396 4.782 9403 
5.503* 3.444 5.041 9407 

5.451 2.462 5.072 9453 9430 ± 19 
8.178* 3.893 7.511 9445 
8.062 2.992 7.449 9414 
4.655* 3.758 4.252 9407 

7.599 2,905 7.651 10240 10270 t 16 
3.161* 3.457 3.168 10283 
5.738 2.526 5.816 10288 
6.610* 3.705 6.615 10267 

3.306 1.915 4.408 13453 13427 t 26 
1.881 1.445 2.503 13401 

*Sample was diluted into the final molality of the immediately preceding sample. 



Table 36. Enthalpies of solution of some rare earth nitrate and perchlorate 
hydrates at 25® C for the process described by Equation 7.39 

TASC 

Hydrate (cal/mole) X 

LafNOgj^'&HGO 6314 6.046 

NDTNOJÏ^.&HGO 6077 6.115 

GDFNOGÏG'ÔHGO 5634 6.616 

Ho(NO^)2'ÔHgO 5542 5.042 

Er(NO^)2•ÔHg 0 5767 4.174 

4539 3.173 

LafClO^jg.&HgO -2154 3.586 

NDFCLO^ÏG.&HGO -2883 3.848 

GDFCLO^JG .SHgO -3298 4.038 

ER(C104)3-8H20 -5851 3.997 
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VIII. DISCUSSION AND SUMMARY 

When the data for aqueous solutions of 

NdfNOg)^, Gd(NOg)g, HofNOg)^, ErfNO^)], and Lu(NOg)g were 

extrapolated to infinite dilution using a linear extrapo

lation function, the average of the experimentally 

determined l.nniting slopes for these salts was within 6 

percent of the theoretical value. Following general prac

tice in such cases, the data were forced to the theoretical 

value at infinite dilution in order to eliminate small errors 

in the calculated relative apparent molal heat contents due 

to uncertainties in the extrapolation. 

A second order extrapolation function was required to 

represent the data of the rare earth perchlorates studied 

in this work. The Pj_ data of Gd(0104)3, ErfClO^)^, and 

Lu(0104)3 extrapolated to within an average of about 5 per

cent of the predicted value. The data of 1^(0104)3 and 

Nd(0104)3 failed to approach the Debye-Hiickel limiting law 

value of 6925. Inclusion of the distance of closest 

approach of the ions, a°, taken from the conductance data 

of Spedding and Jaffe (70), yielded limiting slopes which 

did approach the theoretical limit within experimental 

error. The aP parameters of the rare earth perchlorates are 

from 20 to 60 percent larger than those of the corresponding 

nitrates. The effect of this parameter should therefore be 

expected to be more pronounced for the perchlorates than 
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for the nitrates. Figure 10 shows a comparison of the 

experimental curves of La(NO^)g and La(ClO^)^ in the 

dilute concentration range with calculated curves using 

the Debye-Huckel theory. The dashed curves are the 

theoretical curves including the a° term and are, seen to 

approach the Debye-Huckel limiting law curve, given by the 

dotted line, as infinite dilution is approached. The 

dashed curves indicate that deviations from the Debye-Huckel 

limiting law expression may be expected to occur at lower 

concentrations as the distance of closest approach increases. 

The /r values for the very dilute concentration range 

of the percijlor^i-Gr. v;ero calm lated using equations which 

were obtained by forcing the data to the predicted value 

of 6925 at infinite dilution. The comparison of the 0i, 

values calculated by this metîiu;i for T.",(C]O/i,) ̂  with those 

determined by Nutter (72), given in Figures 8 and 9, shows 

good agreement. 

The 0j_^ curves for the rare earth nitrates and 

perchlorates studied in this work are presented in Figures 

11 and 12, respectively. Interpretation of these curves is 

facilitated by considering three concentration regions: 

(1.) 0 < <0.4 

(2. ) 0.4 < mV2 < 1.2 

(3.) 1.2 < ML/2 
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As previously noted the 0i, behavior in region (1.) is 

determined primarily by the influence of the a° parameter 

for both the nitrates and perchlorates. 

The second region is marked by a decrease in the slope 

of the 01^ versus m^/^ curves with a downturn occurring for 

the light rare earth nitrates. The extent of this effect 

for the nitrates can be correlated with the observed trend 

in the rare earth mononitrate complex stability constants 

across the series (75, 76). The extent of complexation 

increases from La to Eu and then decreases rapidly to Lu. 

This same trend in the degree of complexation across the 

series has been cited by Onlien (12) in explaining his 

apparent molar volume datf. on the rare earth nitrates. 

By assuming that the heat of formation of the 

mononitrate complex is the same across the series it is 

possible to estimate the effects of the variation of the 

stability constaits of these complexes on the measured 0^ 

2+ 
values. The heat of formation of EUNO3 has been deter

mined by Choppin and Strazik (76) to be -0.57 kcal./mole. 

Applying this value to Nd(N02)^ solutions in the region of 

the observed downturn in indicates that the dissociation 

of the mononitrate complex upon dilution could cause the 0-^ 

values to be lowered by an average of as much as 55 percent 

between O.5 and 1.0 molal. The effect on for ErtNO^)^ 

solutions accompanying the dissolution of the corresponding 
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2+ 
ErNOg complex, assuming the same heat of formation of the 

mono complex, would only be about 15 percent over the same 

concentration range due to the lower degree of complexation 

exhibited by the heavier rare earth nitrates. 

The equilibrium between mono- and di-nitrate complexes 

is shifted toward the latter as the concentration increases 

above 1.0 molal. Abrahamer and Marcus (77) have studied 

the rare earth nitrate complexes of Nd, Ho, and Er using 

density, molar absorptivity, and NMR measurements. They 

conclude from their results that the nitrates form mainly 

inner-sphere complexes with some outer-sphere complexation 

also occurring. The dissociation of inner-sphere complexes 

upon dilution would be expected to be exothermic and would 

thus tend to increase This could account for at least 

part of the observed Increase in above 1.0 molal. 

Dehydration of the ions with increasing concentration 

also becomes Important above 1.0 molal. This would also 

lead to higher values of since energy is released when 

the hydration requirements of an ion are fulfilled upon 

dilution. 

The curves in Figure 12 for the rare earth 

perchlorates also show a marked decrease in slope between 

0.04 and 1.0 molal. Although the perchlorates are not 

considered to form complexes as in the case of the nitrates, 

it is not unreasonable to assume that ion pair formation 
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may occur. Throughout this thesis the term ion pair shall 

refer to an outer sphere type complex with at least one 

water molecule separating the two ions. Evidence for the 

existence of CeClO^^ has been reported from absorption 

spectra studies by Heidt and Berestecki (78) and by 

Sutcliffe and Weber (79). Ion pair formation between ferric 

ion and perchlorate ion has also been postulated by Sutton 

(80). Additional evidence for the existence of perchlorate 

complexes appears in the literature (81, 82). Dissociation 

of ion pairs upon dilution of a solution could account for 

part of the decreased slope in thly region. 

The increase in above 1.0 molal is most likely due 

to hydration effects. This argument is supported by the 

excess entropy data to be discussed later. 

Values of 0-^ at selected concentrations are plotted 

across the series for the perchlorates and compared with 

similar values for the chlorides, obtained by Pepple (10), 

in Figure 13. The same trend in is present across the 

series although it is less pronounced for the perchlorates. 

The value of at lower concentrations is seen to decrease 

from La to Nd and from approximately Tb to Lu. The 0%, 

values increase with increasing atomic number of the rare 

earth between Nd and Tb. This behavior has been interpreted 

(10) as being evidence of a change in the primary hydration 

coordination of the rare earth ions across the series. The 
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rare earth Ions La^"^ to are pictured as having a 

hydration coordination of nine while those between and 

Lu^^ have a hydration coordination of eight. An equilibrium 

between both forms is said to exist between Nd^"^ and Tb^^. 

There is a large amount of experimental evidence supporting 

the hydration change described above (5,6,8,9,83,84,85,86, 

87,88,89). The data are explained on the basis of a 

hydration change occurring between Nd and Tb using the 

following argument. The charge density of a rare earth ion 

increases from La to Lu. As the charge density of an ion 

increases the effective hydrated radius of the ion increases 

since more water molecules are affected by the field of the 

ion. Since is inversely proportional to the size of the 

ion (hydrated), one would expect to decrease across the 

series from La to Lu. The expected behavior is observed 

from La to Nd and from Tb to Lu, but between Nd and Tb the 

value of increases. The increase in over this region 

indicates that the hydrated ion is becoming smaller from 

Nd to Tb. A shift to lower hydration coordination over 

this region would explain this behavior. 

An analogous trend in the 0]^ data for the rare earth 

nitrates across the series appears to exist in dilute 

solutions, but the effects of complexatlon quickly mask any 

evidence for a hydration change in the data above 1.0 molal. 

This Is shown in Figure l4. Recent partial molal volume 
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data obtained by Cullen (12) give further support to the 

contention that a hydration change occurs for the rare earth 

nitrates and perchlorates. 

The relative partial molal heat contents of the solute 

and solvent were calculated from empirical least squares 

fits of the data, as previously described, and are 

plotted in Figures 15 through l8 for the nitrates and 

perchlorates studied in this research. 

The Lg curves closely resemble the corresponding 0-^ 

curves over most of the experimental concentration range. 

The curves all exhibit a gradual decrease from zero 

concentration to 1.2 molal followed by a much faster rate 

of decrease above this concentration. This behavior was 

also found in the case of the rare earth chlorides (3, 10). 

Partial molal excess entropies of the solute and 

solvent were calculated as described in the previous section. 

The curves obtained for TfSg - Sg) and TfS^ - S^), respec

tively, are shown in Figures 19 and 20 for Nd(ClO^)^, 

Gd(C10^)g, and Lu(ClO^)^. These curves are quite different 

from those obtained for the rare earth chlorides (3, 10) 

and for Er(NOg)^. 

Once again the curves will be discussed in terms of 

their behavior in three concentration regions. The first 

region extends from zero concentration to 0.2 molal. In 

this region T(- S^) decreases and TfSg - S^) increases 
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with increasing concentration. This behavior is generally 

attributed to the polarization eïl'ect of the ions on bhe 

water molecules. 

Between 0.2 molal and approximately 3 molal the entropy 

behavior is reversed as the excess entropy of the solvent 

increases and that of the solute decreases. The initial 

increase in the entropy of the solvent above 0.2 molal may 

reflect the "structure breaking" effect of the large per-

chlorate ions. One possible explanation for the continued 

increase In the entropy of the solvent, and decrease in the 

entropy of the solute, as the concentration increases above 

about 1.0 molal may be visualized by considering a competitive 

interaction of rare earth ion and perchlorate ion for water 

molecules. In dilute solution the rare earth ion would be 

the dominant species, binding water molecules much more 

effectively than the perchlorate ions. As the concentration 

increased, however, the perchlorate ions would tie up a 

larger percentage of the available water molecules since 

the perchlorate ion concentration increases three times as 

fast as the rare earth ion concentration. Due to this 

competition for water, an exchange rate may be set up which 

would have the overall effect of reducing the time average 

binding force on a given water molecule. This would result 

in an increase in the excess entropy of the solvent by 

restoring some degrees of freedom to the water molecules 



152 

participating in this exchange process. Such a competition 

between a rare earth ion and a perchlorate ion for water 

might also Inad to the formation of ion pairs which would 

be accompanied by a decrease in TfSg - S2). 

At approximately 3 molal hydration effects become very 

important. Assuming that each perchlorate ion requires 3 or 

4 water molecules to satisfy its hydration demands and that 

a rare earth ion needs 8 or 9 water molecules to fulfill its 

hydration requirements, the ions would be deficient in water 

of hydration at approximately 3 molal. The minima in the 

curves shown in Figure 19 occur at this concentration. Above 

3 molal the deficiency of water would cause the ions to bind 

the available water molecules more firmly, thus resulting 

in a decrease in the excess entropy of the solvent as shown 

in Figure 20. As the competition for water Increases some 

of the perchlorate and rare earth ions will be forced to 

share water to fulfill their hydration needs. Thic could 

result in the formation of more than one type of hydrated 

rare earth perchlorate species in solution. Proton relaxa

tion data on Gd(ClO^)^ solutions (90) have led to the 

conclusion that both 8 and 9 are acceptable hydration 

coordination numbers and that both hydration forms may 

"contribute significantly to the solution hydrate structure". 

Dehydration of some of the rare earth ions to form a mixture 

of these two hydration forms would increase the excess 
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entropy of the solute. The extent of this effect would be 

expected to vary across the series due to the increasing 

field intensity about the rare earth ions as one goes from 

Nd to Lu. This behavior is exhibited by the curves in 

Figures 19 and 20. 

Evidence for the interaction of perchlorate ion with 

water appears in the literature as stated earlier. The 

hydrolysis of Pe^"*" in the presence of ClO^ decreased with 

increasing perchlorate ion concentration suggesting a 

competition between these two ions for water (9l). The 

spectral work of Sutton (80) has been interpreted as being 

evidence for the formation of an ion pair between Pe-^ and 

ClO^. Supporting evidence for an interaction of ClO^ with 

H2O has also been reported by Dryjanski and Kecki (92). 

These workers carried out an I.R. spectral study of EDO 

containing Li, Na, Mg, and Ba perchlorates at various con

centrations. Their results suggested that the perchlorate 

ions were bound to water molecules which had their hydrogen 

bonds with surrounding water molecules seriously weakened 

or broken. The formation of contact Ion pairs was also 

suggested as well as the existence of various hydrated 

forms in solution. The existence of four stable solid 

phases at 20° C has been shown by the solubility study of 

the Ce(C104)3-HC10^-H20 system carried out by Zinov'ev and 

Shchlrova (62). Two of the hydrates found were 
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Ce(0104)3-9^120 a-.! OptClC^jg-uHgO. 
/— —O. 

The downti.irnii in the T(S]^ - Sj) curves for NaOH and 

HCl solutions have been attributed to the interaction of the 

solute with the water molecules (93). 

The preceding arguments are, of course, speculative, 

but it is clear that the perchlorate ion does interact with 

water to some extent. A recent paper by Bond (82) points 

out the fact that use of perchlorate ion as an essentially 

inert ion to adjust the ionic strength in studies of 

stability constants is not always the best choice for a 

given system. 

The relative partial molal excess entropies of the 

solute and solvent in erbium nitrate solutions are shown in 

Figures 21 and 22, respectively. The initial rise in the 

T{S2 - S^) curve in Figure 21 can be interpreted, using 

the Debye-Huckel theory, as due to a lessening of the 

polarizing effect of the ion on primary hydration sphere 

water caused by the influence of the oppositely charged ion 

cloud. The slower rate of increase following this initial 

rise can be explained, at least in part by the formation of 

outer-sphere complexes. As the concentration increases 

further the inner-sphere complexes become more favorable. 

The formation of this latter type of complex results in the 

freeing of bound water from the first hydration sphere of 

the Ion Into the solution. This freeing of bound water 
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essentially "dilutes" the solute with an attendant increase 

in the excess entropy of the solute. This argument has been 

used by Walters (11) to explain the Cp^ data for the rare 

earth nitrates. 

The integral heat of solution at infinite dilution, 

or relative molar heat content, L , is plotted versus rare 

earth ion in Figures 23 and 24 for the rare earth nitrate 

and perchlorate hydrates studied in this work. The experi

mental values are listed in Tables 3^ and 35. 

The equilibrium existing between water and a hydrated 

crystal of a rare earth salt in a saturated solution can be 

described by Equations 8.1 and 8.2, where R represents the 

rare earth, A represents the anion, 

RAg-n + X = RA^fsat.) (8.1) 

= TASg = ^j^( sat. ) - L (8.2) 

and n is the number of moles of water in one mole of the 

hydrated crystals. Equation 8.2 represents the entropy 

change associated with the addition of X moles of water to 

one mole of hydrated crystal to form one mole of saturated 

solution. This entropy change is described in terms of the 

relative partial molal excess entropies of the individual 

components by Equation 8.3. 
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. T(S;, - + "T(S^ - • 

+ XT(Si ) - T(s'-s^-nsj) (8.3) 

Values of TAS^ and X are listed in Table 36. Values of 

T(S2 - ̂ )(sat.) T(S2 - listed In Tables 

33 and 32, respectively. 

In summary, the heats of dilution of aqueous LaXNO^)^, 

NdtNO^)^, GdtNOj)^, Ho(NO ErfNO^j^, LufNO^jg, 

LafClO^jg, NdfClO^)], GdfClO^)^, ErfClO^)^, and LufClO^)^ 

solutions were measured over the concentration range of 

infinite dilution to saturation at 25° C. The integral 

heats of solution of La(N02)Nd(N0^)2'6H20, 

GDFNOGJG'SHGO, HOFNOGIO'&HGO, ERFNOGJG.ÔHGO, LUFNOGJ^-SHGO, 

LafClO^io'SHgO, NdfClO^lg.SHcO, CdfClO^jc-SHgO, and 

Er(C10^)2'8H20 in water at 25° C. were also measured. 

Empirical polynomial equations, obtained by a least 

squares treatment of the heat of dilution data using an 

IBM 360 computer, were used to express the relative apparent 

molal heat contents as functions of m^/^ and m^/^. The 

relative partial molal heat contents of the solute, Lg, and 

of the solvent, L^, were calculated from the empirical 

equations. The relative partial molal entropies of dilu

tion of the solute, (S2 - ̂ ), and of the solvent, 

(S^ - Sj), were determined for solutions of ErtNO^)^, 
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NdfClO^)^, 66(0104)3, and Lu(0104)3 using the Lg and Lj 

values and the available activity coefficient data for these 

electrolytes. Values of Lg, Lj, TfSg - Sg), and T(S]l - S^) 

were calculated at selected concentrations. 

The datr. indicate that these six rare earth nitrates 

and five rare earth perchlorates approach the Debye-Huckel 

limiting law in aqueous solution in the concentration range 

0.001 to 0.007 molal. The 0i^ data for the rare earth 

perchlorate solutions can be explained in terms of two series 

within the rare earths. The two series effect is attributed 

to a decrease in the coordination number of the rare earths 

occurring somewhere between Nd and Tb. The partial molal 

entropy data are interpreted in terms of a competitive 

interaction of perchlorate and rare earth ions for water. 

The 01^ data of the rare earth nitrates can be correlated 

with the trend in the stability constants of the rare earth 

mononitrate complexes. 
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Figure 10. Comparison of the relative apparent molal 
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experimentally (solid curves) and as calculated 
from the Debye-Hiickel theory including the a° 
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of 01 versus 
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