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I. INTRODUCTION

Modern physical and chemical theories indicate that a
chemicel element or compound is fully defined only when its
thermodynamic, structural, spectroscopic, and nuclear proper-
tles are known. An experimenter making & systemetie study of
such a physical or chemical property for a group of elements
or compounds is usually confronted with numerous variables
beyond hls control. Simultaneous variastlons in oxidation
states, bond angles, interatomic and interionic distances,
and so forth, serve only to complicate or even make impossible
an intelligent interpretation of experimental data., In the
case of the rare earth group these simultaneous variations are
at & minimum. The chemical properties of the fifteen elements
comprising the group are similer; the usual velence state is
three; and bond angles change only slightly in a series of
compounds., The increase 1n atomic number 1s provided for by
the filling in of the 4f shell which mekes up part of the
central core of the atom. The energles released in ordinery
chemical reactions are usually insufficlent to influence
these inner electrons and, therefore, they play only a minor
role in determining the chemlcal properties of the rare earths,

The increase in nuclear charge throughout the rare earth
series tends to draw the slectron shells closer to the nucleus

thereby causing e regular decrease in atomic and lonic radil



as the serles 1s traversed from lanthanum to lutetium, In
the case of the lons the decrease in lonle radil results in
an increase in surface charge density since the 1lonic charge
remains the same., Thus, one can study the effect of iloniec
8ize while the valency; bond eangles, crystal structure, and
8o forth, do not change or vary only slightly. This unique
series should serve as a check point for theories of solution
and atomic and molecular structure.

Untll relatively recently the rare earths were not
availlable in large amounts for extensive experimental work
on their properties and much of the earlier work was done
with impure materlals. Now that the rare earths are availadble
in the oxlide and metallic forms in high purity and in large
quantities (1, 2, 3, 4, 5, 6), the research can be done.

The purpose of thls thesls 1s to extend the knowledge
of the thermodynamic properties of the rare earths as part
of a planned program underway at the Institute for Atomie
Research at Iowa State College. The work presented here is
concerned with calorimetric measurements of the heat changes
accompanying the solution of sone rare earth metals and
chlorides and the thermodynamic quantities derivable therefrom.

It may be sald that the ultimate goal of thermochemiecal
investigations 1s to tabulate the free energles, heats, and
entroplies of formation of all chemical compounds., The free
energy change of a process is of utmost importance from the

standpolnt of the chemist, not only because it is the true



measure of the direction of the reaction, but also because it
is thermodynamically related to the egquilibrium constant and
the reversible e.m.f. of the given reaction. At ordinsry
‘temperatures the most important conpribution to the free energy
of formation of most substances is the heat of formation. In
many instances the heat of formation of a compound can be
conveniently determined from heat of solution data by proper
appllcation of Hess's law of constant heat summation. Then,
1f the entropy of formation 1s known or can be estimated, it
1s a simple matter to calculate the free energy of formation,

The crystal energy of an ionic salt such as a rare earth
chloride is defined to be equal to the energy per mole |
required to separate the ions in the solld lattlce to gaseous
ions an infinite distance apart. When such a salt dissolves
in water, the crystal lattice is destroyed and the ions are
separated and hydrated. Therefore, differences in the heats
of solution at infinite dllution in a szserles of rare earth
trichlorides represent the differences in lattice and hydra-
tion energles; thus, such data can be used as part of a
Born-Haber thermochemical cycle 1ln evaluating other heat
quant;ties.

A change in crystal structure occurring in a series of
salts should manifest itself in a corresponding change in
thermodynamic properties. Slimilarly, when a crystalline

substance can exist in more than one crystal syatem the



thermodynamic properties should differ. Accurate thermo-~
chemical dats would be an invaluaeble 8id in a study of the
effects of crystal geometry on physical-chemical properties,

A knowledge of integral heats of solution as a function
of concentration would permlt calculation of integral hests
of dllutlon in the same concentration range. Since heats
of dilution are thermodynamically related to relative partial
molar heat contents, these quentities can also be evaluated.
In addition, the relative partial molar heat contents are
used 1in expressing the temperature dependence of the
activity coefficlient.

The only extensive work done in the past on the measure-~
ment of the quantities presented in this thesis has been that
of Bommer and Hohmann (7, 8). Recent measurements by
Spedding and Miller (9, 10) and Lohr and Cunningham (11)
indicate significant differences from values reported by
Bommer and Hohmann. It,therefore, seemed advisable to extend

the work to other members of the rare earth series.



IXI. GENERAL THERMODYNAMIC THEORY

Thermochemistry is essentially a branch of thermo-
dynamics based on the first law,. Acccrding to the first law,
there exlsts a property of every thermodyhamic systenm called
its energy,‘g,'which 1s slways conserved in an isolated system
in every process. The energy may be in the form of thermal,
mechanlcal, potential, or radiant energy, and, although 1t
may be converted from one form to another, it cannot be
created nor destroyed. Whenever & quantity of energy of one
kind 15 produced, an exactly equivalent amount of another
kind 1s consumed.

If a system initially has energy equal to El end after

a change in energy hes an energy Eo, the change in energy
is defined by

II"lo AE - Ez - El .

If the energy of the system 1s lnecreased by the addition of
a quantity of heat, g, and some of the ﬁeat is expended by
the system in dolng work, w, in one form or another, the
final increase 1n energy of the system is glven by the

equation
I1-2. AE =2 q - w

which 13 a mathematical expression of the firest law., The



energy change, AE, 1s positive when the internal energy of
the system 1ncraases;lg is positive when the system absorbs
heat and W 1s positive when work is done by the system. The
heat and work terms, q and w, differ from the change in
energy content in one important regard. The quantity, AE,
for a given change has a definite wvalue depending only on
the initial and final states of the system and is independent
of the path taken from the initial to the final state. On the
other hand, the values of the heat and work terms vary with
the path followed by the system. This is true becausa‘g and
¥ are not defined to be thermodynamic properties of the
system but only represent different ways in which energy can
snter or leave the syatem.

If the work done by the system 1s only work of expansion
ococurring at a constant pressure, P, then w = P AV, where AV

represents the change in volume. The first law can be

rewritten as

II=3. AB = q - PAV
or
I1-4. q = AE +«+ PAV

The thermodynamic heat content function, E, is defined
as
II-5. HSE + PV
and, like the energy content, is independent of path. This

1s true since both P and V as well as E are propertles of the



state of the system. Since the energy change AE is equal
to Eg - Ej and the volume change, AV, is equal to Vg - V;,

Equation II-4 can be written at constant pressure as
II-6. q = (Eg + PVp) - (E1 # PVy) .

Utilizing the definition of H, Equation II-6 becomes
II-7. qQ =H ~-H = AH

where AE represents the change in heat eontent of the system
and q 1s the observed calorimetrlc heat of the reaction or
process, Thus, for a reactlion at constant pressure, the
measured increase in heat content is equal to the heat of
reaction. In Equation II-7 the sign of‘g is the same as that
of AH. The conventlon among thermochemists 1s to regard heat
absorbed by a system as & negative quantity and heat evolved
as a positive quantity. For the thermodynamic development
to follow,the convention represented by Equations II-2 and
II-7 will be maintained but the thermochemical convention will
be used in the presentation of experimental results,

The heat of a chemical reaction is equal to the differ-
ence between the total heat content of the products and that

of the reactants at constant temperature and pressure, Thus
I1-8. q= AH = Ziﬁi - ZjHJ

represents the heat change when J] reactant molecules react



to form 1 product molecules.

The effect of temperature on the heat of reaction at
constant pressure can be derived by differentiating Equation
II-8 with respect to temperature at constant pressure,

II-9. Jganz dHy) - J B .
[ P (“'1)? Z(-ﬁ‘l)l;

The tern, (i%%)r, is the rate of change of heat content with
temperature at constant pressure and is called the heat
capacity and denoted by the syMbol,‘Eg. Equation II-9 ean
therefore be rewritten as

I1-10. [0( AH] Zicpi - chPJ ACP

AT
where >, Cpq and ;E:CPJ are the total heat capacities of the

products and reactants, respectively, and ACp is the increase

in heat capacity accompanying the reaction. To determine the .
heat of reactlon at one temperature 1f that at another temper-
ature is known, Equation II-10 rust be integrated. To perform
the integration indicated, the heat capacitlies should be known
as a function of temperature 1f the integration interval 1is
large. A mean value °f.£i92 is usually taken if the tempera-
ture interval is small.

The second law of thermodynamics introduces the concept
of the entropy function, S. The differential change in
entropy for a system 1s quantitatively equal to the differ-
ential heat taken up reversibly by the system divided by the



absolute temperature at which the process takes place. A
reversible process 1s one which 1s carried out in such a
manner that the system at all times differs only infinitesi-
mally from the equillbrium condition, For example, the
entropy of a substance at a particular temperature cean be
evaluated from molar heat capaclty data since the heat
capacity 1s such a reversible heat effect. Thus, at a temper-

ature, T, the entropy 1s given by the integral

T
II-11, Sp = 8¢ + Cp 4T
T
L+

where the integratlion constant, 22, is the value of the
entropy at the absolute zero of temperature. According to
the so-called third law of thermodynamics, the value of the
integration constant 1s zero for pure erystalline substances.
The entropy change of a chemical reaction is equal to the
difference between the total entropy of the products and that
of the reactents. Reaction entroples mey be calculated from
heat capacity data on the products and reactants as indicated
above. If the reasction under consideration can be harnessed
in a reversible galvanlc cell the reaction entropy can be
obtained from the temperature coefficient of the generated
e.m.f« by means of the relation

II-12. AS = n ? f-1
ar
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where n 1s the number of electrons involved in the reaction
and 3? the value of the faraday. In addition, if the
equilibrium constant for the given reaction i1s known as a
function of temperature, the standard entropy change is given
by

I1-15. AS = RT -‘%g-g - R1nK

where K is the equllibrlium constant end R the gas constant.

The true measure of the direction of a chemical reaction
1s determined by the free energy change of the reaction. At
congtant temperature and pressure the chemical reaction will
proceed spontaneously if the free energy change 1s negative;
1f positive, work must be expended to effect the reaction.

The free energy funetion, F, 1s defined as
I1-14. FPzH-TS

where H is the heat content, 8 the entropy, and T the
absolute temperature, The free ensrgy, like the heat content,
is a thermodynamic property of the system and its value
depends only on the state of the system and not on the path
followed by the system in reaching its final state., For a

macroscoplc change, at constent temperature and pressure, the

equation
II-15. AP =2 AH - TAS

glves the change 1in free energy for the proceass, If the
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heat and entropy changes for a reactlon are known, the free
energy change may be calculated from Equation II-15. Alterna-
tively, 1f the equilibrium constant for the reaction 1s known,
or if the reaction can be made to produce current in a revera~
ible galvanic cell, the free energy change can be calculated
from the relationships

II-16. AF = - RT1nkK
or
I1-17. AF = - n7JE

where the symbols have the significance aforementioned.

In dealing with the heat effects in systems of wvariable
composition 1t becomes necessary to define a new funection
called the partial molar heat content. In general, the
change in heat content for such a system 1s given by the
total differentisl |

11-18. 4QAH = (.é.§> ar + (_j.ﬁ) ap + (.:L-LE.‘) ang .
+T/p x Ph,x =

At constant temperature and pressure this becomes

11-19. aB = (ZE\ an; = Hydny
dng
P,T,nd
where ny is the number of moles of component i and.al the
number of moles of all other components except the 1-th one

consldered in the differentiation., The term Hy is the rate
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of change of the heat content of the system with respect to

a change 1n the moles of component 1 at constant preasure,
temperature, and.gl and 1s called the partial molar heat
content of the 1-th component. In the case of the binary
systems considered in this thesis, the change in heat content

ia
1I-20. dH = Hydn; + Hpdng

where nj 1s the moles of solvent and np the moles of solute.

————

General integration of Equatlion II-20 gives
II-21. H = nyH; + ngly

as the total heat content of the syatem at constant tempera-
ture and pressure. Since 1t 1s not yet possible to determine
heat contents in an absolute sense, values rmist be considered
relative to a reference state, For the solvent the reference
and standard states are identical, viz., pure liquid at one
atmosphere pressure; for the solute the reference state is
the infinitely dilute solution at one atmosphere pressure,
Designeting the values of the partial molar heat contents in
the reference states as ?ii and E,°, the relative partial

molar heat contents become

- - O

for the solvent, and
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—— — - o
II-23., I2 - Hz - H2
for the solute. Combinling Equations II-22 and II-23 with
Equation II-21,

I1I-24. H - (nl'ﬁlo + nzigo) - nl-ﬂl + n2.£2 .

—o L d
Since the quantlty njH; + n232° is the reference value for

the total heat content of the aystem, the left-hand side

represents the total relative heat content, L, that is,
II-25. L 2 nyly - ngly

Partial molar thermal properties are most often
evalusted from experimental heats of solution and dilution,
When one chemical substance dissolves in another, as a
erystalline salt in water, the change in heat content 1s

given by
1I-26. AH = H -~ (n1Hy + npEy)

where H 1s the heat content of the solution and‘El and Hy
are the molar heat contents of the pure solvent and soi;;e.
The value of AH divided by.f@ so as to give the value per
mole of solute 1s called the integral heat of solution. In
general, as the r‘t1°,2;£§§ increases, the molar value of
_AH approaches a limit called the integral heat of solution
at infinite dilution. This quantity is a property of the

particular solute and solvent at a specified temperature
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and pressure. The integral heat of dilution 1s the change

in heat content per mole of solute when a solution is diluted
from one concentration to another and is equal to the differ-
ence tetween the integral heats of solution in the initlsl
and final states, The differential heat of solution is
obtained by differentiating Equation II-26 with respect to

ny while the temperature, pressure, and‘gi are malntained

constant, Hence,

I1-27. [:-E-(i-A--Hl] - (.ﬁ_i.;) -H .

o ng
T,P’nl T’P,nl

By definition, the first term on the right 1s the partial

molar property, Eé, and therefore

11-28. [Jmnz] z Hy - Hy .

°(n2 T,P,nl

The quantity, Hy - Hp, 1s the differential heat of solution

of the solute and represents the lncrease in heat content

per mole of solute when it 1s dissolved in a large volume of
solution so that there is no appreclable change in concentra-
tion. 1If the term,.ﬁzo, is added and subtracted from Equation

II-28, the corresponding relatlive property 1s obtained, that

is,

- - © —
1I-29. 'ﬁg-Hzamg-Hz)-(Hz-Heo)
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or

II-30. | By ~Hy =Ly = Ly ,

where 12 1s the relative partial molar heat content of the

solute in the solutlon and L, the differential heat of
solution at infinite dilutiz;.

Apparent molar propertles, although having no thermo-
dynamic signiflcance of their own, are useful in evaluating
partial molar propertlies since they are more closely related
to actual experiment (12)., In the case of the heat content,

the apperent property, fy, is defined as

- -0
11-31. R L W
B2

at constant temperature and pressure and is understood to
refer to the solute. In the reference state of infinite

dilution Equation II-21 becomes

1I-32. B = nyF, 4 nghg’

or, in terms of the apparent heat content
11-33. E = ;" + npfg’
showing that

II-34. | gy = .

In terms of the relative apparent property,
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I1-35, Lz H-E 3n5° + ngfy - ny5;° - ngf®
)
» ng{fy - g ) = nofy,
where f; is the relative apparent molar heat content, From
this relatlon it is seen that ¢L is equal in magnitude dbut

opposite in sign to the heat of dilution to infinite dilution.

The relation can be restated as

I1-36. L = nyLy + nplo = npfy

The evaluation of the partlal molar property is
1llustrated by differentiation of Equation II-36 with respect

to np at constant temperature, pressure, and nj so that

1I-37. (—f%z-) = Lo = fp +ng ;i%) .

T,P,n
! ’ l T,P,nl

Therefore, from a plot of ”L versus np one cen determine the

glope dﬁ;{dnz and thereby the value or'ié et a given cencen-

tration. If this value of Lo is substituted in Equation

I1I-36 one obtains

2
I1-38. I, z-= _;-é_ﬁ}.‘_.)
n \dne/, P,ny
L

so that the relative partial molar heat content of both
components can be determined from the same datsa,

The apparent molar heat content 1s useful also in
dealing with preactions in solutlion where it is necessary to

consider the complete heat content contribution of each
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dissolved substance, If Equation II-26 is combined with
Equation II-31 it is seen that

1I-39, $y = AE + npHp
ng

where Eg is the molar heat content of the solute, viz., its
heat of formation, and AH its heat of solution.

A simultaneous extension of the Debye-Huckel interionic
attraction theory by Adams (13) and Bjerrum (14) predicts the
heet of dilution of very dilute solutions of strong electro-~
lytes. Bjerrum showed that the sign of the 1limiting heat of
dilution depends upon the dielectric properties of the solvent,
and that all salts dissolved in dilute aqueous solutions
should liberate heat on infinite dilution. The amount of
heat depends upon the properties of the solvent and the
valence type of the salt. Scatchard (15) pointed out that
the heat of dilutlon at constent pressure also involves the
thermal expansibility of the solvent. He showed that the
limiting law at low concentrations for the electrical contri-
bution to the relative apparent molal heat content of a
strong electrolyte ls

3/1'
, o 2 )
II1-40. fiy = - 4|1 +430D 4, 1 (¢ (ZV1=1 ) ¢ .
41lnT 3 D3/z_ T'TL

In this equation, A = ( HQEGZ1OOO k) , N is Avogadro's

number, € the charge of the electron, k is Boltzmann's

constant, D 1s the dlelectric constant of the solvent, T the
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absolute tempersature, ot the coefficlient of thermal expansi-
bllity of the solvent, Ui the number of lons of the i-th
kind, vith oharge 24, and C 1s the molarity. The term,
(Zuizig) » 18 the valence factor.
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III. THE CALORIMETRIC METHOD

A., Introduction

Heats of formation and of reactions are usually
determined by a calorimetric method., The reaction to be
investigated 1s carrled out in an spparatus of known heat
capacity, the calorimeter, so that the heat effect is
measured by the change 1in temperature during the reaction.

Two quantities are determined in all calorimetric
experiments, viz., the change 1n temperature during the
experiment and the water equivalent of the calorimeter which
is found by calibration. In addltion, it 1s essential to
know as precisely as possible what amount of substance takes
part in the reaction and to ensure that no secondary reactions
ocecur.

The heat capaclty of the calorimeter 1s determined as
its water equivalent. Theoretically this is the sum of the
heat capacities of all the constituent parts of the calorim-
eter. In practice, however, the water equivalent 1s always
determined experimentally. The water equivalent multiplied
by the change ln temperature, with appropriete corrections,
then gives directly the heat change of the reaction.

Calorimeters are of two types; isothermal and adiabatic.
In the isothermal method the outer jacket of the calorimeter

is kept at a constant temperature and the tempsrature in the



20

calorimeter vessel is observed at frequent intervals before,
during, and after the reaction. In the adlebatic method, the
temperature of the calorimeter jJjacket 1ls controlled as close
as poseible to that of the calorimeter vessel during the
reaction period so that there are no significant heat losses
due to radiation and ceonvectlion.

The design, construction, and advantages and dlsadvan-
tages of the two types of calorimeter systems have been
adequately set forth by White (16) and Swietoslawski (17).

In general, comparative rather than absolute measurements

are made in either case. The adlebatic method is used when
small heat effects are being measured or when the heat effect
18 one of long duration. Rapld reactions proceeding to
completion in less than fifteen minutes are more conveniently
run in isothermally Jacketed calorimeters. Among the best of
modern adliabatic calorimeters designed for measuring very
small heat quantities are those of Lange and his co-workers
(18, 19, 20) and of Gucker, Pickard, and Planck (21),.

The isothermally Jacketed calorimeter was used in
obtaining the data for this thesis for the following reasons:
1) it is more simple in design and construction than an
adlisbatic calorimeter of equal precision; 2) the reactions
atudied were raspld chemical processes proceeding to completion
in & few minutes; and 3) the heat effects measured were falrly

large in magnitude so that the heat leak corrections 1n
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general constituted one percent or less of the total rise in
temperature. An adiabatic calorimeter under conditions 2)
and 3) simultaneously would be difficult if not impossible to

operate satisfactorily.

B, Theory of the Isothermal Calorimeter

The following theory of the i1sothermally jJjacketed
calorimeter and the heat leak correctlons involved is that
describved by Coops, van Nes, Kentie and Dienske (22),

Jessup (23), and King and Grover (24).

If there 1ls a development of heat, 9 in the calorimeter
occurring between the times 22 and EE’ the total rise in
temperature is Oy - 99. Neglecting second order correétions

the heat developed may be split up as follows:
III-1.  W(0y - 05) = q, +Q, + Q, + Q

where Q,; represents the heat exchanged with the surroundings

and’gg the heat due to stirring; W 1s the energy equivalent

of the calorimeters; and'EE the heat added to the calorimeter
due to the passage of electrical current through the windings
of the thermometer. In the experimentsl work performed for
this thesis the stirring and thermometer current were main-
tained constant during both callibration and heat of solution
experiments, and it was assumed that their contribution to the

heating of the calorimeter was effectively cancelled by
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calibration. The effect of&2 and Q4 will therefore not be
glven further discussion. The heat exchange with the sur-
roundings,‘gg, will now be considered in detall,

The calorimeter temperature 1s assumed to consist of
two terms, The first, the heating function, depends in
general on the temperature difference between the heat source
and the calorimeter fluld, The second, the cooling function,

depends on the difference between the celorimeter and jacket

temperatures,

I11-2. ae g‘F(ea - Q) + r{e - OJ)
at

where

8y = temperature of heat source

GJ = jacket temperature

L o]
"

calorimeter temperature.

The two functions are expanded in power series:

I1I-3. F(ég - 8) = h + 'b(9s -8+ .4

I11-4. r(e - 84) = g ~ G(o - 93) PN

Higher terms are neglligible 1f proper experimental precautions
are taken, The constants h and b depend on the particular

experiment. The term, - G(® - 93)' is an expression of

Newton's Law of Cooling, the constant G being the cooling

coefficient, With good celorimeter construction Newton's Law



23

is a falr approximation to the coolling correction. The
term,‘g, 1s almost entirely dependent on the heat due to
stirring.

Assume that g, 63, and G are constant and define s

temperature, 8), such that the following relation holds:
III-5. £(e - ej) = - G(e - Ok) .

The temperatura,‘gg, is that temperature to which the calorim-
eter system would converge 1f left to itself with constant
stirring and 1s called the convergence temperature.

In an experiment the observed rise in temperature is
8y - &, Slnce there is a heat exchange with the surroundings

the true temperature rise, A8, is

III~5. Aet - (em - 90) + C

where C represents the correction.

Representing the heating function generally by
III-7. F(e, - 8) =z F(t)

and combining Equations III-2, III-5, sand III-7,

ae
11I-8, EE = F(t) - G(Q - ek) .

During the fore period of an experiment, that is, before
heat is introduced either electrically or by solution of a
sample, F(t) = O and
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40

III"Q. dt

"'G(e"'ek)o

Integration of Equation III-8 detween limits, Oi and 92' , and
t]" and té, in the fore period gives the following:

¢

92 t'
III-10. 2
ae = -G at ,
(e - oy) '
t 1

91 tl

On =
III-11. 1n -2 % - ooty -t ,
1 - &

T ' H
11I-12, 6z - & _ o "Gt2 - %) )

]
81 - &
A similar equation can be derived for the after peried.
Hence, by rearranging ,.5y°w\éb°
' 4

9 +(e - 6,) @(te'tl)

During the heating period, F(t) £ 0, and

III-15. ﬁiet ﬁ‘(t)dt - /G(O - 8, )dt .
III-16.  AS; = / F(t)at - / ¢(6 - @) dat

t;o ty



25

where t, 1s the time at which the heat was introduced and
th thQ“:img at which the calorimeter first reached a steady
::;te in the efter period. If Equation III-16 is integrated
rromﬁ2 to EE’ the first integral 1s equal to A8 and the

second integral is equal to the correction term

!
III-17. C =z éi/f’ a(e - 9, l)at .

In order to evaluate the integral in Equation III-17, & must
be known as & function of t. 1In the case of an electrical
calibration the rise in temperature is linear and can be

expressed by an equation
III~-18. e =at +b .

The slope, &, 1s

I1I-19, o sm -8
ty - to

and b can be evaluated by choosing 6 = em at t = tm H
III-20, oy = O - & ty + b,

t, - &

m = Yo
I1I-21, b = Omltm = tg) - (8 - 0)t,

tm - t,

Therefore, the linear temperature rise during calibrations

is given by
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111-22. 0z=m "% ¢ 4 %nltn - to) - (6 - 85)ty

If the value of © given in Equation I1I-22 1s put into the
integral in Equation III-17 and integration performed between

the 1limits t4 and t, one obtalns
- o + o
II1I-23., C 2-G(tm - t,) | 2m t % - o (.
2

Therefore, in an electrical calibration experiment the

corraected temperature rise is given by
III-24. 00, = (8 - 8,) - 6(ty - t,)| m ; % - o ( .

To use Equation III-24 the cooling constant, G, and the
convergence temperature, &, must be known. Both G and &,
can be evaluated from data on the fore and after perlods.

From Equation iII-Q(M
"

t
de'
48 2 . g(e - 8,)
at k
”n
40
at

-*G(G - ek) )

Therefore, if temperature versus time dats ggwtaken in the

fore and after periods, both G and 6, can be calculated from

two simultaneous equations

.  }
IIT-25. a6 - -
('&'E) TR T -,

21
and
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ao”
I1I-26, %) 8= a(eg - &) ,
e

from which
III-27. ¢ =81 - 82

8 - 9
and
III-28. o = €192 - 828,

& - &

In & heat of solution experiment the heat supplied to
the calorimeter does not give a linear temperature rise and
the mean temperature cannot be used in calculating the
correction term. In the method of Dickinson (25) used in this

thesis the integral

tm

III-17, c = G(e - 6)dt

%

i1s evaluated by choosing a time, tyx, such that

tm
III-29. gy(ty - £5) + golty - t5) = @ (6. - g, lat
or to

tm tx tm

III-30. e////(e - o )dt = é///’(e - @ )at + GL/(/(G - og)at .

to to ty
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This condition will be satisfied 1if tx i3 80 chosen that the

shaded areas in Flgure 1 are equal. That is,

tx tm
I11-31. - @ (8, - Ok)dt + G (6, - 6 )at = 0,

tO b 4

The temperature correction term 1s now given by

I11-32, C = - gylty - to) - golt, - tx)

where

g = slope of fore period

slope of after period .

€2

The time t, was evaluated by Dickinson (25) by assuming the

temperature rise to follow an exponential law of the form
ITI-33. ez1l-~-e .

From Equation III-33 the time ty may be calculated by
imposing the condition that it must produce equal areas as
originally postulated. Assume that 8y 2 0, O, = 0, and

8m = 1. For the condition of equal areas

tx o0

III-34. / (1 - e F)at = / [1 - (1 - o""‘)] at .
0

tx
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Figure 1. Typical Curve for a Heat of Solution Experiment,
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Integration and simplification of Equation III-34 gives

III-35. ty =% ,
-and, therefore,

-k
III-36. e, z1-e ¥ -o0.63.

Thus, the time observed when the temperature rise has reached
0.63 of 1ts final value can be used as the value of tys The
corrected temperature rise for a heat of solution experiment

using the method of Dickinson becomes
III"E”’O Aet - (Om - Oo) - gl(tx - to) - gz(tm - tx) »

which, according to Dickinson, lntroduces an error no greater

than 1 part in 10,000 if 0.60 1s used rather than 0.63.

C. Apparetus

The calorimeter used in this work was similar to those
bullt by Maler (26) and Southard (27). Figure 2 is a photo-
graph of the apparatus and Figure 3 a schematic dlagram,

The calorimeter vessel was a two-quart Dewar flask sealed onto
& brass flange with Aplezon-W wax. The wax seal was protected
by & layer of Scotch electrical tape. The Dewar flask was
held in place by six brass bolts through holes in the brass
plate. A second brass plate served sas a mount for dbrass

tubes which housed a stirrer shaft, breaker assembly, and
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Figure 2. Photograph of Calorimeter and Accessories,
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WATER LEVEL

Figure 3. Schematic Diagram of Calorimeter.
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cooling coll and electrlcal leads. The brass tubes were
silver szoldered to the brass plate. The two brass plates
were separated by a one-quarter inch soft rubber gasket.

The thermometer (A) was very similar to Maier's transposed
bridge type (28). It consisted of four resistances, alter-
nately manganin and nickel. Nickel was used rather than the
coprer used by Maler because of its greater temperature
coefficlent of resistivity. Such a bridge arrangement is in
balance only at one temperature. The amount of unbalance at
other temperatures was measured potentiomstricaliy with a
White double potentiometer as an indicstor of the temperature
rise of the calorimeter. The second circult of the White
double potentiometer was used to maintain s constant ecurrent
through the thermometric bridge by balanclng the drop across
a standard 10 ohm resistance against a fixed voltage setting
on the potentiometer. Each bridge arm had a resistance of
about 250 ohms and a set current of about 5 milliamperes was
maintained. The sensitivity of the thermometer was approxi-
mately 3 x 10“'4 degree per mlicrovolt under these conditions.
The e.m.f. across the thermometer was recorded to 0.1
microvolt by utllizing galvanometer deflections. A Leeds and
Northrup high-sensitivity galvanometer with a sensitivity of
C.1 microvolt per millimeter deflection was used for tempera-
ture measurements, The thermometer was wound with No. 38 AWG

enameled manganin wire and No. 36 AWG silk covered nickel
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wire on a thin-walled copper cylindrical tube previously
insulated with a thin layer of bakelite varnish baked at

110° ¢. A second thin-walled copper tube wes soldered over
the first through two heavier copper end rings so as to form
a jacket for the thermometer windings. The air space left

in the thermometer jacket was filled with paraffin to increase
the thermal conductivity of the unit. Two drilled and tapped
eopﬁer lugs were soldered onto the upper copper end ring of
the Jacket and threaded polystyrene tubes fastened into the
lugs. Both potentlal and current leads from the inner
thermometer windings were brought out through the polystyrene
tubes. When completely assembled the polystyrene tubes passed
up through the brass tubes soldered on the upper brass plate.
The thermometer was calibrated by comparing the e.m.f. drop
across the thermometer with the temperature indicated by a
platinum resistance thermometer. The thermometer circuit
diagram 1s given in PFigure 4.

A knife heater (B) of 110 ohms of No. 26 AWG manganin
wire was made by winding the wire on a strip of mica and
encasing 1t in a copper sheath. A drilled and threaded
polystyrene tube was fastened to a tapped copper lug at the
top of the copper sheath to house potential and current leads.
The heater was used to add measured amounts of electrical
energy to the calorimeter.

For heat of solution experiments a holder (G) was pro-

vided for as many as three sample bulbs., Sample bulbs were
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THERMOMETER DIAGRAM

®
M e
—6v
M N y 4
Rs
To To
Pot. Pot.

N = Nickel

M = Manganin

R = 10,000 decade box plus| ohm slide wire
Rg = 10 ohms

A = Milliammeter

Figure 4. Thermometer Circult Diagram,
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fastened to the holder by means of Aplezon-W wax. The sample
holder was supported by a three-sixteenths inch stainless
steel rod which passed up through one of the brass tubes
soldered to the upper bfass plate. Sample bulbs were dbroken
by a one-sighth inch stainless steel rod with a crook at the
end (C). The breaker rod passed up through the same brass
tube as the sample holder rod and was held at the top of the
calorimeter by a notched dbrass lug (E) fastened to the rod
by set screws.

A multivened propeller was mounted at the end of a
one~fourth inch stainless steel rod. The stirrer shaft was
supported by oil-seal bearings (F). A constant stirring rate
of 540 r.p.m. was provided by an adjuastable synchronous motor.
A cooling coil (D) of one-fourth inch coppser tubing was held
in place by two polystyrene tubes which passed to the exterior
of the calorimeter through two brass tubes.

All metal parts of the calorimeter assembly were painted
with scid-resistant Ajax varnish., The underside of the upper
brass plate was tin plated and polished to provide a radiating
surface.

The energy input during calibration experiments was
measured by reading the e.m.f. drop across a 0.1 ohm
Reichsanstalt type standard resistor calibrated by the
National Bureau of 3Standerds. The standard resistor was

kept in an o1l bath at 25° C. Readings of the e.m.f. drop
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were taken every 25 seconds and the totel time of energy

input was read off an electronic timer accurate to 0.001
second. The frequency of the crystal oscillator used in the
electronic timer was compared to the frequency of the National
Bureau of Standards Station WWV, The e.m.f. drop was measured
by a Leeds and Northrup type K-2 potentiometer. Direct
current was supplled by five Willard storage batteries in
gserles. The electrical circult is given in Figure 5.

The resistance of the calorimeter heater was measured
by comparing it with a 100 ohm standard resistor calibrated
by the Natlonal Bureau of Standards. The e.m.f. drop across
the heater resistance was compared with that across the
stendard while the same current was flowing through the two
in serles. In experimental work the resisteance of the heater
was assumed constant for calculatlions of energy inputs. The
resistance of the heater did not change significantly over
long perlods of time. An original measﬁrement gave 109,9614%
0.0001 ohms as the resistance value and a second measurement
seven months later gave 109,9662}0,0001 ohms representing an
increase of 0,005 percent.

A Mueller G-2 type temperature bridge calibrated
according to the specifications of the National Bureau of
Standards was used in measuring the realstance of the
platinum reslistance thermometer., The 1isothermal jacket for

the calorimeter was provided by a 100 gallon water bath held
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CIRCUIT FOR ELECTRICAL CALIBRATIONS
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E = ELECTRONIC TIMER

S, = SWITCH; NORMALLY CLOSED
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Pigure 5., Circuit Diagram for Electrical Callbrations.
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at 25.00%0.01°%.

D. Preparation of Materials

The rare earth metals and oxlides used in this work were
obtained from the metallurgical and lon exchange sections of
this Iaboratory under the supervision of Dr. F. H. Spedding.
Table 1 gives the results of spectrographic analyses of the
rare earth materials.

The hydrated chlorides were prepared by slow crystalliza-
tion from slightly acid solutions. The solutions were first
rapldly evaporeted on & hot plate until near saturation was
reached., They were then transferred to 250 ml. beakers and
placed in a wvacuum desleccator. The desiccator was evacuated
occasionally untll the first crystals appeared. The super-
natant liquid was then transferred to another 250 ml. beaker
and one of the larger crystals added to seed the saturated
solutién. The beakers containing the seeded solutions were
then placed in desiccators freshly charged with anhydrous
calcium chloride and the crystals allowed to grow slowly over
a perlod of from six to ten months, The crystals obtained
in this manner were quite large and beautifully formed. A
single crystal of samarium chloride measured one and three-
fourths inch across and three-fourths of an ineh high. The
crystals were washed with absolute alcohol to remove excess

supernatant liquid and then crushed thoroughly in a porcelain
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Analysis of Materials

Substance

Spectrographic Analysia*

Yetrium metal

Yttrium oxide
Janthanum metal

Leanthanum oxide

Praseodymium metal

Praseodymium oxide

Samarium oxide

Gadolinium metal

gadolinium oxide

Erbium metal

Erbium oxlde

Ytterbium oxide

Dysprosium 0.3%; erbium 0,03%;
terbium 0.3%; iron and calcium weak;
no other rare earths detected.

Dysprosium oxide 0.2%; thorium oxide
0.1%; no other rare earths detected.

Iron 70 p.p.m.; calcium less than
0.04%; no other rare earths detected.

No other rare earths detected.

Calcium and iron weakly detected;
other rare earths not detected.

Praseodymlium oxide greater than
99.9%; other rare earths, iron and
calocium weakly detected.

Samarium oxide greater then 99.9%;
europium oxide 0.04-0.05%; no other
rare earths detected.

Dysprosium 0.05%; yttrium 0.03%;
no other rare earths or iron
detected; caleium less than 0.04%.

Terbium 0.04%; samarium 0.04%;
no other rare earths.

Faint traces of calclum and mag-
nesium; iron and other rare earths
not detected.

Erbium oxide greater than 99.9%;
no other rare earths detected.

Ytterbium oxide greater than 99.8%;
approx. 0.2% dysprosium and 0.02%
terbiunm,

# The 1imit of detection of the rare earths was abouf
0,02 to 0.03 percent; that for common elements
about 0,01 percent.
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mortar. The crushed crystals were put in a asintered-glass
bottomed filtering funnel and dry argon passed through the
stem of the funnel and up through the bulk of the crystals.
This procedure served to remove any hydrogen chloride and
water trapped by the crystals and any alcohol remaining from
the washing. The crystals were ground again in the mortar

and given a final drying with argon gas before they were
sealed in a eclean dry Jar. The hydrate, PrClx.6Hp0, was pre-
pared by desiccating powdered PrClye7HgO crystals over calelum
chloride.

The anhydrous chlorides were prepared by dissolving the
oxides in hydrochloric acid, crystallizing the resulting
solutions and drying the hydrated ¢rystals in en atmoasphere
of hydrogen chloride. The formation of oxychlorides during
the drying operation became increasingly troublesome as the
atomic number of the rare earth incressed., Erbium and
ytterbilum were difficult and yttrlum the most difficult to
prepare free of oxychloride. To prevent the formation of
oxychlorides and obtain pure anhydrous chlorides, the follow-
ing procedure was used: After solution of the oxide in
hydrochloric acid,the chloride solution was evaporated on a
hot plate at 60°C to near saturation. A few milliliters of
concentrated hydrochloric acid were added at this point to
insure the acidity of the solution. The beaker of solution

was then placed in a wvacuum desiccator which was continually
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evacuated until a sufficiently large crop of hydrated corystals
had formed to make a slurry of orystals and supernate.

The crystal slurry obtalined above was tranaferred to a
pyrex drylng tube and placed in a resistance furnace for
drying. One end of the drying tube was connected to a water
trap and thence to a water aspirator by a pilece of rubber
pressure tubing. The other end of the tube was connected to
a series of three traps by means of glass ball and socket
Joints. The series of traps terminated in & hydrogen chloride
generator. The generator was comprised of a three-liter glass
bottle and a 500 milliliter glass bulb which fitted onto the
top of the bottle by means of a ground glass tapered Jjoint.

To charge the generator, two liters of c¢.p. hydrochloric acid
were placed in the glass bottle and 400-500 milliliters of
concentrated c¢.p. sulfuric acid in the glass bulb, Hydrogen
chloride was generated by dropping the concentrated sulfuriec
acld into the hydrochloric acid through a stopcock provided

in the stem of the bulb. The generated gas was pulled through
a sulfurlc acid bubbler and two calcium chloride traps to
remove water before it entered the drying tube.

The temperature of the furnace was initially set at
40°C and all excess water from the original slurry of
crystals driven off while a flow of hydrogen chloride was
maintained. The temperature was then increased to adbout

80°C and this temperature maintained until no more water was
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seen condensing in the trap at the end of the drying tube.

The temperature was next taken to about 130-140°C and main-
tained until no more water was being removed, At this time
the major portlon of the water was removed and only about one
water of hydration remained in the crystals. To remove the
final water the furnace temperature was increased to 360-400°C,
After the temperature of the furnace had reached its upper
value, the generation of hydrogen chloride was discontinued

and argon gas allowed to pass over the anhydrous chloride
while 1t cooled to room temperature. The argon was cleaned

of any hydrocarbons by pessing the gas over uranium turnings
at 400°C and through a sulfuric acid bubbler. The use of
argon during cooling removed excess hydrogen chloride from

the salt and maintaeined a dry inert atmosphere while the

salt was cooling. After the salt had cooled to room tempera-
ture,the ends of the drying tube were sealed with glass caps
and the tube taken to a dry box where the salt was trans-
ferred to a clean dry glaess Jjar. Samples for heat of solution
measurements were made up from this supply.

The rare earth lons were analyzed by precipitating
weighed amounts of the hydrated chlorides or solutions of the
chlorides with oxallc acid and 1gniting the filtered oxalate
in porcelain crucibles overnight at 800°C. The chloride
contents of the hydrated and anhydrous chlorides and the

hydroechloric acld solutions were determined gravimetrically.
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The silver chlor?de procedure recommended by Willard and
Purman (29) was used. Either weighed amounts of the salt were
dissolved in water or welghed portions of solutions were used.
All welghlngs were corrected to welght in vacuo. Analytiecal
data on the hydrated and anhydrous chlorides are given in
Table 2.

Samples for heat of solution measurements were prepared
in pyrex glass bulbs with two inch stems blown from six
millimeter tubing. The bulbs were rinsed with acetone and
dried at 110°C vefore being used. After welghing, the bulbs
were taken to a dry box where they were loaded with sample
material in a dry helium atmosphere., Metal samples were
prepared from turnings off blocks of metal by using a
Jewsler's lathe mounted in a dry box with a helium atmosphere.
After loading, the bulbs were stoppered, removed from the
dry box and sealed off about an inch from the bulb by heating
the stem with a gas-oxygen torch. The bulbs were cleaned
again before final welghing by dipping them in acetone and
drying in alr, The welght of material was obtalned by

difference and corrected to weight in vacuo.

B. Experimental Procedure

For an actual experiment the sample bulbs were waxed
onto the sample holder and the unit assembled to the calorim-

eter proper. The notched brass terminal of the breaker rod
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Table 2, Analysis of Rare Earth Salts
0
Material C1/R Hp /3013
YC1, 3.002%0,003 - - -
YCly+6E,0 --- 5.98%0.01
LaCl, 3.004%0.002 - - -

[ 3 - - - *
LaCly+7H,0 7.06%0.01
PrCly 2.997%0.003 ---

" PrCly+6H,0 - - - 6.15%0,02
PrCly *TH;0 - - 7.0320.01
SmCly 3.002%0.003 - - -
SmC1y «6H,0 - - - 6.03%0,01
6dCly 2.998%0.001 -
GACLy +6H,0 - - 5.,99%0,01
ErCly 3.001%0.001 ---
ErCly +6H,0 - - - 6.,07%0.01
¥vel, 2,996%0.003 - -
YbCly «6Hy0 - - 8.07%0.01
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was set 20 as to bring the breaker into position under the
first bulb, About 1100 to 1200 grams of distilled water
weighed to the nearest milligram were then delivered to the
two quart Dewar flask and the flask immediately bolted to the
upper brass plate to complete the assembly. The calorimeter
unit was then immersed in the constant temperature bath, all
elsctrical connections made, and stirring commenced. The
calorimeter fluld was brought to a few tenths of degree
below 25°C by passing warm or cold water as required through
the copper coll inside the Dewar vessel. The calorimeter was
then allowed to stand in the water bath for 15 to 30 minutes
to establish temperature equilibrium between the bath and
calorimeter.,

An electrical calibration was perfarmed first by pessing
a measured quantity of electrical energy through the calorim-
eter heater., Readings of temperature in microvolts were
taken at half-minute intervals for ten minutes to determine
the fore slope, gl, used later in heat leak corrections.
During thls ten minute perlod, the battery current was allowed
to pass through a dummy heater of approximately the same
resistance as the calorimeter heater. This permitted the
battery current to level out to a fairly constant value
before 1t was passed into the calorimeter heater. The
measurements of the current were thereby made much more

precise than they would be if the dummy heating were not
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used, On the tenth minute the calorimeter heater was
switched into the battery circuit, the same switching action
removing the dummy heater from the circuit. One operator
took readings every 25 seconds of the e.m.f. drop acrosgs the
0.1 ohm standard resistance in the calorimeter heater cirsuit
while a second operator took temperature readings at 30
second intervals. Electrical energy input intervals were
usually from 300 to 600 seconds, the actual period being more
or less regulated so as to make the temperature rise during
calibrations correspond nearly to that produced in a heat of
solution experiment. After the electrical energy input was
terminated, temperature measurements were taken until the
temperature of the calorimeter contents reached a constant
decrease or increase depending upon whether the finel
temperature was above or below the convergence tempersature.
These latter readings determined the after slope, go, used in
the heat leak calculations. —

After the last temperature reading in the after perilod
was taken, the calorimeter was cooled to approximately the
beginning temperature of the calibration experiment. Ten
minutes of temperature versus time data were recorded as
before and at the tenth minute the first sample buldb was
broken by pulling up on the breaker rod. The temperature
rise was followed at half minute intervals until solution

of the sample was complete and & steady state was again
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reached., The calorimeter was again cooled to nearly the

same starting temperature and a second calibration experiment
performed. This procedure was continued until the last buld
was broken. A final calibration experiment was made after
solution of the last sample. In the case of measuring the
heat of solution of a rare earth metal only one sample was
mounted in the calorimeter and two calibration experiments
performed, one before, and one after, solution of the metal.
The acld solutlons used in metal experiments were previously
saturated with hydrogen gas.

After all heat of solutlon experiments were run, the
calorimeter waa removed from the water bath and the Dewar
flask unfastened. The contents of the vessel were examined
for any evidence of incomplete solution., The solution was
filtered free of broken glass and stored in a stoppered flask
for analytlcal work. A thorough rinse with distilled water

was given the metal parts of the calorimeter,

F. Treatment of Data

The electrieal energy input durlng a calibration is
given by

By 2

III-38. —h E2at
%1 = TTiae R,2
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where

Ry = resistance of calorimeter heater

Rg = 0.1 ohm standard resistance
E = e.m.f'. drop across Ry
t s time in seconds

Qel = ®lectrical energy in calorles.

To evaluate the integral in the shove expression a plot was
made of E versus t. Points on the plot were connected by a
geries of short chords and the midpoints of the chords taken
as the average value of E for the time interval represented
by the chord. The products, ﬁglkti, were then summed to obtain
the total #alue of the integral. This procedure was compared
to the more laborious trapezium method given by Worthing and
Geffner (30) and no significant 4ifference was found. A
typlcal graphical Integration is indicated in Figure 6.

The temperature change, 854 - 8,, and the heat leak
correction term, C, were determined from plots of the e.m.f.
of the thermometer in microvolts agalnst the time in minutes.
The slopes, g)» 8nd go, and the initlal and final temperatures
were taken é;;m ploéz-ﬁf the fore and after periods on a
scale of O.l1 microvolt per division along the temperature
exis, and 0.05 minutes per division along the time axis. The
times, 32,‘2§, and‘EE, were taken from plots on & scale of
0.05 minutes per division along the time axls and five micro-

volts per division along the temperature ordinate.
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Figure 6. Oraphical Integration of Typical Electrical
Energy Input.
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The lag of the heater and thermometer produced a dis-
placement of the observed temperature curve from that of the
true calorimeter temperature., The combined heater and
thermometer lag is represented by the quantity, (At - ty),
in which At = ty - to and ty 1s the exact time of heat
input. The heater lag is negliglbly small and the time lag
was attributed to the thermometer. The thermometric lag was
not considered in calculating the heat equivalent of the
caloriméter since the same lag was present during heat of
solution experiments (16). The times to and £E~ror calibra=-
tion experiments were determined by extrapolation of the fore
and after slopes to the linear portiocn of the main temperature
rise., Using the values of 8 and g5, and one temperature from
the steady state regions of the f;;; and after perlods, the
values of‘gg and‘_e_g were calculated. In heat of solution
experiments EE was taken as the time the buldb was broken and
EE a8 the time et which the celorimeter flrst reached the
steady state in the after period. The value of & at EE was
taken as EE’

Tables 3, 4, and 5§ ocontain the data and calculations
for a set of heat of solution experiments in which three
samples of anhydrous samarium chloride were used., Numbers
I, III, V, and VII refer to electrical calibrations, and II,
IV, and VI to heat of solution experiments. The values of

G, Oy, and the temperature correction, C, were calculated by



Table 3. Calorimeter Rating Data; Heat of Solution of Samarium Chloride
in Samarium Chloride Solution

No. tor 9 tpr O &5 8 © x 10 @ S, orty, 6, C Aoy

I 10,585 20.57 3.626 14.525 26,602.7 25,393.7ﬁ3 17.6 2557.3
24,106.3 26,681.2 -0.114 - - - - - - - - - -

II 10.00 28.00 5.638 13.803 26,766.7 10.65=t, 23.4 1734.2
24,131.0 25,888.6 1.212 - - - - 25,185,620y -~ = - -

I1I 10.56 17.65 3.722 13.917 26,743.0 24,984.7=6 17.4 1814.9
24,068.6 25,900.9 1.172 - - - - - - - - - -

v 10.00 25,00 3.589 14.427 26,715.6 10.46=ty 13.9 1888.1
24,227.9 26,129.9 0.845 - - - - 25,369.120y - = - -

v 11.056 17.74 3«8615 15,560 26,500.,1 25,040.953 15.2 1712.9
24,176.9 25,908.0 0.926 - - - - - - - - - -

VI 10,00 45.00 3.679 14.091 26,761.5 10.81%ty 1.3 2844.7
24,150.7 26,796.7 -0.080 - - - - 25,738.3504, =~ = - -

VII 10.57 20,60 3.475 14.056 26,644.1 25,462.726 168.6 2565.3
24,171.8 26,753.7 -0.154 - - - - - - - - - -

(g is in mlcrovolts and t in minutes; A9y 1s the corrected temperature rise.)

————

a9



Table 4.

Electrical Calibration Data; Heat of Solution

of Samarium Chlorlide in Samarium Chloride Solution

No.  Qe1, in AGE w 3 at/de
calories uvolts calsfuvolt  uvolts x 104
I 1261.67 2857.3 0.493359 25,393.7 3.6867
IIT 892.13 1814.9 0.491558 24,984 .7 3.6883
v 839.81 1712.9 0.490286 25,040.9 3.6881
VII 1259.68 2565.3 0.491044 25,462.7 3.6864
L |
No. Cp, in  -(Cpy~Cpy) =-(Cp1-Cpy)  Cpg' Cp
caia/Oc Fo (Smoothed)
I 1338.21 0 o 1338.21 1339.38
ITY 1332.75 5.46 5.47 1338.22 1333.91
v 1329.3%7 8.84 8.03 1337.40 1331.35
VII 1332.04 6.17 11.83 1343.67 1327.75
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Table 5. Heat of Solution Data; Heat of Solution of
Samarium Chloride in Samarium Chloride Solution

No. ny m ® at/as Aoy
moles molality  uvolts x 104 _Mvolts

II 0.02209 0.04329 25,009.8 3.6882 1734.2
Iv 0.,02405 0.06340 25,178.9 5.6875 1s888.1
Vi 0.03379 0.09165 25,475.6 3.6864 2644.7

No. WI ’ WF ij_ a4 ' 925"99 AQ1
|

11 0.493990 85635.18 1331.0 2.68
0.491973 0.002017

v 0.491879 926 .93 1234.1 1.16
- 0.490935 0.,000944

VI 0.490789 1294.48 1311.3 1,74
0.489462 0,001327

25
II 855 .86 38737 715.60 1682,09 38859
Iv 928,09 38592 775.99 2458.08 o874
vI 1296 .22 38363 1083.79 5541.87 38647

(value of @ at 25°C = 25,462.0 yvolts; for this
experiment my, = 0.02481 and Quo= 966.49 cals.)
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Equations III-23, III-27, III-28, and III-32; the corrected
temperature rise, -_éﬂ;_ s, Was calculated from Equations III-24
and III-37; :9: 1s the mean temperature of the experiment 1n
microvolts. The initial heat equivalent, EQ.’ of the calorime~

eter was calculated from

Qe

L%
The heat equivalent can be divided as followst

b=t

III1-39. W

o

o

II1-40., Wy = W(nyingéng moles salt)+W(Hp0)+W(calorimeter).

The second calibration, III, determined a second heat

equivalent, ﬁ, where

III-41. Wy = W(npéng moles salt)+W(soln. my)+W(calorimeter).
Subtrection of Equation III-40 from Equation III-41 gives
I11-42, W3-W, = AWy = W(soln. my)-W(nj moles salt)-W(HgO).

Succeeading calibrations V and VII permitted calculation of
two more AW values,

I1I-43. AWp = W(soln. mp)-W(nj+ng moles salt)-W(Hg0),
and

I11-44. AWy = W(soln. mg)-W(ny+np+ng moles salt)-W(Hy0).

Thus, the changes in W are a measure of the change in heat

capacity for the reaction indicated, This is not exactly
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true, however, since the four experimental values of W were
not determined at exsctly the same temperature.

The experimental quantity, W, was measured in calories
per microvolt. For convenlence in further treatment of data,
¥ was changed to Cp in calorles per degree by applying the
ecallibration foim;;; of the thermometer at the mean temperature
of the calibration experiment. The thermometer callibration

for temperature, T, as a function of e.m.f. in microvolts was

III-45. T za + b0 + cB° .
and
III-46, A o v 4268 .
a8
Hence,
dr
III-47. W/ S Cp

whare<§ 18 the mean temperature of the calibration experiment.,
These calculations for the samarium chlorlde experiment are
given in the 4-th, 6~-th, and 6~th columns of Table 4. The
heat capacities calculated in this manner are average values
for each experiment. The velues of Aéggi calculated for each
heat of solution experiment were used for smoothing the heat
capacity data by plotting them against the molality of the
final solution. The best straight line was drawn through

the jéfz& values and smoothed values taken off the curve,

The smoothed values, indlcated as ‘(CPi‘CPo)' in Table 4,
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were added to Cpy and the sums, Cp.', averaged with Cpo tO
obtain & new average value for Cp,es The smoothed values,

t
'(GBI -CBQ , were then successlvely subtracted from the new

Cpo to obtain
=2 Cpo (avge.)

Q
o
1+

”n

Cpo (avge.)=- ACP]_

Q
*g
b

]

GP2 = CPO (ane.)-ACPQ
Cpo (avge.)-ACPs .

g
L]
1]

These latter caloulations are shown in the last four e¢olumns
of Table 4,

The heat capacity data served also to indicate systematie
or random errors in the calibrations since for sclutlona of
strong electrolytes one would expect the heat capacity to
decrease fegularly with increasing concentration (32), The
experiment selected to describe the treatment of data was
chosen to 1llustrate a random error in the final calibration.

For the heat of solution experiments in Tadble 5, the
smoothed values of‘gz before and after each measurement were
converted to W values at the mean temperature of the heat
of solution experiment by use of Equation III-4B. Table 5
glves HE and‘fz as the initial and flnal heat equlivalents for
esach experiment calculated in this manner. The heat equiva-
lent of the final solutilon, EE, was used in each case to

1l
calculate the raw heat value, q4, by the equation

1For what follows, the running number, 1, takes on the

" walues 1, 2, and 3 for the three heat of solutlon experiments
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III-48, q = wFAet
where
III-49. 9 = -AH

so that q4 was positive for heat evolved.
The difference, [\Wy = Wy - Wp, was used to correct q
to its value at 25°C in the following manner. Since

Jd(AH

III-50. F—JL,F—-)-] = ACp
P
then
III-51. (qu) =f AWy
or 025
III-52, Day = # (Av,)ae
9O

where 8, 1s the initlal temperature of the heat of solution
- 25
experiment and € is the e.m.f. across the thermometer at

25°¢. Integration of Equation IIX-62 glves
v 25
I1I-53. Aag = f DWg(6™" - 0,)

The initial temperature, 6,, was used as the lower 1limit since
the heat equivalent of the final system was used in calculat-

ing q4 (31). The experimental heat corrected to 2500 is thus
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given by

25
I1I-54. q = q qui .

The remaining heat quantities used in Table 5§ are defined

as follows:

III-55. Qis = wF( Aet) + Aqi

is the heat gilven off at 25°C by nqy moles of salt dissolving

in X x 103 grams of water containing ny moles of salt where

1-1

o

25
I1I-57. qy = U
ny

is the heat gilven off per mole of salt when dlssolved in
sufficlient water or solution to give the same final molality,
my, which was reached in the given experiment; |

25
I11-58. Ay = f‘_i__ = AmyQy

1s the heat given off at 25°C by ng/X moles of salt dissolving

in 1000 grams of water or a solution containing 1000 grams of

water;

III-59. Q = Zx Qi

is the molal heat of solution; and

I1I-60. Qy = %_m = - AR
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where m 1= the molality, gives the total or integral heat of
solution.

When a set of heat of solution experiments was run
beginning with a solution of molality,lgg, as in the illustra-
tion presented, the points were connected to those obtained
when water alone was used in the following menner. A plot
was made °f,3§ versus‘gé for all data and the best smooth
curve drawn through the points; thon,.eg"aa calculated through
all the points by means of Equations I1I-58 and III-59 to
determine the best value of 322 « This was done because for
any set of experiments not starting with water Equation III-&9
was changed to

III-61, Qm = Q,m + Zl qmi L]

The integral heat of solution was then calculated by
Equation III-59.

The treatment of data described above assumes that the
heat capacity, Cp, is a constant in each case. Such an
assumption 1s ;:IId when it 1s considered that the rise in
temperature in any heat of solution experiment was always less
than one degree; any error introduced into the final heat
values because of the assumption of no varlatlion of the heat
capacity with temperature 1s negllgible compared to other

sources of error.



61

IV. EXPERIMENTAL RESULTS

A, Calorimeter Preclszlon and Accuracy

An error analysis by the method of propagation of
precision indexes set forth by Worthing and Geffner (30)
indicated the calorimeter should give a precision of from
1l to 2 parts per 1000 In the range of concentrations studled.
The error in heet of solution experiments 1s approximately
proportional to ;[g where m 1s the final molality of the
experiment, For example, in the heat of solution experiments
described in Tables 3, 4, and 5, the errors in the successive
heat measurements were approximately 21, 14, and 10 cals/mole.

The calorimetsr and the method of treating data were
tested by measuring the heats of solution of potassium
nitrate in water, extrapolating the data to infinite dilution,
and comparing the results with those of other investligators.
Table 6 contains the values of EE obtained by previous authors
converted to 25°% by use of the heat capacity and relative
apparent molal ha#t content dats given by Harned and Owen (32).
Equations II-26, II-35, and III-49 were used to make the
correction to standard conditions. Table 7 lists the data
obtained in this work for the heat of solution of potassium
nitrate. A set of three samples was run and each value of
SE converted to EE by adding the corresponding‘gk'value for

the final concentratlon of the experiment. The results are
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Teble 6., Heats of Solutlion at Infinite Dilution
of Potaszium Nitrate by Othes Investigators
Corrected to 25°C

Reference No. o

Investigators and Date tC Ly
Cohen and Kooy 33(1928) 20 8314
lange and Monheim 34(1930) 12.5 8375

25 8376
Roth and Eymann 35(1929) 21 8332
Colson 36(1915) 18,86 85626

20 8514
Haigh 37(1912) 20.5 8323
Thomsen 38(1908) 18 8434

20 8377

Average: 8397%63

1o 1s in cals/mole at 25°C; t°C 1s the temperature of

the measurements.
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Table 7. Heats of Solution of Potassium Nitrate at 25°c

0.04239 0.20869 -83594 .4 10.4 8384
0.,09504 0.3147 -B8329.5 -36.5 8366
0.1588 C.3985 -8320,3 -82.7 8403

Average: s3s4t12

Qy is the heat of solution in cals/mole at the final
molality m; ¢L 1s the relative apparent molal heat

content and L, is the heat of solution at infinite
dilution in cals/mole.

in reasonable sgreement with the overall average of those in
Table 6 and agree within experimental error with the adiabatic
work of Lange and Monheim (34).

B. Heats of Solution

The data of other investigators on the heats of solution
of anhydrous rare earth chlorides in water and rare earth
metals in hydrochlorie acld solution are glven in Tables 8
and 9. The only data found in the literature on the heats
of solution of hydrated rare earth chlorides are those
measured by Matignon (39) who reported Qy = 5.3 Kcals/mole
for PrClz+7Hy0 and Qy = 28.9 Keals/mole for PrClygsH,O0.
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Heats of Solution of Rare Earth Chlorides
by Other Investigators

Reference No.

Chloride Investigators and Date t° Qy
LaCly Bommer and Hohmann 8(1939) 20 31.6 £0,05
Matignon 39(1906) 17 31l.4
PrCly Bormmer and Hohmann 8(1839) 20 33.9 *0,.05
' Matignon 39(1906) 17 33,5
SmCly  Bommer and Hohmann 8{(1939) 20  39.0 0.05
Matignon 40(19086) b/ 37.4
GACly Bommer and Hohmann 8(1939) 20 42,4 0,05
ErCly  Bommer and Hohmann 8(1939) 20  49.56%0.05
YbCls Bommer and Hohmann 8(1939) 20 50.95%0.05
Y01y Bommer and Hohmann 8(1939) 20 52.3 *0.05
Matignon 39(1906) w” 45.4

Qy 1s in Koals/mole; t°C 1s the temperature of the

measurements,



Table 8. Heats of Solutlion of Rare Earth Metals in Hydrochloric Acid

by Other Investigators

eference No,

Metal Investigators R ang g:te HC1 Conc. t°% Qe

Y Bommer and Hohmann 7(1941) 0.12 normal 20 168.3 fo.7
Sieverts and Gotta 41(1938) 1 normal 20 164.27
Sieverts and Gotta 17 164,72
Neumann, Kroger and Kunz 42(1932) 2.8 molal 167.72%0.31
Bommer and Hohmann 7(1941) 0.12 normal 20 176.5‘$0.7
Lohr and Cunningham 11(1951) 1.5 normal 25 167.0 I1.4

Pr Bommer and Hohmann 7(1941) 0.12 normal 20 172.9 20.7
Lohr and Cunningham 11(1951) 1.5 normal 25 165.3 20.9
Sieverts and Gotta 41(1928) 2 normal 18 168.87

cd Bommer and Hohmann 7(1941) 0.12 normal 20 168.8 %0.7

Er Bommer and Hohmann 7(1941) 0.12 normal 20 162.6 0.7

Qy is in Kcals/mole; EPC 1s the temperature of the measurements.

g9
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For this work the heats of solution of the anhydrous and

hydrsted chlorides of lanthanum, praseodymium, samarium,
gadolinium, erbium, yttrium; and ytterbium were measured,
The data are given in Tables 10, 11, 12, 13, 14, 15, 16, and
17. In addition, the heats of solution of some rare earth
metals and anhydrous chlorides in hydrochloric acid were
determined. These data are given in Table 18,

For the heat of solution data on the anhydrous chlorides

in water, an equation of the general form

%

Iv-1 Qg za + bm” + em

was formulated by an approximate least squares method to
represent the heat of solution,'gg, as a functlion of the
molality. The constant, b, was taken as the theoretical
1imiting slope of Equation II-40 for a 3-1 electrolyte., The
1imiting value was assumed in the equation for the following
reason. In & metal experiment the final rare earth concentra -
tion was always much lower than any reached in the chloride
experiments. As wlll be shown presently, the heat of solution
of the anhydrous chloride was required at the same final
concentration reached in the metal experiment in order to

make heat of formatlon caleculations., This condition neces-
sitated an extrapolation of the chloride data. It was believed
that the extrapolatlion would be more accurate if the limiting
slope of the Debye-Huckel theory were used. This procedure
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1s Justified to some extent on the basls of work on conduct-
ances, transference numbers, aend activity coefficients of
rare earth halldes at high dilutions by Spedding, Porter, and
Wright (43, 44, 45) and Spedding and Yaffe (46). The data

of these investigatoras indicates approéch to the limiting
laws of the Debye-Huckel theory for these salts. The extra-
polated constant, &, represents the absolute value of Lp, the
heat of solutlon at infinite dilution. Table 18 lists the
values of the constants in Equatlon IV-1 for the chlorides
studied in this work, The data on the heats of solution of
the anhydrous chlorides are plotted in Figures 7, 8, 9, 10,
11, 12, and 13,



Table 10. Heats of Solution of Lanthanum Chloride in Water at 25°C.
% 25
m WF A Qt Aq.i q i qM qmi Qm Q'M
0.0928%7 0.320695 1074.0 0.58 345,00 32306 278.61 278,861 32306
0.1343 0.320081 1161.3 0.72 372 .43 31977 300,77 579.358 32134
0.1745 0.3192386 1524.6 1.08 487.78 31728 303,52 973.29 31969
0.11086 0322780 1523.3 0.28 491.92 32261 394 .57 394 .57 32260
0,1640 0.321773 1798.2 0.67 5798.29 31688 464 .64 858.21 319832
00,2071 0.318595 1289,6 0,57 412.72 31687 332.02 1352.01 31687
0.2085 0.,316110 1800.8 1.33 570.58 31671 463,35 1378.09 31711
0.2423 0,315042 1864.7 1.51 588,97 31588 478.28 1856 .36 31622
0.2797 0.,313661 2371,2 2422 745,97 31256 605,77 2462.13 31476
0.,2320 0.318568 12332.8 1.33 425,92 31461 344 .6 1700.08 31581
0.2596 0.,318196 1636 .2 0.28 520,92 3109% 421,48 2121.52 31485
0.2584 0.317874 1689.7 0,33 540,62 31138 437 .42 2568.94 31425

t&et 1s the corrected temperature rise in microvolts; Wy is the heat equivalent
in cals/uvolt; Qy 1s the integral heat of solution in cals/mole.

89
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Filgure 7. Integral Heats of Solution of Lanthanum
Chlorlde in Calories Per Mole.



Table 11, Heats of Solution of Praseodymium Chloride in Water at 25°C.
2 25
m W Agy baqy 7 Ay Unt % U
0.1020 0.322735 1404.1 0.39 453.586 35045 364.82 364.82 35045
0.1544 0.322058 1786 .7 0.50 575.92 34522 463.25 828,07 34750
0.1976 0.321299 2026.8 0.55 €51.76 34475 524,25 1352.32 34643
0.1425 0.3285759 2726.7 0.84 889.09 34824 706 .89 706 .89 34824
0.1705 0.328259 3907.4 2.08 1284.72 34622 1006.44 1006.44 34622
0.2109 0.,327276 2047 .4 1.02 671.49 34141 526,04 1532.48 34455
0.1504 0.511916 1512.1 0.80 774.87 34271 617.15 1252.55 34559
0.2247 0.511495 1191.3 0.38 609,72 34116 485,62 1738.17 34433
0.2490 0.317748 1789.2 1.35 569.86 34009 461.86 2125.32 34290
0.2804 0.317284 2179.6 0.31 691.86 33705 560.74 2686.05 34166
0.3058 0.316236 1967 .6 0.32 623.93 33929 505.68  3191.73 34129

A8y is the corrected temperature rise in microvolts; Wy 1s the heat equlvalent
in calséhvolt; Qy is the 1ntegral heat of solution in ‘cals/mole.

0L
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Figure 8. Integral Heats of Solutlon of Praseodymium
Chloride in Calorlies Per Molse.



Table 12. Heats of Solution of Samarium Chloride in Water at 25°C.
A 25
m ¥p Asy Agy  qy Uy g “m "
0.07119 0.502322 482 .9 153 244,10 33 .490 200.12 200.12 39490
0.1154 0.50040¢9 782.4 2.27 393.80 39,133 322485 522.96 39270
- 01875 C.497767 1086.1 2.84 543 .46 38.7558 445,53 968,.49 39030
0.1258 0.508864 1494 .7 1.96 762 .56 39,204 615.33 615.33 39204
SO 0 PO /4 45 0.5081086 1494 .6 0,79 760.21 38,760 613.44 1228.77 28981
- 0.2251 0.507423 1805.5 0.75 916,90 38,636 733 .88 1968.65 38851
0.2081 0.481973 1734.2 2.68 855,86 38,737 715.60 1682.,09 38859
C 0.2518 0.490935 18g8.1 1.16 828,08 38.592 77599 2458.08 38774
03027 0.48946%2 2644 .7 l.74 1296 .22 38.363 1083,.79 3541.87 38647

Aet is the corrected temperature rise in microvolts; Wp is the heat equivalent
in cals/javolt; Qy 1s the integral heat of solutlon in cals/mole.

cL
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Pigure 9. Integral Heats of Solution of Samarium
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Table 13. Heats of Solution of Gadolinium Chloride in Water at 25°C.
mb W Ao A 25 Q Q
F t 949 9 Ay It m L
© 0.1026 0.320229 1710.3  0.10 547 .79 42356 445,50  445.50 42356
L 0.1470  0.321417 1784.1  0.09 573,53 42067 = 466.44 911.94 42177
 0.09126  0.322343 1360.2 -0.04 438.42 42392  353.07 353 .07 42392
,0.1696  0.321029 3295.3 -0.14 1057.75 41718  851.85 1204.92 41913
0.1041  0.322378 1730.4 -0.80 557.05 42277  458.03 458.03 42477
0.1556  0.333966  1501.7 -0.56 500.96 41879  399.87 1014.13 41879
. 0.1991  0.348902 1522.1 ~3.93 527.14 41523  399.22 1655.55 41780
202235  0.350021  1599.2 -0.90  558.86 41023  423.25 2078.80 41623
042520  0.351509  2085.1 -1.31  731.63 40798 554.00 2632.89 41477
00,1947  0.320473 1602.3 =0.22 §13.27 41638  416.61 1586.19 41830
" 0.2198  0.320131  1649.5 -0.12 527.94 41200  428.51 2014.71 41694
. 0.2461  0.319731  1931.0 =0.18  617.22 40962  500.98 2515.69 41546

A®; 1s the corrected temperature rise in microvolts; Wp 1s the heat equlvalent
in calséuvolt; Qu 1s the integral heat of solution in ‘cals/mole.

-3
>
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Figure 10, Integral Heats of Solution of Gadolinium
Chloride in Calories Per Nole.



Table 14. Heats of Solution of Erbium Chlorlide in Water at 25°C.

1 25

m g Asy Aoy 9y Uy Umy % QU
0.09904 0.316298 1859.0 0.42 568,42 49138 481.99 481,99 49138
0.1486 0.315666 2316.3 0.49 731467 48817 599.33  1081.32 48960
0.1895 0.314987 2601 .4 0.55 819.96 48530 671.65 1752.97 48794
0.09964  0.324489 1896 .7 0.41 615.87 49270 489.10 489.10 49270
0.1515 0.323919 2464.1  0.41 798.58 48644 634.21 1123.31 48914
0.1951 0.323669 2854 .3 0.05 923,90 48560 733,73  1857.05 48773
0.2135 0.313122 193%.0 0.68 605.94 47961 499.97 2215.97 48611
0.2384 0.312303 2109.5 0.75 659 .56 48344 544.21 2760.18 48558
0.2610 0.311877 2104.6 0.32 656 .70 48124 541.85 3302.04 48486

A®y 1s the corrected temperature rise in microvolts; Wp is the heat equivalent
in calséuvolt; Qy 1s the integral heat of solution in cals/mole.

~3
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Figure 11, Integral Heats of Solution of Erblum
Chloride in Calories Per Mole.



Table 15, Heats of Solution of Ytterbium Chloride in Water at 2500.
% 25
m L Ae, Na,  qp Oy Uy U U
0.1120 0.5068682 155%.2 3.21 792 .50 50922 639.11 639.11 50922
0.1663 0.505929 1866 .8 0,91 045,37 50501 762.40 1401.51 50691
0.2149 0.504794 2285.9 1.10 1155,01 50286 931 .46 2332 .97 50529
0.1181 0.488830 1760.9 1.13 861.91 50880 722,25 722 .25 50880
0.1733 C.487757 1543.2 1.19 948,99 50230 795,22 1517.47 50537
0.2178 0.486536 2143.7 1.26 1044,.25 50236 875,04 2392.51 50427
0.2458 0,.483598 1575.3 1.05 762 .86 50099 650.04 3035.29 50230
0.2693 0.483545 1477.6 0.10 714 .59 50259 608,90 3644.19 50234
0.2969 0,483348 1859.2 0.10 898,74 48988 765.82 4410.01 50014

[§9t i1s the corrected temperature rise in mierovolts; Wy 1s the heat equlvalent
in cels/uvolt; Qy is the iIntegral heat of solution in cals/mole.

84
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Figure 12. Integral Heats of Solution of Ytterbium
Chloride in Calories Per Nole.



Heats of Solution of Yttrium Chloride in Water at 25°C.

Table 16.
25
ut W Asy Agy o Iy %1 n b
0.08684 0.502185  879.6  0.71  442.42 48145  363.10  363.10 48145
0.1167  0.509887 1594.1  0.11 812,92 47945  652.37 652,37 47945
0.1712  0.509448 1818.1  0.09  926.33 47385 743,39 1395.76 47645
0.2114  0,509128 1779.7  0.14  906.22 47228  727.25 2123.01 47502
0.09528  0.505477 1059.6  2.44  538.04 48052 436,18  436.18 48052
0.1324  0.504755  983.5 0,71  497.12 47631  403.01  B839.19 47850
0.1598  0.503999  924.1  0.75  466.48 47302  378.17 1217.36 47678
0.1020  0.512123 1212,0  0.75  621.44 48148  500.45  500.45 48148
0.1459  0,511643 1248.2  0.35  638.99 47276  514.58 1015.03 47701
0.2681  0.505126 1474.8 0,07 742,09 46843  604.65 3398.76 47270
0.2907  0,502663 1410.5  0.09  709.11 45945  577.78 3976.54 47073

Aet i1s the corrscted temperature rise in microvolts; Wp is the heat equivalent
In cals/uvolt; Qy 1s the integral heat of solution in ‘cals/mole.

08
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Figure 13, Integral Heats of Solution of Yttrlum
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Table 17. Heats of Solutlon of Hydrated Chlorides in Water at 2500.
. 25

Hydrate zn% We Aoy Day q Qms Un Q.
La013-7320 0.1277 0.471366 254.3 2.69 122.56 107.71 107.71 6596
0.1703 0.469704 197.5 2.20 94,96 83 .45 191.16 6566

0.2067 0.467753 211.7 2.18 101.20 88.94 280,10 6520

PrClz«7Ho0 0.1267  0.489225  247.5 1.06 122.14 102.28 102.28 6374
0.1731 0.488301 206.6 0.89 101.78 85.23 187.51 6256

PrClg«6Ho0 0.1078 0.309€96 404.9 0.43 125.83 105.63 105.63 2097
0.1582 0.309152 451.1 0.29 139.74 117.31 222.94 8912

0.1968 0,308621  457.9 0.17 141.4% 118.78  341.72 8821

SmClg+6H,0  0.1277 0.508457 343.3 0,32 174.87 141.17 141.17 8656
0.1782 0.508193 283.7 0.40 144.57 116.71 257.88 8123

0.2188 0.507693 288.5 0.38 146.83 118,53 376.41 7862

GdClx+6Ho0  0.1211 0.465088 271.3 0.90 127.08 112.86 112,86 7701
0.1737 0.464330 285.4 0.94 133.46 118.52 231.38 7672

YClz+6HoO 0.1371 0,501121 476.1 0.51 239.10 196.18 196.18 10434
0.2004 0.500725 522.8 0.47 262.25 215.17 411.35 10244

0.2408 0.500226 432.0 0.61 216.71 177.80 589,15 10160

ErClz-6Hp0 00,1703 0.499226 739.9. 1.40 371,05 306.77 306,77 10574
0.2203 0.498005  488.0 1.36 244,39 202.05 508.82 10484

YbClg.6H0  0.1285  0.494909 404.2 1.17 201.21 167.66 167.66 10161
0.1789 0.493973 360.9 1.06 179.33 149.43 317.09 9909

Aet 1s the corrected temperature rise in microvolts; Wp is the heat

equivalent in calséuvolt; QM 1s the integral heat of solution in cals/mole.

28
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Table 18. EHeats of Solution of Metals and Chlorides
in Hydrochloric Acid at 25°C,

Substance md mB%( HC1) myi(HCI ) Qu
la 0.05282 0.5196 0.5115 168,62
0.04743 0.5196 0,5131 168,72
LaCly 0.1213 0.5014 0.5014 31.277
0.1767 0.5014 0.5014 30.994
Pr 0.04229 0.5196 0.5145 168.28
0.05083 1.2122 1.2090 165,59
PrCls 0.,1005 0.5014 0.5014 34,130
0.1611 0.5014 0.5014 33,855
0.1074 1.2122 1.2122 30,209
0.,1704 1.2122 1.2122 29,804
6d 0.04748 045196 0.5131 163,69
0.05103 0.5196 0.5121 163.08
GacCly 0.07905 0.5014 0.5014 41.719
041232 0.5014 0.5014 41.641
0.1522 0.5014 0.5014 41.451
Er 0.06251 1.2114 1.2065 157,97
0.05469 1.2134 1.2097 157.99
0.05459 1.2134 1.,2097 158,29
ErCly 0.09173 1.2134 1.2134 46,301
0.1316 1.2134 1.2134 46,118
Y 0.07223 1.2103 1.2038 161,97
0,09106 1.2100 1.1997 162.15
YCly 0.09057 1.2134 1.2134 46.777
0.1359 1.2134 1.2134 46,827
0.,1791 1.2134 1.2134 46,244

mp and mp are initial and final acld molalitles; m 1is

tThe molality of the rare earth chloride; Qy is the
integral heat of solution in Kecals/mole. ~
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Table 19. Values of the Constants in Equation IV-l
Highest
Chloride a b c A molality
studied
LaClg 32,933 -6925 5640 36 0.08145
PrCls 35,672 ~-6925 5774 21 0.09351
SmCls 39,932 -6925 8949 15 0.,09163
GdaClg 42,992 ~-6925 4027 39 0.06350
ErCls 49,792 ~6925 7873 40 0.06812
YbClg 51,638 -6925 5433 50 0.08815
YC1x 48,690 -6925 5223 40 0.08451

D 1s the average deviation in cals/mole of
calculated from experimental values of Qy.
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C. Derived Thermochemical Quantities

l. Heats of hydratlon

The energy required to hydrate a compound may be calcu-~
lated as the difference between the heat of solution of the
hydrated compound and the heat of solution of the anhydrous

form. Conslder the equations
V-2, RClg(s) + XHp0 = RClg(mp) + AHy
V-3, RCly*YH0(s) + (X-Y)H;0 = RClz(mp) + AHp

where mp 1s the same final molal concentration 1ln each case,

Subtraction of Equation IV=3 from Equation IV-2 ylelds
-4, RCly + YHy0 = RCl,«YH;0 + ( AHy- AHp)

where AHy-AHy 1s the energy required to hydrate the compound

RCls(s). In this manner the heats of hydration of lanthanum,
praseodymium, samarium, gadolinium, erblum, yttrium, and
ytterbium chlorides were calculated. The results are given

in Table 20 and plotted in Pigure 1l4.

2. Heats of formation

a, Anhyvdrous chlorides. The heat of formatlon of a

compbund 1s defined to be the increase in heat content when
one mole of the compound 1is formed from 1ts elements at a
given temperature and pressure. The standard heat of

formation, designated as CSHg, is the increase in heat

content when the elements and the compound



Table 20.
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The Heats of Hydration; Heats of Formation; and

Estimated Entropies and Free Energies of Formation

of Some Rare Earth Hydrates at 259C

Hydrate - DR(hyd.) - DEp -As§ - AFS
LaCly+7H,0  25.37£0,02 759.27%0.20 383.5 645,0
PrClg*THo0  28.45%0.06 769.69%0.16 383.5  645.4
PrCly+6H,0  25.81%0.06 688.7320,16 337.2  588.2
SmCly+6Ho0  30.92%0.06 --- 337.2 ~ -
GACly +6H,0 34.38%0,04 684,2410.15 337,.2 583,.7
ErClg+6Hp0 38.,22%0.05 679.10%0.25 337.2  578.6
YbCly+6H,0  40.6710.01 - - 337.2 - -
YClg+6Hy0 37.28%0,08 681.63%0,12 337.2 581.1

AH(hyd.), Aﬂg, and AF? are in Kcals/mole; AS?.

is in entropy units.
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are in their standard states at 25°C and one atmosphere
pressure. The standerd states of liquids and sollds are
generally taken as the stable forms at 25°C and one atmosphere
pressure; for gases the 1deal gas at one atmosphere 1s
postulated, Conalder the formation of liquid water at 25%
from hydrogen and oxygen in thelr standard states;

Iv-56. Hz(g’l atl'ﬂa) + %02(8,1 atm.) - HgO(l) .
The standerd heat of formation of water becomes
Iv-6. ARZ = B°(Hy0) - BO(Hp) - 3RO(0,) .

Since the heat content of substances cannot be known in an
absolute sense it 1s permissible to choose any convenlent
reference scale for the heat content; the cholce of a

reference scale does not change the value of AHg. The

thermochemlcal convention is to set the heat content of
elements equal to zero in thelr standard states at all tempera-
tures. Thus the heat of formatlon of water indlcated by
Equatlion IV-6 becomes equal to the heat of Reactlon IV-5.

It 1s not usually possible to measure directly the heat
of formation of an lnorganic compound from its elements and
recourse nmust be had to indirect methods., In the present
work the heats of formatlon of some rare earth chlorides were
calculated from data on the heats of solution of the metals

and chlorides in hydrochloric acid solution. Additional data
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on the heat of formation in solution of hydrogen chloride

were required. Consider the following equations:

V-7, mR(s) + HCl(mg) = mRCly+HC1(m,) + 3/2mi,(g) + mAH]
v-8. mRCly(s) + HCl(mp) = mRCly*HCl(mp) + mOH)
Iv-9.  3/2m Hp(g) + 3/2m Cly(g) = 3m HC1(g) + 3mAE

- o
IV-10.  3m HC1l(g) + HCl(mp) = HCl(mg) + 3mAH,

where m is the number of moles of compound or element per
1000 grams of water and R 1s a rare earth. Additlon of
Equations IV-7, IV-9, and IV-10, and subtractlon of Equation
IV-8 ylelds, after divislion by m,

Iv-11.  R(s) + 3/2C1,(g)=RC1lz(s) +AHy ¢ 3AHg + 3AHS - AHS
where

AH; s 5AH§ + 30E] - AR = AxQ

1s the standard heat of formation from the elements of the
compound RCI3(8).

The heat of formation and heats of solutlion and dilution
of hydrogen chloride used in evaluating the changes in hest
‘content in Reactlons IV-9 and IV-1l0 were taken from a review
by Rossinl (47). The heat effects indicated by Reactions
IV-7 and IV-8 were measured In the present work, 1In evaluat-

ing the change in heat content in Reactlion IV-8 the following
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procedure was adopted. Sets of twe or three anhydrous
chloride samples were dlssolved in a solution of hydrochlorie
acld whose concentration was very nearly equal to the final
acid concentration attained during a metal experiment and the
values of'gg calculated. From the rare earth chloride concen-
trations reached in these acld experiments the corresponding
values of Sﬁ in water at the same concentratlons were calcu-
lated from Equation IV-1l using the appropriate constants for
the rare earth chloride concerned. By subtraction of the
Eg‘values in acid from those in water an eaverage lowering
effect on the heat of solution of the chloride was observed.
This average lowering effect was then applied to all Sﬁ values
caleulated from Equation IV-1l at the rare earth concentrations
attained during metal experiments, The standard heats of
formation of the chlorldes of lanthanum, preaseodymium,
yttrium, gadolinium, and erbium are given in Table 21 and
plotted in Figure 15.

b. Hydrated chlorides. The heats of formatlon of the

hydrated rare earth chlorides may be calculated as the sum

of the following reactions:
Iv-12.  R(s) + 3/2C1,(g) = RCls(s) + AE;
IV-13.  RClg(s) + XHy0 (1) = RClg+XHpO(s) + AHp

IV-14.  XHp(g) + X/2 Op(g) = XHy0 (1) + XDHy
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Table 21. The Heats of Formation and Estimated Entroples
and Frees Energles of Formatlon of Some Rare Earth
Chlorides and Ions at 25°C

Cor o - b -Asg -bFp
LaCly 255.68%0.18 59.3 241.0 J38.0
PrCly 253.0230.10 59.3 235.4
GdCly 239.96%0.11 | 59.3 222.3
ErCly 231.,00%0,20 59.3 213.%
YClg 234.47%0.04 5943 216.8
Lattt 168.82%0.18 - -
prttt 168.86+0.10 - -
gatrt 163.12%0.11 - -
Epttt 160.97%0.20 - -
Yttt 163.33%0.04 - -

AH?. and AFg are in Keals/mole: Asg is in entropy
units.




g2

256

2549

2521

250

248 —

246 -

244 |-

242 I~

240 -

238
HEAT OF FORMATION

RCI
236 3(3)

234 |-
232

230 —
228

226

224

L

Figure 15. Heats of Formatlon of the Rare Eerth Trichlorides
in Kilocalories Per MNole.



93

where AHg is the heat of hydration, The summation of

Reactions IV-12, IV-13, and IV-14 ylelds

IV-15. R(s) + 3/201,(g) + XHp(g) + X/2 0y(g) = RCly+XH,0(s)

and
. Iv-16.  AB2 = AH] + AB] + xAR] .

The heat of formation, AHg, and the heat of hydration,

Aﬁg , have been calculated. The heat of formation of liquid

water, AHg, was taken as -68,313 cals/mole as given by

Bichowsky and Rossinl (48). The standard heats of formation
of the hydrates calculated in thls manner are given 1ln Table

20.

¢c. Rare earth ions. The stendard heat of formstion of

aqueous rare earth lons may be calculated from the foregoing
thermal data. The heat of formatlon of geseous hydrogen
chloride and the heat of solution of hydrogen chloride at
infinite dilution are given by Rossini (47) as -22,063 cals/
mole and -17,880 cals/mole, respectively. Thus, for the sum

of the reactlons
Iv-17. % Hy(g) + & Cly(g) = HC1(g)
Iv-18. ECl(g) + ag. = H+(aq.) ¢+ C17(aq.)

the atandard heat content change 1s -39,943 cals/mole, If

the convention is sdopted that the standard heat of formation
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of the aqueous hydrogen lon is zero, then, since the heat
content of the elements are also taken as zero, the standard
heat of formation of the aqueous chloride ion 1s -39,943
cals/mole. Hence, since the standard heat content changes

for the reactions
IV-11.  R(s) + 3/2C1,(g) = RCls(s) + AHJ
and

$+d
R

Iv-1. RClg(s) + 8q. = (ag.) + 3C17(ag.) + AH%(eo)

are known, the standard heat of formation of the aqueous rare
earth lon can be calculated, The sum of Reactions IV-~l and

Iv-1l is

IV-19. R(s) + 3/2C1,(g) + ag. = R***(aq.) + 3C17(aq.) +
AHZ + AE%(w)

and the hest of formation of R***Qag.z becomes
v-20.  AHg (R**¥) = OR%(w) + AH] - 3AHD (C17) .

The standard heats of formation of the rare earth ions
calculated in this work are given in Table 21 and plotted
in Figure 16.

3. Estlmated entroples and free energles of formatlon

The free energy of formatlon of a compound is the change

in free energy accompanying 1its formation from the elements.
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This free energy change becomes the standard free energy of
formation when the elements and the compound are in their
standard states. As in the case of heat contents, the free
energies of the elements are taken as zero in their standard

states. Therefore, the free energy of the reaction

Iv-21,  R(s) + 3/2Clp(g) = RClz(s)

at standard conditions of temperature and pressure bscomes
the standard free energy of formation, [kFg, of the compound,

RGlS(s).

The standard entropy change of Reaction IV-21 is given by
w-22.  Asg = s°(rcly) - 8°(R) - 3/28°(Cly)

where §3 1s the value of the absolute entropy at standard

condlitions. Standard entropy values of substances are usually

evaluated by integrating the equation
208,16
IV-23. s = Cp at .
T

o

Parkinson, Simon, and Spedding (49) have messured the heat
capacity of lanthanum, cerium, praseodymium, and neodymium
from 2 to 180°K and extrapolated thelr data to calculate
values of 8%, They obtained for S° the values 13.64, 16.68,

17.49, and 17.54 entropy units, respectively. Recent work



g7

on gadolinium by Griffel, Skochdopole, and Spedding (50) in
the range 15-300°K gave 15.75 entropy units as the value of
§3. In spite of the entropy values available for the elements,
a precise calculation of the entropy change in Equation IV-22
is not possible because of the lack of S° values for the
chlorides. The entroples of the compounds were estimated by
the method set forth recently by Latimer (51, 52). From

these entropy estimates the entroples of formation of the
chlorides were calculated by Equation IV-22; the free energiles
of formation were then caleculated from Equetion II-15. These
results are given in Tables 20 and 21,

If the free energles of formation of the aqueous rare
earth ions were available, it would be possible to calculate
the entroples of formation. Free energles of formatlon of
aqueous ions can be calculated from reversible elactrode
potentlals by Equation II-17. The only rare earth electrode
process that has been studied 1s the deposition potentials
of the rare earth catlions at a dropping mercury electrode
by Noddack and Brukl (58). These deposition potentials were
used by Yost, Russell, and Garner (59) as rough estimates
of the reversible electrode potentials. However, since
deposition potentimls are essentially irreversible processes
and not thermodynamically related to the free energy, they

were not used in entropy calculstions.
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D. Dilscussion

In general, the data reported in thls work on the heats
of solution of the anhydrous chlorides in water agree
reasonably well with those of Bommer and Hohmann (8) and
Matignon (39, 40). The plot in Figure 17 of the heats of
solution at infinite dilution indicates a linear relationship
from lanthanum to gadolinium. The values for cerium and
neodymium chlorides obtained by Spedding and Miller (9) were
drawn in for comparison., Erbium chloride is somewhat higher
than an extension of the straight line would indicate; the
difference cannot be accounted for by experimental srror.
Ytterbilum chloride does fall on the extension of the straight
line through the lighter rare earths. A plot of the data of
Bommer and Hohmann shows a similar behavior. These investi-
gators reported the trichlorides to exlst in d, @_ , and I
forms; the crystals were not further identified. From their
work, the chlorides of lanthanum through gadolinium have
the « form, terbium chloride the /3 form, and the remaining
members of the series and yttrium chloride, the / form.
Dysprosium was found to be dimorphic, having both 3 and ¥
forms, the { form having a heat of solution about three
kilocalories higher than the 3 varlety. Zachariasen (53)
reported the chlorides of lanthanum, cerium, praseodymium,
and neodymium as 1isostructural having hexagonal type lattices;

the crystal system of cerium chloride was confirmed by
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Kojima, Inoue, and Ishiyama (54). Recently, Carter (55)
identified the ¥ form as monoclinlc by working out the
crystal structure of yttrium chloride in detall using single
>cryatals. By comparing X-ray powder diffraction patterns

of the trichlorides of dysprosium through lutetium with a
powder dlagrem of yttrium chloride, Carter showed these
chlorides to be isostructural., The lattice constants of
dysprosium, holmium, erblum, and thulium chlorides decrease
almost linearly with lncreasing atomle number 1n accordance
with the lanthanide contraction. Marked expansions of the

a and ¢ axes of ytterblum and lutetium chlorides were
observed while the b axls continued to shrink as expected;
the total volume of the unit cell increased correspondingly.
Although powder diagrams of the chlorides used in the present
work are not yet avallable, 1t 1s belleved that their
structures should be identlcal wlith those studled by the
aforementioned authors. The crystallographic observations
afe in qualitative agreement with the heat of solutlon data
presented here. Thus, one would predict a regular relation-
ship from lanthenum to gadolinium since these chlorides are
isostructural. Erbium and ytterbilum chlorides would not be
expected to fall on a llne with the lighter rare earths
because of the change from hexagonal to monoclinic structures.
That ytterbium chloride breaks back sharply towards the
straight line through the light rare earths 1s in qualitative
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agreement with the sudden change in volume of the unit cell
observed by Carter.

The seml-emplirical equation

%

Iv-l. QM = a ¢+ bDm” ¢ enm

which was formulated to «srepresent the heat of solution deata
of the chlorides cen be used to calculate the relative
apparent molal heat content, @r. Subtraction of the constant,

8, glves
Iv-25. B, = -(bm% + om)

in the concentration range studied. Since the data presented
here was obtalned primarily to calculate other heat quantities,
the concentration range studled was relatively small, viz.,
0.01-0,09 molal. Furthermore, the data was obtained in a
concentration range too high to be used to check the
theoretical limiting laws given by the Debye-~Huckel theory.
To check these limiting lews these studles must be extended
to rmuch more dilute solutlons than those investigated for
this thesis. In these more dilute ranges relatlive apparent
molal heat contents determined from heat of sclutlion data

are not very accurate since they represent the difference
between two large numbers; they are more precisely determlned
at very low concentrations from heat of dilution experiments

in which &8 solution of known concentration is diluted in a
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calorimeter (32). Therefore, since calculations of the rela-
tive partial molal heat contents from the data reported here
would be for a very limited and relatively uninteresting
concentration range, they were not made. However, the data
presented in the tables may be used to extend heat of dilution
data to higher concentrations.

A few remarks on oxychlorldes are in order since their
presence 1in the original materlals or thelr formation by
hydrolysis would lead to low results. Final solutions
obtained from rare earth chloride experiments showed no
obvious evidences of insolubility and Tyndall light tests
indicated the absence of colloidal oxychloride particles.
Thls was not true in the case of yttrium chloride; final
golutions showed Tyndall effects due to the scattering of
light by insoluble oxychloride particles. The anhydrous salt
was prepared three times by the procedure described earlier
and each time the final solutions gave Tyndall cones. To
eliminate the Tyndall effect 1t was found necessary to run
the experiments in solutions made to a pH of about three with
hydrochloric acid. Since the analytical results were good
and the presence of oxychloride was observable only in the
Tyndall cone, 1t was belleved that the oxychloride content
was very small, No corrections were applled to the measured
data since it was not clear whether the oxychlorlde was

present originally or was produced by hydrolyslia, If the
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oxyehloride were present originally, then the acid served to
dissolve the colloldal oxychloride which, by estimation, has
a heat of solution of the same order of magnitude as does the
anhydrous chloride in water; 1f the presence of acid prevented
hydrolysis, no extra heat is involved since the heat effects
of hydrolysis and solution are equal in magnituds and opposite
in sign, The increase in lonic strength due to the presence
of the hydrochloric acid had a negligibly small effect on the
heat of solution of yttrium chloride.

The data presented in this work on the heats of solution
of the rare earth metals In hydrochloric acid solutlons are
in better agreement with the results of Lohr and Cunningham
(11), Neumann, EKroger, and Kunz (42), and Sleverts and Gotta
(41), than with those of Bommer and Hohmann (7). Bommer and
Hohmann prepared thelir metal samples by reduction of the
anhydrous chlorides with potassium metal in vacuo. The
resultent slag and metal were placed in a calorimeter and
after the potassium chloride slag dissolved, hydrochloric acid
was added from & burette to dlssolve the metal, Complete
reduction of the rare earth chlorlide was assumed in the
calculations. It would seem that such a technique would
reduce the accuracy of heat leak corrections; furthermore,
potassium dissolved or occluded by the rare earth metals would
lead to high results. The presence of varying amounts of

oxides in the metals used by the other suthors would explain
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the differences in thelr results; the lanthanum metal used

by Sieverts and Gotta was only 84 percent pure. The metals
used in the present work were prepared by reducing the
anhydrous fluorides with caleium; the reductions were made

in tantalum contaliners in an inert atmosphere. Since pre-
cautions were taken to keep oxygen out of the reactant
meterials and away from the reduction reaction, it 1s belleved
the metals contained a minimum of this element, Oxide
impurities would produce lower results in the data reported
here, The heats of solution of the oxides wére estimated to
be about 30 percent of the heats of solution of the metals

per gram atom of rare earth. Unfortunately, a relliable method
for the determination of oxygen in rare earth metals is not
presently available; for this reason, the oxide content of

the metals used in thls work are not reported in Table 1
although 1t was belleved to be very low.

In general, the heats of formatlon of the rare sarth
chlorides and ions studied in this work decrease with increas-
ing atomic number of the rare earth, The heat of formation
of the agqueocus praseodymium ion 1s nearly equal to that of
lanthanum meaking a sharp break in the plot in Figure 16.
Assuming the metals to be completely free of oxldes, this
equality of the heats of formatlon of the aqueous ions
indicates that the 1ncrease in the metal bond energy from

lanthanum to praseodymium 1is just offset by an increase in
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hydration energy. Thls break 1s not as sharply manlfested
when the heats of formation of the chlorides are considered:;
the reason for this 1s that the heat of solution of the
anhydrous chloride, which enters into the calculatlions, 1s
greater for praseodymium chlorlde than 1t 1is for lanthanum
chloride. The heats of formation given in the present work
do not agree with those given in the tabulations of the
National Bureau of Standards (57) since the values reported
there were calculated on the basls of the heat of solution
data of Bommer and Hohmann (7, 8).

The free energies of formation of the compounds given
in Tables 20 and 21 are based upon estimates of the entroples
of the compounds. These values are subject to revision as
more accurate entropy values for the compounds become
avallsble.

Only Mstignon (40) has reported the heat of solution of
a hydrated raere earth chloride. His value of EE S 5.3
Kcals/mole for PrCla+7Ho0 cannot properly be compared with
those given in this thesls because his final concentration
was not specified, The plot in Flgure 18 of the heats of
solution of the hydrates shows some interesting features of
these compounds, Praseodymium chloride forms the most stable
seven~-hydrate and gadolinium chloride the most stable six~
hydrate under ordinary laboratory conditlons. There is a

regular decrease 1ln Qy with atomlc number in the case of
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Pigure 18. Integral Heats of Solutlon of the Hydrated Rare
Earth Trichlorides at m%Z =z 0.1500 in Calories Per Nole.
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PrClg*6Hp0, SmClyg«6HoO and GACls6H,0. That ErClg.6H,0 and
YbClz+6Ho0 were observed to have higher heats of solutlon than
expected indicates a posslible structural changs. Changes in
crystal systems have been reported in the case of the hydrated
chlorides by Iveronova, et al (60); both NdCls *6H,0 and
Sm815-6H20 were reported as monoclinic and LaClgenHnO and
PrClsonBEO as triclinic; the number n was not specifically
identified. One would expect a structural change and, there-
fore, a heat of solution change, ln the case of going from a
crystal with seven waters of crystallization to one with only
gix; thus, the break at erbium in the heat of solution plot
suggests there 1s a change ln crystal form occurring here
which 1s probably brought about by changes in packing due to
the smeller erbium ion, An X-ray study of the structures of
the hydrated chlorides of the rare earths 1s presently under-
way at this Laboratory; when completed, the anomalous behavior
in the thermal data reported here may be resolvéd.

The total hydratlion energy of the chloride ion should be
the same at infinite dilut;on for the series of compounds
studlied in this work; for this reason, the differences in the
heats of solution of the anhydrous chlorides at infinite
dilution are a measure of the differences in lattice snergles
of the crystals and total hydration energles of the cations.
On the basls of the lanthanlde contraction one would predict

that the lattice energy would increase positively for the



107

seven hexagonal rare earth chlorldes. Since the heats of
solutlon increase negatively for the same group 1t 1s seen
that the differences 1n total hydration energies are greater
than the differences in lattice energies, The same observa~
tion 1s true in the case of erbium and ytterbium. A quantita-
tive measure of these differences wlill be possible once the

lattice energles have been calculated.
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V. GENERAL SUMMARY

An isothermelly jacketed calorimeter has heen constructed
to measure the changes in heat content accompanylng the solu-
tion of some rare earth metals and compounds. To check the
performance of the apparatus, the integral heats of solution
of potassium nitrste in water at 26°C have been measured. The
values corrected to infinlte dilution by use of the relative
apparent molal heat content data given by Harned and Owen (32)
give 8384112 cals/mole. The result agrees well with the
adiabatically measured value of Lange and Monheim (34).

The integral heats of solution in water of the anhydrous
chlorides of lanthanum, praseodymlum, samarium, gadolinium,
erbium, ytterbium, and yttrium, have been measured at 25°C.

For each salt empirical equations of the general form
3
Iv-l. Qy =& +bm” + om

have been formulated to represent the experimental dasta in the
concentration renge studied. The constant, b, has been taken
as the theoretical value given by the Debye~Huckel theory.

The values of the constants, & and ¢, are given 1n Table 19.
The plot in Figure 17 of the heats of solution at infinite
dilution gives a smooth curve for the chlorides from lanthanum
through gadolinium. That erblum and ytterblum do not form

part of the smooth curve 1s explained on the basis of the
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change 1in crystal structure from hexagonal to monoclinie.

The relation of heats of solution to lattice and hydra-
tion energles has been discussed, Once the lattice energiles
of the rare earth chlorides have been calculated the hydration
energles of the rare earth cations can be determined from the
data presented here.

A brief discussion of the thermodynamics of binery solu-
tions has been presented and the relatlonship of partial molal
and apparent molal heat quantities to heats of solution and
dilution 1s indicated, The data presented here can be used
to extend heat of dilution data at low concentrations to the
intermediate concentration range studied for thils thesis;'

The integral heats of solution of the metals and anhy-
drous ehlorides of yttrium, lanthanum, praseodymium, gado-
linium, and erbium, have been measured in hydrochlorlc acild
solutions at 25°C. These data have been used to caleulate the
standard heats of formatlion of the anhydrous chlorides and
aqueous rare earth ions given in Table 21.

The integral heats of solution of the hydrated chlorides
of yttrium, lanthanum, praseodymium, samarium, gadolinium,
erbium, and ytterbium, have been measured in water at 25°C,
These data, together wlth the heats of solution of the anhy-
_drous chlorildes in water, have been used to calculate the
heats of hydration given in Table 20,

The standard heats of formation of the hydrated chlorides
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of yttrium, lanthanum, praseodymium, gadolinium, and erbium,
have been calculated from the data on the heats of hydration
and heats of formation of the anhydrous chlorides. These
results are glven in Table 20.

From estimates of the entroples of the elements and
compounds by the method of Latimer (51, 52), the standard
entroples of formatlon of the anhydrous and hydrated chlorides
of yttrium, lanthanum, praseodymium, gadolinium, and erblum,
have been approximated. Uslng the stamdard entropies and
heats of formation, the standard free energles of formation
of the same compounds have been calculated. These results

are glven in Taebles 20 and 21.
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