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INTRODUCTION

The field of thermodynamics has reached its present
high state of development mainly through the basic contri-
butions of J. Willard Gibbs (1), who established it on a
firm mathematical basis, and of G. N. Lewis and M. Randall
(2)y who clearly demonstrated the application of the laws
of thermodynamics to chemical systems, Since then thermo-
dynamics have been widely applied as a tool to support,
extend, or revise the theories which attempt to describe
chemical behavior. PFurther extension of these theories
requires additional accurate thermal experimental data.

Among the more notable new theories which arose was
the interioniec attraction theory for electrolytic solutions
as developed by Debye and Hiickelj Onsager and Fuoss;

A. A, Noyes; and many others. Harned and Owen (3) have
recently presented a critical review of the theories of
electrolytic solutions and the data on which they are based.
They show that, while modern solution theory accounts well
for the properties of dilute electrolytes, a great deal of
new experimental data will be required to extend its appli-
cation to more concentrated solutions. Two kinds of as-
sumptions are involved in the analytical expressions of the
theory. The first kind is assoclated with the formulation

of the general equations; for example, it is assumed that



complete ionization of the salt occurs and that the dielectric
constant is unaffected by the ions at all concentrations.

The second includes the mathematical approximations used in
solving the equations,

The assumption of complete ionization restricts the
theory, since this assumption is not valid for a large number
of electrolytes except over a limited concentration range.
Association, changes in hydration of the ions, and compound
formation could be‘expected to exert more and more influence
on the properties of the electrolyte as the charge density
of the medium increases. These factors would not only cause
a shift in the ionie distribution but would also alter the
forces acting between the ions, It 1s believed that all of
the phenomena mentioned above involve heat effectsjy therefore
the partial molal heat contents and heat capacities of the
solutions should be sensitive to such deviations from the
ideal ionic solution.

The more simplified form of the theory gives an ex-
pression for the mean activity coefficient of the two ions
in solution, providing the main assumptions made in deriving
the theory hold over the concentration ranges investigated.
The first and second derivatives of this expression with
respect to temperature give the partial molal heat content
and the partlal molal heat capacity, respectively, of the
electrolyte in solution. The derivatives directly relate



the two thermal properties of the ions to the theoretical
equations., The solving of the equation for concentrated
solutions does not allow the mathematical simplifications
which are premissable for the extremely dilute solutions.

The experimental values of the thermal propertles of electro=-
lytes are very sensitive to deviations from the simplifying
assumptions made in deriving the theoryj therefore, a di-
gression of the experimental values from the predicted ones
should prove very helpful in determining at what concen-
trations the simplifying assumptions are no longer sufficient
to predict these values.

In most of the theoretical equations which give the
thermodynamie properties of the ions in solution, the charge
on the ion enters as a square or higher power of the charge.
Therefore, a deviation from complete ionization would mani-
fest itself a great deal more for an ion of charge three
than for one of lower charge. In addition, the more highly
charged ions tend to associate with negative ionsj to hydro-
lyze to a greater extent; and generally to undergo a higher
degree of solvation. The resulting heat effects for a tri-
valent ion would appear at a lower concentration than similar
effects for an ion of smaller charge. The rare earth salts
are known to be strong electrolytes which would be ideally
suited for making studles of the 3-1 valence type. Solutions

of the rare earth chlorides, 1f properly prepared,are not



hydrolyzed, and measurements of their activity coefficients
(%) indicate that they obey the Debye-Hlickel theory at infi-
nite dilution. If this holds true for other properties, the
extension of the measurements of all the properties to higher
concentrations should throw light on the weak or neglected
points in the theory.

While the general chemical properties of the rare earths
have been known for some time it has been very difficult to
obtain pure compounds of most of them because of thelr very
ginilar chemical properties. However, the ion-exchange
method of separation as developed at the Ames Laboratory (5)
over the past few years has produced many very pure rare
earth salts in sufflcient quantity for extensive experimenta~
tion.

The rare earth elements possess atomic structures with
three electrons in the valence shellj since the valence
electrons determine the chemical properties of an element,
the group furnishes a unique series of salts and lons. As
the nuclear charge increases, from one element to the next,
the additional electron falls into the 4f orbital. The
increased charge on the nucleus exerts, in turn, a greater
force on the electrons in the inner shells thereby pulling
them inwards and shrinking the ionic radius.

The 4f electrons give rise to sharp energy states as

evidenced by their absorption spectra. In the solid state



the neighboring ions set up electric fields which penetrate
the inner shells to cause Stark splitting of the energy
levelsj further splitting is found when magnetic fields are
imposed, The observed splitting of these levels aids in
deternining the symmetry and strength of the electric fields
set up in the solid by neighboring atoms, However, the 4f
electrons have very little or no effect on the chemical
propag@ies of the rare earth ions.

All ions of the rare earth elements have a tri-positive
charge in their normal state in aqueous solutions; they
would, therefore, be expected to act alike except for differe
ences which can be related to their size. Ions with a higher
charge are more highly hydrated since their highly intense
electric fields tend to tie up the water dipoles more
strongly. Smaller lons of the same charge present a rela=-
tively larger surface charge density and may orient the sure-
rounding water dipoles to such an extent that the resulting
hydrated ion 1s larger, As a result of the extraordinary
increase in sige of the small ions, their transport velocities
wlll be decreased due to the fact that they will meet more
resistance from other water molecules as they travel through
the solution than they would if hydration did not occur. The
heats of solution of the salts will be increased because more
and stronger lon-dipole bonds are formed with the immediate

surrounding solvent water molecules and dlpole-dipole bonds



between the solvent molecules further away are formed when
the salt 1s dissolved. 8ince the charge on the ion is a
constant factor for all the rare earth elements and the
ionic radius of these elements in erystals 1s known to de-
crease with atomic number (6), the properties mentioned
above, which depend on the radius of the hydrated ion, can
be used to deduce structural detalls of the hydrated ions,
The properties of these lons and salts should show a regular
progression related to the gradual change in the radius of
the hydrated ion from one rare earth element to another, and
other thermal properties of this series of elements, besides
the heats of solution of thelr salts, would be expected to
exhibit such a regular change.

Although some measurements of the thermal properties of '
the rare earth metals and compounds have been made, the infor-
mation 1s rather limited in scope and some of the data were
obtained from impure compounds., The present thesls, on some
of the thermal properties of cerium and necdymium, ineludes
thermal properties of the 3~1 type electrolyte as derived
from the appropriate measured heat quantities. The thermal
data were obtained in such & manner that the powerful methods
of thermodynamics could be applied to these substances.



CALORIMETRY OF SOLUTIONS

Introduction

When a cryatalline.salt is dissolved in water, the
crystal lattice 1s destroyedj the ions are removed from
their positions in the crystal lattice; they are sepa=-
rated to relatively large distances and are hydrated.

Since the heatg of solution are small compared to the large
lattice energles, the heat of hydration of the two ions is
also large and nearly the same as the lattice energy of the
ions in the crystal. Eneréy is absorbed in the process of
separating the ions and, if the solution process is not off=-
set by solvent reaction with the electrolyte, the heat ab-
sorbed will be about the same as that required to melt the
erystaly it is exactly equal to the heat of the fusion when
the crystal 1s dissolved to give an ideal solution. The
fact that the lattice and hydration energies are nearly
equal means that the water dipoles neutralize the electric
fields of the ions to about the same extent as the two lons
neutralize each other in the crystal lattice. If the nega-
tive lon is highly polarized in the crystal and if the cation
forms very stable solvates, that 1s, if it ties up the water
dipoles very strongly, the heat of solution will be larger
and heat will be absorbed or evolved depending on which

process involves the greater energy. It is to be expected



that the water molecules would be more easily polarized
than a halogen ion by a highly charged cationj it follows
that the heat evolved would increase with an increase in
the size of the solvated cation. Born(?7) indicates how the
energy of hydration may be calculated 1f the hydrated ions
are considered spheres. However, since the value of the
dielectric constant of the water in the neighborhood of the
large electrical field of the ion is subject to question,
the usual method of finding the heat of hydration is to
calculate the lattice energy of the crystal (8) and to sube
tract it from the heat of solution.

According to the Debye-Hickel theory, the energy required
to dilute or separate the ions in solution 1is equal to the
work required to separate the charges in a solvent of a given
dielectric constant. Mathematically, 1t is the difference
in energy required to "charge up" thé ionic atmosphere from
its value at the initial concentration to its value at the
final concentration.

There 1s only one report in the literature on the heat
of dilution of a 3~1 electrolyte (9); and there are no re-

ported data on the heat capacities of 3-1 electrolytes.



Theory

The first law of thermodynamics states that if a quanti-
ty of heat, DQ, is added to a system it causes a resultant
change in the energy content of the system, 4E, plus any
work, DW, done by the systems In chemical systems of the
type under discussion, DW, is restricted to pressure-volume

work in which

(1) DW = Pav

Hence

(2) DQ = dB + PAv

The heat content function 1s defined as
(3) HS E 4 PV

whose total differential, ]

(%) dH = %g_)?dr . @3’%):?
is exact, meaning that

> swop * e
Differentiation of Equation (3) gives
(6) dH = dE + PAV «+ VaP

and combining Equation (6) with Equation (2) gives
(7) DQ = dH - V4P

at constant pressure
(8) DQ = dH
and for a macroscoplic process for a pure substance

(9) Q= 4H
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However, for a system of several components, H will be
a function also of the quantities of the various materials

present, or

(10) aH = aH>dT+ aﬂ)dp +Z aﬁ\dni
oT/Pyny T,ni g \ony P,T,ns

in which ny is the amount, usually expressed in moles, of
the Lth component present in the system, The partial molal

derivative, (JH
dn P,T’nj

which is designated as Ei, is the partial molal heat content
of each of the components. The latter quantity is of special
interest for the Interpretation of- the data to be presented.

At constant pressure and temperature, Equation (10) becomes

(11) dH = Zi Hdn,

Integration of the above equation gives

(12) H= :Ei Hyn,

For a two-component sysiem of a salt in water, Equation (12)
becomes

(13) H=nH + 0l

in which El is the number of moles of water present and E&
is the number of moles of salt present.
Since heat measurements give differences in the heat
content when any system changes from the initial to the
final state, 1t is customary to choose a convenient reference

state from which to measure differences in the heat content.
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In the case of electrolytic solutions, the reference state
for the solvent is pure water and the reference state for
the electrolyte is at infinite dilufion; these reference
states are designated as g{ for the water and as Eg for the
electrolyte. The heat content of the solution, rgzétive to
the chosen reference states, is then given by the equation
(1) L=sHae nlﬁg -/nzﬁg -
in which H is the heat content of the solution and L is the
relative heat content of the solution. If Equation (13) is
substituted for H, the relative heat content will be
15) Len@ -B) 40,0, - ) =nl +nl
in which Iy and I, are the relative partial molal heat contents
of the water and the electrclyte, respectively.

According to Lewis and Randall (2), if M moles of salt
are dissolved in 1000 grams (55.506 moles) of water to give
a solution of molality, m, the total heat given out or ab-
sorbed per mole, 1s called the total or integral heat of so-
lution; if dm moles of salt are added to a solution of
molality m to give a solution of molality m 4 dm, the total
change in heat content per mole 1s the partial or differ-
ential heat of solutlon.

For many of the 1l-1 and 1-2 salts which obey the
Debye-Hilckel laws for dilute solutions (10) it has been
found that a quantlty defined as the apparent molal heat

content, gﬁ’ iz a linear function of the square root of the
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ioniec strength through a greater range of concentrations
than is Z; The apparent molal heat content, @, 1s defined

by the equation

(16) H= nlﬁi + nzﬁé = nlﬁ§ + nofy
which requires that

(17) gp= B .

In the reference state

(18) H = n B + neﬁg = nlﬁg + naﬂg
so that

(19)  L=H- = ¢ 08, - -6
= np(fy - #5) = nofy,
in which $; is the relative apparent molal heat content of
the elect;;iyte.
For a reaction of the type
mCeCl3y(s) + 55506H,0 = mCeCly: 55, 506H,0
the change in heat content is ,
(20) AH = 55.506E) + w@y - 55.506H] - mH,(s),
in which EZ£§2 is the heat content of the solid salt.
S8ince the definition of the reference states requires that
H) be equal to g;, the above equation can be restated by

adding and subtracting .Egﬁ and by employing equation (17)
in the form

0 =0
(21) AH = m(@y - #,) - m(Hy(s) - Hp)

= IH¢L - mLz(S)
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in which-L,(s) 1s the heat of solution of the salt at
infinite EI;;:ion. Differentlation of Equation (21) with
respect to p gives

(22) d AH/dm = @y + m (df;/dm) - L,(s)

However, with the ald of Equation (15) and (20), Equation

(21) can be rewritten as

(23) OH ® 55,5061 + mLy - mLo(s)
Differentiation of Equation (23) with respect to m gives
(24) d AH/dm = T, - Lo(s)

subtracting BEquation (24) from (23) gives
(25) T= g + m(agy/an) = g + du? (g /an?)
BEquations (15) and (19) show that

(26) mg;, = mfé + 55.506fi

2t T, 4s substituted into Equation (26), L in terms of 8 is

(27) T, = -m3/2/55.506 (ag, /an?) -
The fundamental equations relating the total heat

capacity, Cp, of a solution of two components to the partial

molal capacities, Egl.and §§2’ of each of the components,

or to the molal heat capacity Cp°, of the solvent and to the

apparent molal heat capacity, Zcp, of the solute ar- given by

(28) Cp = mCp1 + npCpy = m0pf + npfey,

where §§§ 18 equal to ggz. For the heat capacity of a so-

lution relative to its reference states, Harned and Owen (3)

" employ the symbol J which is defined as
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(29) J = Cp - Cp® = ny (Cpy - Cp7) + np(Cpy - CpB)
n2(¢cp - ﬁcp) = nng

in which $; 1s the relative apparent molal heat capacity of

the soluz::' The relative partial molal heat capacities, Zl,

and EE, are defined by the equations

(30) =% - Y
and

(31) T, = T, - 5%
from which

(32) J = 0,7 + nJ,

For a reaction of the type,
mCeClB(s) + 55.506Hé0 3 mCeCl3 -55.506H20
the change in heat capacity 1s
(33) ACp = 55.506C7 + mf,, - mCp,(s) = 55.5060pF
= m(ﬁcp - Cpa(s))n

It can be shown, by a mathematical treatment exactly
analogous to that used for the partial molal heat contents,

that

(34) Cp, = 8, + (e /ant)
and
(35) T, = 85 + tub(ag; /amt)
and

(36) T = Ty - Y = -4ud/2/55.506 (ag, /an?)
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The relative apparent molal heat capacity Ei’ can be
determined from a series of values of ACp for the given
reaction at different molalities by defining ;é22§ as
(37)  ACpy = ACp/m = By, - Cpp(s)
and
(38)  ACpy = £, - Cpp(s)
at p or ﬁ = 0.

Since from Equation (30)
(39) By= Bop - 3, = ACpy - Alpy
J, can be directly determined through use of Equation (35)
while fop and §§2‘can be determined only if Cp,(s) is known.

For the present work, a development of the complete
interlonie theory will be unnecessary for the following
reasonss

(1) The presentation of the theory by Harned and
Owen (3) is entirely adequate and can hardly be improved
upon at the present time.

(2) This work is concerned with the question of whether
or not 3-1 electrolytes approach the limiting values of the
slopes calculated from the theory for these electrolytes.
Only after data for many other 3-1 type electrolytes and
3~2 type electrolytes have been obtained and carefully ex-
amined, will it be possible to give a better theoretical
explanation for the deviations of the observed data from

those given by the present theoretical equations.



16

(3) Many data necessary for calculating the desired
coefflclents at more than infinite dilution are not yet
avallable. An example is the temperature coefficient of
expansion of solutions of the rare earth chlorides.

However, the theory of Debye and Huckel is briefly
outlined for the limiting case. The ions are considered
to be point charges; they can be assumed to be at any point
in the solution, but there 1s a higher probabllity that
those of opposite charge will be nearer each other with one
tending to surround the other. It 1s assumed that the work
required to pull the oppositely charged lons apart in per-
forming a dilution is the cause of deviatlions from the laws
of the perfect solution. The ionlc atmospheres are assumed
to have sgpherical symmetry so0 that the potentlal due to an
ion and its surrounding atmosphere 1s a function of the
distance from the ion onlyj the potential is represented by
;ﬁﬁg}. For a medium containing electrical charges subject
only to forces which vary inversely as the square of the
dlstances, the relatlon between the charge density, fL, and

the potential 1s given, in general, by Polsson's equation
(40) 92y (r) = - 4T p/P

in whieh D is the dielectriec constant of the medium. The
probability of a given number of charges being present in
a potential region where&#(z) is the potential, considering
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the thermal motion of the ions, is taken as that given by
the Maxwell-Boltzmann distribution

1) P(n) = n exp (-P(r) Ze/kT)

in which p 1s the number of ions per cubic centimeter of
the solution as a wholes The charge density of the region
is o

(k2) pe % ngZse exp (- Y(r)zse/xT)

in which Z!e 1s the charge on an ion. The quantity,
J(r)Z e/kT, is assumed to be small so that

(43) exp(- Y (r)Z,e/kT) = 1 - ((r)Z,e/kT
if higher terms are neglected., Substituting Equation (43)
into Equation (42) gives

m
(s ) P = 121 nyZ;e(1 - 4)(1')219/1{1')

Electroneutrality of the solution as a whole requires that
m

(45) Z nZe = 0

hence
2.2
46) /o - - ;21 (nizie /kT)kP(r)
and
2 2 g 2 -
(47) VeY(r) « (4T e</DkT) ) lniziql(r) = K°Q(r)
=
if

m
(48) K2 = (47 e2/DKT) 121 ny 2%
»
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The general solution of Equation (47) is

4+9) J(r) = (a/r)e” ™ 4 (B/r)ekT

However, ﬁk&;},must be zero for pr = o« , therefore it follows
that B must be zero, and that

(50) J(r) = (A/r)e~Kr

is the only acceptable solution. The potential of the ion
without its atmosphere is

(51) q)(O) = Zie/Dr
so that if Equation (50) is written as
(52) J(r) = a/r - (a/r)Q - &™)

the constant A must be Zje/D, and the second term must be
the potential attributed to the ilonlc atmosphere. 8ince
the ion carries its charge with it the only work of di-
Jution is the electrical work required to change the ionic
atmosphere. Therefore,
(53) Ylr) = - (21e/Dr) (1 - 7KF) = z,eK/D
is approximately the potential of the atmosphere, and the
electrical work reguired to chargé an lon in the presence
of the potential W(r) is
(54) aFym 3 '(r)Zse = -323e°K/D
The electrical work of dilution is associated with the
free energy change of dilution by the thermodynamics
equations which follows These aret
(55) AF = F -« ™ = JRTin(moxl)/m.%

>  YRTIn(C,/C) - Z5e°NK/2D
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or

(56) In¥ s = - L Zye K/2DKT

in which J: 1s the mean zctivity coefficient of the
electrolyte in solution. The above relation can be

written more correctly for the very dilute solution as

(57) In3 g = -8p(2du)?
where ’ :§§

= 2
(58) /LL % &1 zimi
and s
, 6 ¥
(59) &, = V42 [WN 1000(1:1)1%
For a 3-1 type electrolyte, _4 = 6m, so that
(60) InY s =« Sf(lzdom)%

gives the limiting equation for the mean activity coefficients.
The variation of the above coefficlients with temperature
1s derived in the following marner from thermodynamic re-

lations:
(61) AF/T » (F-F°)/T = JRIn¥+ + VRlmm:
and )
(62) ) (Fu® ] 2 - (B.I7)/12
o
P
but

(63) ‘"3 g?gﬁvz(_g] = JR [aa;% z&]
P P

hence
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(64) (H-1)/12 = T/12 = - 4R [a e
a: p
and
(65) T= srr? [ __g_f Sg (24, u )%} = sHm%“
P
But
(66) I=H-T®
so that

N A R
= 7R a [T?-__%s (24, « ) J 25 o put

The above equations define the limlting slopes in the ususl
waye. An examination of Equation (59) shows that the
equations for L and for Cp - Cp® become increasingly complex
when the indicated differentlations are performed. The
values for the slopes il_ and §9.D. have been calculated by
Harned and Owen (3) and will be given in appropriate places

in this thesls as need for them arises.
General Methods

The measurement of quantities of heat by any method
is termed galorimetry. The measurements require no
knowledge of the ultimate nature of heatj in fact, the
term "quantity of heat" was used when heat was still re-

garded as a fluld,
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The instrument used to measure quantities of heat is
called a galorimeter; there are two kinds of calorimeter
depending on the thermal process utilized to measure the
quantity of heats The first kind is the latent heat calo=-
rimetery its operation depends upon the change of state of
some substance placed in the calorimeter. The ice calo-
‘rimeter is an example of this kind of calorimeter, and 1s
described in detail 1h a following section on specific
heats of solids, The amount of heat added to the calo-
rimeter 1s determined from a knowledge of the latent heat
of fusion of ice and the amount of it that changes state
during the course of the reaction taking place.

The second kind is called the thermometric calorimeter;
its operation depends on a change in temperature which
accompanies the reaction being studied. Estimations of
heat quantities are deduced from observation of the temper=
ature changess In this kind of calorimeter the thermometer
is the instrument of prime importance. Regnault built one
of the first calorimeters of this kind in 1840 he deter=-
mined the amount of heat added to a calorimeter, containing
water, by measuring the temperature rise of calorimeter and
water when a warm body was introduced into the water. The
heat capacity of the calorimeter was determined by adding
warm water to the water in the calorimeter and noting the

initial and final temperaturesj this procedure is known as
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Regnaultfs method of mixtures. Dulong and Petit used what
is now célled the method of cooling to estimate heat quanti-
ties; they compared the time for different substances of the
same size and shape to cool through the same temperature
range when exposed to the same surroundings. Regnault, how-
ever, pointed out that the method of cooling was not sulte
able for measuring heat capacitlies of solids while it could
be used for liquids. Detalled descriptions of the early
model s of the above mentioned calorimeters are given by
Preston (11) and by Worthing and Holliday (12).

The science of calorimetry centers about the invention
of temperature-measuring devices and methods of operation
that will lead to a more accurate measurement of the temper=
ature and to a better estimate of corrections involving
the exchange of heat between substances. The detailed at-
tention given to these problems by many scientists is evi-
denced by the improvement of calorimetrie data in the
literature over a period of time.

The requirements of modern calorimeters, including
their design and operation, are so fully covered by White
(13) and by Swietoslawski (14) that only a brief survey of
the general types of the thermometric calorimeters will be
necessary in this thesis., Among the best of the calo-
rimeters designed for studles of electrolytes are the

models developed by Lang and his coworkers (15, 16, 17),
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and by Gucker and his associates (18).

The present-day calorimeters which employ the use of
temperature measurement to obtain the estimation of heat
quantities are of three typess (1) the thermally insulatede
jacker model, (2) the adiabatic type, and (3) the iso-
thermally-Jjacketed calorimeter. A great deal of the work
with oxygen~bomb combustion calorimeters is done with the
insulated~jacket calorimeter. The quantity of heat pro-
duced is usually large; when calibrations are done by the
use of standard materials the heat measurements are fairly
accurate, especlally 1f the heat leakage 1s properly taken
~into account. The adiabatic calorimeter is best adapted
for measuring small quantities of heate Its main advantage
is that the heat exchanges with the surroundings are negli-
gible and so that it can be used to measure quantities of
heat which develop over a long period of time. However,
it 1s difficult to maintaln strictly adiabatic conditions
between the calorimeter and its surroundings when large
quantities of heat are evolved or absorbed by rapid
processes. Of the three types mentioned above, the
adlabatic calorimeters are necessarily more complicated in
design and construction because additional mechanical means
have to be enployed to heat or cool a bath in order to maine-
tain temperature equality between the bath and the calo-
rimeter. The isothermally-jacketed calorimeter is well
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suited for the measurements of large amounts of heat pro=-
duced in a rapid process as well as those of longer duration.
It is not, when properly constructed and operated, inferior
to the adiabatic calorimeter (19). However, the heat
leakage must be accurately accounted for and the calculation
of the corrections 1s a tedious task. The advantages of the
isothermally~jacketed calorimeter in the present work ares
(1) 1t is more simple in design and construction than an
adiasbatic calorimeter of equal precisionj (2) it can be
operated by a minimum amount of labor and personnelj (3) it
1s best suited to the given laboratory enviromnment; and

(4) 1t is to be used for measuring fairly large quantities
of heat developed by rapid chemical reactions.

Experimental
eparatio te

The source materials for the anhydrous cerous chloride
were c.+ps hydrated cerous chloride and standard cerle
ammonium nitrate procured from the G. Frederick Smith Company.
The analyses of the above chemicals as well as those of all
other source materials are given in Table 1. The hydrated
cerous chloride gave a slightly turbid solution when it was
dissolved in dilute hydrochloric acid and a small amount of
gelatinous precipitate formed when the solution was boiled
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with concentrated acid. The solution was diluted and the
precipitate filtered out. A second boiling produced no
further precipitate; the process of boiling the solution
to a syrup in concentrated acid, diluting,and filtering
was repeated two more times before the solution was bolled
in concentrated acid until the temperature reached 13o°c
and the cerous chloride allowed to crystallize. The hy-
drated crystals were then placed in a long pyrex drying-
tube which was put into a resistance furnace. One end of
the drying-tube was connected to an aspirator, by means of
pieces of rubber vacuum tubing, through & series of flasks
used as gas traps. The other end of the drying tube was
connected to a source of purified dry hydrogen chloride
gas. The gas was passed through a tube containing calcium
chloride at 400°C to décompose any hydroecarbons presenf in
the gas; the caleium chloride was replaced before each
drying run., After the gas was started through the system
under reduced pressure from action of the aspirator, the
temperature of the furnace containing the?hydrated chloride
was increased slowly to 80 or 90°C, again to 130°C, and
then more rapidly until it reached 400°C, The slow pro-
cedure of raising the temperature of the furnace was used
in order to minimize the possibility of forming the oxy-
chloride and to keep the dried chloride from matting to=-

gether in hard lumps. The bulk of excess water was removed

Y] o U
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Table 1

Purity of Source Materlals

Source Material Purity*

Hydrated cerous chloride No other rare earths or thorium
detected by emission spectro-
graphyé iron 0,0023%; calcium
oxide 0.03%; magnesium oxide
0.03%3 traces of silicon prior
to boiling in concentrated hy-
drochloric aeld solution,

Ceric ammonium nitrate No other rare earths, thorium,
or common elements detected
by emission spectrography.

Neodymium oxide No other rare earths, thorium,
or common elements detected
by emission spectrography.

Cerium metal No other rare earths or thorium
detected by emlssion spectro-
graphyé iron 0,05%; calcium
oxide 0.05-0,1%; magnesium and
tantalum not de eq{ed.

Keodymium metal Other rare earths, mainly prase-
odymium 0,1%; faint traces of
calcium and magnesiumy iron 0,02%.

*The limit of detection of the rare earths was about
0.02 to 0.03 per centj; that f common elements was
about 0.01 per cent,
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at 75~100°C. The rare earth chlorides melt in their own
water of crystallization at a temperature slightly above
100°C, In order to obtain a pure anhydrous chloride which
is also small grained, it is necessary that the erystals
do not melt before they are dried. All but one of the
waters of crystallization are removed at about 130°C, and
therefore it is again advisable to approach this temper-
ature slowly so the gas stream can sweep out the vaporized
water as rapidly as it is expelled from the erystalline
mass.,

When the temperature of the dried chloride reached
400°C, the hydrogen chloride was shut off and dry helium
wag introduced into the system by means of a three-way
stopcock in the gas line. The furnace was then disconnected
from its power source and the crystals allowed to cool in
a stream of helium gas. The anhydrous chloride, when
cooled to room temperature, was quickly transferred to a
dry bottle whieh then was capped, sealed, and placed in a
dry-box. ©Samples were taken from this supply of chloride
for test runsg and experiments as needed. After about two
months this source of chloride gave indications that it was
picking up moisture. Therefore, another portion of salt,
made from the ceric ammonium nitrate, was dissolved and
boiled in strong hydrochlorie acid until the solution no

longer gave a positive test for nitrate. The chloride was
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then erystallized and dried as previously described.

The anhydrous neodymium chlorlide was prepared from
neodymium oxide supplied by the ion-exchange separatlions
section of thls laboratory under the direction of Dr.

F. He Spedding. The oxide was dissolved in hydrochloriec
acid, boiled to 132°C, erystallized, and dried.

The hydrated crystals of cerium and neodymium chlorides
were prepared from the source materials as follows.

A 400 ml., portion of a solution of each chloride, which had
been boiled to about 110°C in approximately 2N hydrochloric
acld, was placed in a beaker in a vacuum deslccator. The
desliccator was evacuated dally by use of an aspirator for

a short perlod of time, After about a week, when crystals
began to appear, the supernate was transferred to another
400 ml. beakerj; one or two of the larger crystals vwere se=~
lected for seeding the saturated solution. The beakers
were placed in large deslccators containing fresh anhydrone
and the erystals allowed to grow for about fourteen months.

The oxalic acld was reagent grade hydrated oxalic acidj
it was twice recryétallized from warmed conductance water,

The metals of cerium and neodymium were furnished by
the metallurgy section of this laboratory. They were pre=-
pared by methods developed by Dr. A. H. Daane (20), and
Mr, W. J. MeGinnis (21) under the direction of Dr, F. H.
Spedding.
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Conductance water was used for the preparation of all
solutlonsy some of it was prepared by the use of a conduc-
tivity-water distilling apparatus and some of it by passing
distilled water through an lon-exchange resin bed. All of
the water gave a measured conductance of 3.0"6 mhos or less.

The rare earth ions were analyzed either by burning
welghed portions of the chlorlde crystals covered with
oxalic acid 6r by precipitating them from welighed amounts
of solution with oxalie acid, filtering, and igniting the
oxalate to about 900°C for about twelve hours. A second
ignition rarely changed the welght of the oxide by more
than a few tenths of a milligram, The precision on three
or four samples usually averaged about 0.1 per cent.

The chloride content of the solid salts, in the rare
earth chloride solutions, and in the hydrochloric acid
solutions was determined gravimetrically by following the
procedure given by Willard and Furman (22). Either weighed
amounts of the salt were dissolved in water or weighed
portions of solutions were used. The analyses were carried
out at night in subdued artificial light as recommended.

In addition, it was found that a precision of better than
O.1 per cent could be easlily attained if very clean polished
glassware was used and if the silver chloride precipitates
were cooled in an ice-~water bath after their digestion in

a hot water bath. Results of the analyses of the rare
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earth anhydrous chlorideg are given in Table 2.

The oxalate solutions were analyzed by adding an
excess of standard cerlc sulfate solution and titrating
the excess ceric ion with freshly standardized ferric sul=-
fate solution. The oxalate solutions were generally too
dilute to obtain an accurate end-point by direct titration
with ceric sulfate,

All the solutions were weighed by the use of weight
burettes, The weight of each substance used was corrected
to weight in vacuum at standard conditions.

After 1% months in the desiccators the hydrated
chlorides had grown massive c¢rystals completely filling the
bottom of the 400 ml., beakers to a height of one to one and
a half inches., The small amount of liquid which remained
was poured off and the crystals were washed with a small
amount of water and then with alcohol. They were cracked
loose and broken into a number of large massive crystals,
Typical crystals of neodymium chloride and of cerium
chloride are shown in Pigure 1. The crystals were rinsed
thoroughly in absolute alcohol, air dried, and placed in
stoppered bottles. Before use, the large crystals vere
crushed in an agate mortar and allowed to set in a dry nitro-
gen atmosphere in the dry-box. From analysis of the crushed
erystals and the final solutions formed in the heat of sow-
lution experiments, C1/Ce was found to be 3.001 s 0.001}

-
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by assuming the excess weight to be water, H,0/Ce was
found to be 7.008 ¢ 0.012, For the hydrated neodymium
chloride it was found that Cl/Nd was 2.998 g 0.003, and
H,0/Nd was 6,011 3 0.016. ”

Table 2
Composition of Anhydrous Chlorides

Compound R/RC13 Cl/RCl3 Ci/R
x100 x100

09013(1) 564,83 43,1k 3.000

CeCly(I)* 56,72 42,96 2,995

CeC1, (11) 56,84 43.15 3,001

HdGlB 57+55% Y2.45 2,997

*Analysis two months later
Theoretical: Ce/0e613- 56,85 per cent by weight
Nd/Nd0138 57.56 per cent by weight
Average Errorss R/RClie ¢ 0.05 per cent
Cl/RC13= ¢+ 0,02 per cent

The oxalic aclid was analyzed only from the prepared
solutions and was found to contain, within limits of
experimental error, the calculated amount of oxalate added
by weight as the hydrate.

Approximately half of the final solutions from the

heat of solution experiments were analyzed to check the
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Figure 1, Massive Crystals of Hydrates of Neodymium
Chloride (left) and Cerium Chloride.



initial weights of the chloride added. Typlecal analyses
are given in Table 3.
Table 3
Typical Analysls of Final Solutions
Ce013 N6013
Number of samples 7 7
Total weight of chloride 108.7690 79.3211
Weight of water used 1268.273 1310.952
Total welght of solution 1377.042 1390.273
Grams chloride/grams 0.078987 0.05705%
solution, calculated
Grams chloride/gram 0,078946 0.057015
solution found by 4+ 000017 + 000043
analysis A
Cl/R found by analysis 2,995 3.003
+ 0,005

Samples for the heat of solution experiments were pre=-

pared by loading various sizes of thin-walled pyrex bulbs

with the solid material.,

six millimeter pyrex tubinge.

hours before they were weighed.

The pyrex bulbs were blown from

The tube was cut off about

two inches from the buldb and the end of the remaining stem
was made funnel~-shaped to facilitate loading.
were rinsed with acetone and dried at 110°C for at least 24

The bulbs

After weighing, the bulbs
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were closed with numbered cork stoppers and filled with the
salt in a dry-box. Preliminary experiments indicated that
it made no difference whether or not the chlorides were in
powdered formj since the powdered chloride was more difficult
to load, the chlorides were used as dried, with the ex-
ception of particles larger than six millimeter which were
erushed and mixed with the bulk material, The bulbs were
again stoppered after loading, and the ends of tubing were
pulled off by heating them in a very small flame of an
oxygen torch. The welght of the chloride was determined by
difference and corrected to weight in vacuum. All samples,
excepting those of the metals, were prepared in the same
way. The metals were prepared by taking off thin turnings
of metal from a large cast metal cylinder on a lathe. The
¢ylinder and turnings were kept coated with mineral oilj;
benzene wag used to dissolve the oil from the turnings.

The thin strips of metal were transferred to the glass

bulbs under benzene. After the excess benzene was drained
off, the bulbs were evacuated and flushed with helium.
Before the bulbs were sealed, helium was let in to a pressure
slightly less than atmospheric. Prepared samples of a metal

and a salt are shown in Figure 2.
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Figure 2., Samples used for Heat of Solution Experiments;
left, neodymium metal; right, anhydrous neodymium
chloride.,
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Apparatug

The design of the calorimeter was somewhat similar to
that of the "tantalum" calorimeters built by Maier (23)
and by Southard (24). Figure 3 is a plcture of the appa-
ratusj however, the schematic diagram shown in Figure U4
will be more useful in describing its construction and
operation. The calorimeter vessel was a two-quart Dewar
flask sealed onto a brass cylinderical flange with Apiezone
W wax, The wax seal was protected on the outside by a
double layer of Scotch electrical tape. The Dewar vessel
was held in place by six hexagonal brass bolts which passed
through holes in the top brass plate and bakelite plate.
The bakelite plate held the calorimeter in place in a steel
frame. Each brass plate was separated from the bakelite by
a one-eighth inch thick soft rubber gasket. The whole
calorimeter vessel was immersed, during operation, in a
water bath thermostatically controlled at 25,00 s .0L°C.
The thermometer, I, was a fixed bridge arrangement very
similar to Maier's transposed bridge thermometer (25). It
consisted of fcuf resistances, alternately manganin and
copper. Such a bridge arrangement is in balance at one
temperature only; the amount of unbalance of the bridge at
other temperatures was measured potentiometrically with a
White double potentiometer as an indicator of the tempera-
ture rise of the calorimeter. The second circult of the
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Figure 3. Heat of Solution Calorimeter and

Dewar Vessel.
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—_—] b —— —— (WATER LEVEL LINE)

Figure 4, Heat of Solution Calorimeter
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potentiometer was used to maintain a constant current through
the bridge by balancing the drop across a standard resistor
against a fixed dial setting on the potentiometer., Each
arm of the temperature bridge had a reslstance of about 370
ohms and a set current of approxiamtely 0,005 amps was main-
tained. The thermometer, under these conditions, dissipated
about 0.1 calorie per minute to the calorimeterj the sensi-
tivity of the bridge, under the above conditions was about
3x ZI.O“"+ degrees per micro-volt. The emf was read to 0.1
micro-volt. The thermometer c¢ircuit is shown in Figure 5,
The copper thermometer coils were wound with No. 42 AWG
enzmeled wire in a single layer on a thin-walled copper
eylindrical tube which had been previously insulated with

a thin layer of bakelite varnish and baked at 110° C,

Two heavy copper rings had been silver-soldered to the ends
of the copper ecylinderj two one-fourth inch monel tubes; G,
were sllver-soldered into holes in the upper copper ring.
The monel tubes held the thermometer in place and served as
condults for the electrical leads, The two manganin colls
of No. 38 AWG enameled wire were wound on the outside of the
copper coils. A 120 ohm manganin coil of No. 26 AWG wire
was non-magnetically wound on the upper portion of the
copper cylinder. It was used to add known amounts of heat
to the system. Four leads of No. 30 AWG enameled and glasse

covered copper wire were threaded through one monel tube
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and soldered to the appropriate pairs of copper and manga-
nin thermometer coils. Four similar lead wires were

brought down the second monel tube and soldered to the
heater coll wiresj the potentlal leads were fixed so as

to be midway between the top of the copper cylinder and

the top brass plate. When all the lead wires were installed,
the assembly of coils was coated with bakelite varnish and
baked., The coils were tested for potentlal leaks, and then
another copper cylinder was slipped over the terminal rings
and soldered to them. The two monel tubes were next put in
place in the calorimeter head. The tubes were held in place
at the top with brass lugs by set screws, and the lead wires
fixed to solid copper lugs mounted in bakelite. The annue
lar space between the wires and outer copper c¢ylinder and
in the monel tubes was filled with paraffin,

In order to calibrate the thermometer in an absolute
sense, a brass case, E, was made and placed in the brass
chamber 8o that it could hold a platinum resistance thermo=-
meter 8o that the tip of the thermometer passed between the
stirrer propeller and the thermometer assembly. When the
heats of solution were to be measured, the sample-breaker,
L, was placed in the brass case, E. The breaker was a one-
eighth inch stainless steel rod which was held at theltOp
of the calorimeter by a notched brass head with set screws

and was bent at the bottom. The shaft portion was cen;ered
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THERMCMETER DIAGRAM
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Figure 5. Thermometer Circuit Diagram,
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with rubber stoppers cut to slze. The stoppers were
fitted tightly to prevent evaporation and the center
holes were greased with vaseline to ald smooth movement
of the breaker. A cooling coil of thin-walled, one-
fourth inch copper tubing was held in place by thine-
walled monel tubes, Dy A thin strip of stainless steel
was fitted across the bottom of the coll anchoring the
bottom of the breaker and centering the sample holder.
The sample holder was a six-pronged spider with holes for
sealing in six sample bulbs, B, with Aplezon-W wax., The
splder was held up by a three-sixteenth inch stainless
steel rod which passed up through the center of the stirring
shaft and was attached to the frame by means of a rod and
¢lamps. A notched knob at the top indicated which sample
was above the breaker. An oil seal, F, prevented evapo-
ration to the outside.

The stirrer was a multivaned propeller mounted at the
end of a very thine-walled three-~eighth inch monel tube.
The monel shaft was supported by two ball-bearings and had
practically a "bearing" fit in the lower brass plate to
restrict evaporation to the upper chamber; it was rotated
in such a direction as to force the stream of water downe
ward, A constant stirring rate of 580 r.p.m. was provided
by an adjustable synchronous electrie motor. This vigor-

ous rate of stirring, which contributed about 0.3 calorie
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per minute, was used to facilitate as rapidly as possible
the dispersion of the extremely hygroscopie¢ anhydrous
chlorides. When the rare earth chlorides are dissolved
in water a large amount of heat is produced at the point
where the salt contacts the water; hydrogen chloride gas
is dispelled from the surface of the water if the salt is
added to water 1n an open beaker. If very much acid is
lost to the air, the pH of the solution 1s increased by
the subsequent hydrolysis and the solution becomes turbid.
In spite of such vigorous stirring as was used, some of the
resulting solutions from the preliminary experiments were
found to be turbid. When thils occurred, the heat effects
continued to manifest themselves for a long time after the
solution experiment was initiated; the temperature con-
tinued to rise in an erratic fashion for some time before
the calorimeter came to equilibrium. Such experimental
curves are very difficult, if not impossible, to interpret
properly. Therefore, samples were kept quite smallj and,
for experiments which were carried out starting with an
initial known concentration of the salt in the calorimeter
vessel, the initial solutlons were prepared by using a
system of flasks in which a weighed amount of the salt was
kept separate from the water until the system was closed.
By tipping and shaking, the salt could be added slowly to

the water and when the salt was completely dissolved, the
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solution was run back and forth between the two compartments
to redissolve any gaseous hydrogen chloride gas. The so=
lution and rinsings were then transferred to a large weight-
burette and diluted to the proper concentration.

All of the metal parts of the calorimeter were covered
with quick-drying, acid-resistant Ajax varnish which had
been diluted with Skelly-B to an appropriate thickness,
This could be removed easlily with trichloroethylene, and a
new coat of paint was easily put on by dipping the assembly
into a beaker of varnish. Heavier coats were applied when
acid solutlons were used.

For single heat of solution experiments, the sample-
holder and breasker were removed. The samples were held in
a tantalum-foll basket attached to the end of a long hollow
glass rode The glass rod was inserted into the stirrer
shaft from the bottom before the calorimeter was assembled
and was held at the top by a hollowed rubber stopper. The
bulbs were broken with a blunt stainless steel rod which
was held about an inch above the level of the solution by
a compression spring above the top end of the glass rod; a
quick push on the steel rod broke the bulb.

The energy input during calibration experiments was
determined by following the emf drop across a 0.1 ohm
Reichsanstalt type standard resistor, calibrated by the
National Bureau of Standards, which was kept at 25° C. in
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an oll bath. The total time of heating was measured with

a callbrated stopwatch. Intermittent times were read on a
Ou.l~second timer at given settings of the potentiometer.

The circuit used is shown in Figure 6. A White single

and a K-2 type potentiometer were used interchangeably to
measure the drop across this resistor. If circuit C was
used, the drop across EE was measured on one of the clrcuits
of the White double potentiometerj when this was done the
temperature-~-time curve of the calorimeter was neglected
until the heatling was terminated.

All resistances were measured by comparing them with
Bureau of Standards type resistors calibrated by the
National Bureau of Standards, by measuring the emf drop
across each of them on the White double potentiometer as
the current passed through them in a series arrangement.
The measured resistance was made at the temperature it was
used.

A Mueller G-2 type temperature bridge was used in cone
Junetion with the platinum resistance thermometer for cali-
bration of the thermometer. The bridge was previously cali-
brated on the absolute scale according to the recommended
procedure given by the manufacturer.

Before performing an experiment, the samples were
waxed into the spider in the desired order and were tested

for leaks by immersing them in water, When dry, the spider
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CIRCUIT FOR HEAT MEASUREMENTS

30V =

m .
8

I
I
L

0 AC.
Rg = Standard O.I ohm resistance
R, = Dummy Heater ‘
R, = Calorimeter Heater

S, &S, = Power Relays
T = Ol second timer

Re = Standard 10 ohm resistance
R. = Standard 10,000 ohm resistance *
C' = Gircuit used only for checking and calibrating

Figure 6, Disgram of Electrical Circuit used to Calibrate

the Calorimeter,
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was inserted from the bottom of the calorimeter and was
clamped into position at the top with the dial on the knob
set at first position. Either conductance water or the so-
lution was weighed in a 1400 ml. welght burette and run
into the calorimeter vessel. The vessel was quickly bolted
in position and the calorimeter and frame was placed into
the thermostat. OStirring was initiated immediately and all
the electrical leads connecteds By using either warm or
cold water the calorimeter was brought to a temperature
slightly below the desired operating temperature and after
about 20 or 30 minutes the first temperature readings were
takens The readings were made every half minute for ten
ninutes. During this time the batteries were allowed to
discharge through a dummy heater of the same resistance as
that of the heater in the calorimeter. If, at the end of
ten minutes the 1ncfement of temperature rise or fall per
half minute was constant, the current was immediately
switched into the calorimeter heater clrcuit. Heating was
usually continued long enough to approximately match the
temperature rise of the preceding heat of solution experi-
ment, A few heating periods were as long as 15 minutes,
but most of them were of 300 to 500 seconds in duration.
After the heating was stopped, the temperature was read
until a steady state was assured for at least ten minutes.

The calorimeter was then brought to approximately the same
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temperature it was hefore the heat was added. When the
calorimeter and contents came to thermal equilibrium the
temperature was again read at half-minute intervals for
at least ten minutes. The sample bulb was then broken and
the temperature changes observed as in the heating experi-
ment. This process of alternately heating and dissolving
samples was continued until all slx samples were dissolved.
A total of seven heat capacity calibration experiments was
made during the procedure of dissolving a set of six
samples. The theoretlcal equations necessary for the inter-
pretation of the data obtained from the described isothermally-
jacketed calorimeter are given according to the accepted
methods of King and Grover (26); Jessup (27); and Coops,
Van Nes, Kentie, and Dienske (28),

Assume that, for a given process under consideration,
a development of a quantity of heat 29, occurs in the calo-
rimeter only between times EE and fE’ and causes a temper;
ature rise of OE - Sﬁ of the calorimeterj then, during this
period, if corrections of the second order are neglected,
the basic heat balance for the calorimeter 1s
(68) Qp 4+ Qg + Qo = W(Gp - 0p) + Qpy
in which Qp is the heat furnished by the thermometer current

E; is the heat added due to stirring
E; is the heat added electrically or by chemical

reaction
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W is the heat capacity or'water equivalent" of
the calorimeter

EE is the final temperature

Eﬁ is the initial temperature

Qy is the heat exchange to surroundings (water

- bath kept at a temperature 6)

QU is determlned from the Fourier expression

(69) aQy = - A(G - 6,)dt
‘and if A is constant, that is, if the system satisfies

Newton'!s law of cooling

-

(70) t
Qg = - A t/F«;..ew)at

B
If the rate of stirring is constant
(71) dQ./dt = B
and
(72) Qg = Blty - t5)

1s the heat added during the maln course of the heat de=~
velopment. For small changes of temperature, the re-
sistance of the thermometer element can be given by

(73) R = Ro(l+ X6)

in which Ry is the thermometer resistance at 0° C and X
is the te;;;rature coefficient of resistance of the copper
wire. If the current through the thermometer is kept

constant, the rate of heat input of the thermometer is
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(74) dQp/dt = Ro(l+ x0) I2/7

and

(75) . Qp 5(RoI2/3) (tp - tg) + (RyI2oL/J) / ‘F edt

in which J 1s equal to 4.1855 absolute joulegpcalorie (29).

The calorimeter constants, A and B, are related in a
given experimental situation by the convergence temperature,
Ogy in the following manner. If the rate of stirring and the
;;}rent in the thermometer are maintained constant and no other
heat 1s generated in the calorimeter, it will, after a long
time, reach a constant temperature Ox>Oy. Under this condition
the rate at which heat 1s generated within the calorimeter 1is
equal to the rate at which it 1s lost to the surroundings,
hence
(76) dQu/dt = dQp/dt < dQg/dt
Substituting Equations (70), (72 and (75) into Equation (7%)
evaluated at EE gives
(77)  -A(Og = O) = B & (RoIZ/T)(1 # «@g)

During any period outsidehzg to 2z'wheﬁ the calorimeter 1s not
precisely at the temperature EE it will experlence, under the
above operating conditions, a temperature rise or fall in
drifting toward ©g; the rate of heat exchange with surroundings

will be

(78) dQ/dt = W de/dt = d(Qy - Qg ~ Qp)/dt

Using Equation (78) to eliminate the constant B from Equations
(70), (72), and (75) gives
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(79)  a(Qy - Qg = Qp)/dt = ~(A + R I°a/3) (@ - 0)
in which (A + R I°A/J) 1s the observed cooling constant

for a glven thermometer current and rate of stirring.

If, for convenience, the symbols g and G are defined as

(80) g = d6/dt

and

(81) ¢ = (1L/W)(A + R IZL/J)
then

(82) g = -G(0 - OK)

For a given set of experimental conditions the constants
G and @ can be evaluated by observed values of g and &

before tB and after tF so that

(83) gy = =G(6; = &)
and
(8l+) gy = =G(0; - &)

in which El 1s the rate of temperature change observed at
the temperature El’ before fgi g2 and 22 are the corres-
ponding quantities observed after EE? Equations (83) and
(84) are solved simultaneously to give

(85) G = (g - goMM6y -~ &)
and
(86) . OK - (8102 - 0182)/(81 - 82)

The integration of Equation (79), between the times ty and
tpy to obtain the total amount of heat lost or gained by
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the calorimeter during that peg%od gives
(87) Q- Q5 = Qp » WG | (0 - gglat

B
Combining Equations (68) and (87) gives

tp
(88) Q=W [(OF - 0p) - G/é// (O—OK)d%}
B

It 1s necessary to know @ as a function of § to evaluate
the integral. Bquations (78), (79) and (81) can be come
bined and written in the form

(89) 4 In(® - &)/dt = -G
which has & general solution of the form
(%0) © = 0 + (6p - ogle~C(t - tB)

when the constants of the integration are d etermined from
the condition that @ = g at t = tg.

Dickinson (30) gave a method of evaluating the inte-
gral in Equation (88) which he found to be good to about

one part in 10,000, The method essentlally involves
£inding a mean time for the hest development process which
occurs between ﬁg.and EE? The mean time, EE’ i1s deflned
in such a way that the "radlation" correction, _A%g, 1s

given by tp
(91) Aegm g3 (tx - tg) ¢ golty - ty) = G[ (0 - &glat
- B

if gy and Eg.are slopes of the temperature~time curve at
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tg and EE’ respectively. The conditions required by
Equation (91) can be shown in a simple way by the geometry

of the rating-curve shown in Figure 7 in which

(92) 9y = O - golty ~ tx)
and
(93) 61 = 6 + 81 (ty -~ tg)

The corrected temperature rise at ﬁE is
(94) @ - 91 » (O - Og) = g1 (tx - tg) - go(ty - tx)
Comparing Equatién (94) with the portion of Equation (88)
inside the brackets shows that the last two terms of
Equation (9%) are those defined in Equation (91).

In order to find El’ let 22_:_2 at E§~:,9 so that
Equation (90) becomes
(95) 0 = o1 - &0

The condition that tx be & "mean" time is that the
shaded areas of Figure 7 be‘:equalj for a one degree temper-

ature rise, 1f Op =» O, and 6 » Op = 1, the condition 1s

applied as follows (disregarding the ordinate scale and
slopes shown by Figure 7)s !

oo
X
(96) 1 - e %)at = /// [1-a- e“Gtil at
t
0 X
or tx o
t 40t | -G
G o tX
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and

(97) ty = 1/G

Hence

(98) ox=1-e%=0.63

and the time at which the temperature 1s 63% of its final
value is tx. Therefore, when the value of

(99) Ox = 0.370g + 0.630

is found, ty can be taken from the rating curves; and

AEB is easily computed.
During the calibration experiments, © was found to be

a linear function of t from tg to tp. Therefore, @, can be

represented by
(100) e=at #+ b

or

o= [}QF - ep)/(tp - tBi] t

* {GF(tF - tg) - (6p - QB)tB/(tF - tp)
when the conditions O ® Qp at tp and © = O at tp are imposed.

With these restrictions tF
(101) aog = Gjé/}o - Ogldt
B

= Gltp - ty) [ (05 + 0p)/2 - o]

Therefore, for a calibration experiment, if g(H) is the
heat added electrically, Equation (88) is
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(x02) q(H) =W {(GF -0p) - G(tp - tp) [(G»B + %)/2-0%}
The heat given out or absorbed by a thermal reaction, 905
is

(103) Qo = W [(OF - 9Op) ~- Aoé\

in which JGR is given by Equation (91) and ¥ is determined
from Equation (102),.
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Ireatment of data

The heat input during a calibration experiment was
determined from a graphical plot of the emf drop across
the standard 0.1l ohm resistor against the time in seconds.
The emf-time curve was divided intec a number of short

chords for graphical integratiog of the integral,

(104) H=(RyRS ) | E°at

o
in which Ry is the resistance of the calorimeter heater
coils Eﬁ is Ol ohmj E 1s the emf drop across §§.at the
time, t; and H is the heat in absolute joules. The midw
points of the chords were taken as the mean emf EL’ for
the time length of the chord Ei‘ The above integral is

transformed to
(105) H = ®y/RE )/ ESt,

A heat input calculation is given in Figure 8. The
power input, H/t, was used for detecting errors in calcu=
lations becsuse 1t remained very nearly constant for all
calibration experiments.

The temperature change, O - Op, (hereafter designated
as fiz and E@’ respectively), and the heat ;eakage vere
determined from plots of the emf of the thermometer in
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in microvolts against the time in minutes. The slopes,

EJ; and 52.’ and the initial and final temperatures, E_Q and
€ps were taken from plots of the initial and final portions
;; the ratinge-curves on a scale of 0.1 microvolt per di-

vision. The times, tB’ tF’ and t, were determined from

X
plots expanded along the time axis to a scale of 0.05
minutes per division and contracted in the temperature
ordinate to five microvolts per division, The above
quantities were used in Equation (102) to calculate W, the
heat capacity of the calorimeter and its contents. Due to
the calorimeter thermometer construction and lag effects,
the times, Eﬁ and EE’ differed somewhat from the time the
current was started through the heater and the time when
it was stopped. Since the heater coll was wound on the
same copper cylinder as the thermometer, the observed
temperature was higher than the true temperature of the
main body of the solution as long as the current passed
through the heater. The calorimeter lag was the time re=
quired for the stirring to distribute the heat to the body
of the solution so that the temperature of the calorimeter
and contents was increased at the same rate as that of the
thermometer. For the above case the calorimeter lag is
defined by

(106) (¢~ ¢,) =L d¢
¢ at

[T
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Figure 8. A Typical Heat Input Calculation.
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in which L 1s the lag in minutess €e is the temperature
of the calorimeter; and £\is the t;;;erature of the ther~-
mometer. In the experiment shown in Figure 9, the heating
was started at exactly 10.00 minutes; an extrapolation of
the linear observed tempersture rise of the thermometer
intercepts the initial rating line at about fﬂ.' 9.70
minutes, or Jéf& = 0,30 minute. The slope, from the graph,
is

(107) (dE/dt)t 2 lo ""( En ot E )t ) 10
B

in which ii& 1s the calorimeter temperature as observed at
the tenth minute if the thermometer lag is neglected, and
£ 1is the extrapolated value of the thermometer temperature
at the ten minute period. Therefore, the lag is about
equal to _éfﬁ which is the time required to equilibrate
the calorimeter in the sense that the heat is distributed
at a rate equal to its dissipation by the heater. Hence,
for the above case in which the heating was started ex-
actly at the tenth minute, the linear rise of the calo-
rimeter temperature would intersect the initlal rating-
curve very nearly at 10,00 « ,éfg minutes; this time is
taken as tye If the intercept of the final rating-curve
and the lzgéar thermometer temperature rise is designated
as fi, as it is in Figure 10, then

(108) At = th - £

1s the total time of the main period, and
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(109) tp® Ot 4+ 2
is the end of the main period with respect to the calo-
" rimeter and its contents. When tp and tp are determined,
the corresponding values of £, eg and € py are read from
extensions of the initial and fi;;i rati;;:éurvea.

The lag of the thermometer and heater is represented
by the quantity, ¥ (At - ty), in which At is defined by
Equation (108) and ty is tﬂg—éxact time of heat input.

But since the heater lag was very small, the time lag of
+ (At "tH) was attributed to the thermometer. It was

not taken into account in calculating W because the same

lag was present for the heat of solution experiment and

its effect on the value of heat of solution was therefore
considered negligible (13). In the heat of solution
experiments, EE’ was taken at the moment the bulb was broken,
and EE was read from the plot as the time at which the obe
served temperature, €py first reached the final steady-
state rating-curve. —_;lee 4 gives the tabulated analysis
of the heat of solution and calibration curves for three
samples of neodymium chloride.

In performing a set of experiments to determine the
heats of solution, the calorimeter is loaded with m moles
of salt in a number of bulbs and X x ;03 grams of water.

A quentity of heat, g(H), 1s added electrically and Hl is

determineds The salt 1s then dissolved and the temperature
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change followed as previously describedj the second quantity
of heat, g(H), is added and Wy 1is determined. Since Wy
corresponds to the heat capacity of the final solution, it
is used to compute 90 of the heat of solution experiment
which preceded the determination of y_lg. Since

(110) Wy = W(salt) + W(H0) + ¥ (Calorimeter)
and ‘
(111) Wo = W(Soln) « W(Calorimeter)

in which W is the heat capacity in calories per microvolt,
then

(112) AW e W) - W, = W(Soln) - W(Salt) - W(H,0)

in which AW is the change in heat capacity of the reaction.
Taking the mean temperature of the reaction to be

(€5 + £p)/2, the heat of the reaction at 25° C; that is,

at ¢ 25’ is
(113) 9,2 = qq + S0,
in which )

525

o

£
The minus sign is used because Qg 8S defined by Equation
(103) is the heat evolved, so that
(115) q, * - AH

and



Table 4
Analysis of Calorimeter Rating-Curves

No. gi eB’eF tB’ tF eF - eB leo3 eK tx, ex tH At - tH
I 42,971 14084%.0 10.37
11 +4.075 13649.6 10.27 10.38
III  +3.670 1399#.5 10.83
-1.097 1659%4.6 20.80  2600.1 1.833 15996 9.97  0.16
IV +3.690 13613.7 10.37 10.4%
-0,172 15918.8 37.00 2305.1 1.675 15816 15066
V  +3.760 13811.2 10.33
«1.200 16550.2 20.79 2739.0 1.811 15887 10.74 0.16
VI  +3.990 13675 L 10.47 10.7%4
-0.471  16146.8 34,00 2489,  1.792 15884 15226
ViI 4. 426 13627.1 10.3%
=0.,609 16302.0 20.51 267%.9 1.882 15978 10.17 0.17

w9
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(116) =\ » - ACp = « £(t/€ ) AW
) )

in which £(t/f ) in a function given by the calibration
of the thermometer 1s degrees per microvolt.
Certain quantities which will be used to Ilnterpret

the calorimetric data are given as follows:
25 _ 25
@7 o7 =w[ep - £p) - Ae;_) + O

is the heat given off at 25° C. by n, moles of salt dis-
solving in _x_x_;g;” grams of water.

25
(118) qQ = q /ni
is the heat given off per mole of salt.

(119) q, = 4mq, = q§5/X

in whieh Am: 1s the change in molality of the solution

when n, moles of salt are dissolved, and

(120) Amy = ng/X
and

(121) Q = Ziqm
gives the molal heat of solution.
(122) Qy = Q/m

is the total or integral heat of solution. A similar set
of notations will be used for an analysis of the heat ca-

pacity data.
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Por a series of experiments which increase the concen-
tration of the electrolyte such as

(a) njCeCly(s) # X x103 grams H,0 = CeCl3(soln, m)

(b) nyCeCly(s) + CeCly(soln, my) = CeCly(soln, mp)

and so forth, the values HQ? Hl’ E&’ were determined.

The various W values were then converted to Cp in cals/deg.
°C by application of the calibration formula of the thermo=-
meter as followss

(123) tO0C = a » bte c£2

so that -

(124) At e tp-tg=b(Ep= Ep) + c(£5 - £3)

or 4

(125 A/t ® b e 2CE

in which € = (€, + &.)/2, The constents g, D, and ¢
are given in Figure 10,

The changes in the heat capacities for the above

reactions are

(a) ACpy = Cp1 = cp° ,
= Cy(soln, m) - Cy[nCeCly(s) = Cy(i;0)

(b) 4Cp1_n = Cpo = Cp1
= CP(SOIn, ma) -~ cp [(nz QOOO)C9013(8)]
- Cp(soln, m;)
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(e) ACpo ® Cpp - Cp,

= Cp (soln, mp) - Cp [(ng + n2)0e013(33 -Cp (Hx0)
and so forth. The ..é.c.El are the changes in the heat capaci-
ties which occur when a gilven amount of salt is added to
the initlal solutionj the initlal solution in the above
equations is pure water. 1In this case, when EB.L is di-
vided by the sum of the moles of the salt dissolved, the
quantity 9&4.’ is obtained.
The corresponding molal quantity is
(126) 8Cpy = m ACpy
For a given serles of experiments starting with a solution
of concentration, Do instead of water, the values of
(127) ACp(mg — my) = ACPL/X
in which 2{__;],9_3_' is the weight of water used, are found.
If these values, for each serles, are plotted agalnst g
and the resulting curves fitted so that .éf_pp}_ is a con-
tinuous funetion, ACpM can be calculated by Equation (126)
and plotted against gﬁ for continuity tests. When the
curves for each series of experiments are properly fitted,

the Ach plot can be extrapolated to m? = 0 to determine

In addition, the smoothed values of efl.t;herA.(.Eng or

AC, (mg — mj) were taken from the graphs and converted
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back to smoothed values of ‘Acpi = Cpi - EEQ by Equation

(127)3 by using the measured values of Enl’ i 4 ) values
of EBQ were obtalned and averaged. The average value of
ERQ wvas used, along with the smoothed values onEEI} to
recalculate values of Cpyj the latter were then converted
to W, at the mean temperature, £, of the preceding the
heat of solution experiment. The use of the EEL in this
manner assumes that ERL but not El is constant over the
observed temperature rise, and the W used will differ
slightly from the value found in the calibration experi-
ment unless the mean temperature is the same in both
experliments.

The heat of solution,gﬂ} for a single experiment
was calculated by the use of Equations (117) and (118).
In order to join the curves of two series of experiments
in which the concentration range of the second series
overlapped that of the first, an adaptation of the chord
method (3) of plotting was used. When all of the values
were computed for each series, they were plotted against

m? = (mf - mj%)/a in which § and j were the neighboring

points. The best curve was drawn through the points, and
smoothed values of the gy were taken from it then, by
the use of Equations (119) and (121), Q, was calculated

through all the points to determine the best value of SEQ

of the second of the two sets. Thls was done because, for
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any series of experiments not starting with water in the

calorimeter, Equation (121) was changed to

(129) Cn = zziqm 4 Quo
The total or integral heat of solution,

(130) Qq = - AH

was then calculated by Equation (122) and plotted against
'3
m

.



Results

The calorimeter and experimental procedure were
tested by measuring the heat of solution of pure potassi-
um chloride since the heat of solution of this compound
had been determined previously by a large number of in-
vestigators and was considered to be one of the best
known of all heats of solutlion. The potassium chloride
was twice crystallized from conductance water and then
was fused under an argon atmospherej the crystals were
crushed and loaded into sample bulbs in a dry-box cone
taining dry nitrogen.

The data on the heat of solution of potassium c¢hloride
obtained by other investigators was corrected to 259C and
to infinite dilution by the use of the heat capacity
equations and smoothed-values of the apparent molal heat
content of sclutions of potassium chloride at 259C given
by Harned and Owen (3). The equation
(131) Ly(s) = g - AH
was used to calculate the heat of solution at infinite
dilutiony these data are given in Table 5., The data on
the heat of solution of potassium chloride at 25°C
obtained in the present work are summarized in Table 6.

The values for the quantity L,(s), in Table 6, were also

calculated by the use of Equation (131)j; the average
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value, ~-41l4l4 cals/mole, compares favorably with those
obtained adiabatically by Miscenko (34), and by Lange
and Monheim (35).

Table 5
Heats of Solution at Infinite Dilution of Potassium

Chloride by Previous Authors

Authors Literature tOC L,(s)
Reference
Cohen, Heldermann, and
Moesveld 31 18 4071
wiist and Lange 32 25 4175 410
Cohen and Kooy 33 18 4121 &+ 5
20 -4119 ¢ 5
20 ~4162%
25 ~4113 ¢ 5
Roth and Eymann 19 12.5 <4148
18 4122
20 -44118 4 §
21 -4115 & 5%
21 4145 T
Miscenko 3% 25 ~4140 ¢ 3

Lange and Monheim 35 12.5 <4147 + 7

* Obtained by the use of an isothermal calorimeter
OC is temperature at which the cited work was done
fg(:) is in cal/mole at 25°C
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Table 6
Heats of Solution of Potassium Chloride at 25°C

n mt ACpy 25 Qu Lo(s)

0.02641 0.1625 =375 3.7 4200 4142

0.08931 0,2988 «34.9 6.3 ~4225 ~4148

0.1676 0.4092 ~38k 2.8 4224 4143
Averages <h1ldh ¢ 3

% is the final molality; ACpy 1s the change in
eat capacity in cal/mole© 7 1s the relative

molal heat capacity in cal/moI&°C; QM is the heat
of solution in cal/molej and Ly(s) ¥§ in cal/mole.

The data obtained for the heat capacities of solutions
of cerium chloride and of neodymium chloride are given in
Tables 7 and 8, and are plotted in Figures 11, 12, and 13,
The limiting values of ﬁfgﬁy which are given as ACpy(x)

in Figure 13, were obtained by extrapolating a plot of
AOpM against gﬁ to infinite dilution. They could also

have been obtained by determining the limiting slopes of
the curves in Figure 11 and Fisure 12.

The data obtained for the heats of solution of cerium
chloride and of neodymium chloride are summarized in
Tables 9 and 10 and are plotted in Figures 1% and 15. The
chord method of analysis of thermal data as described by
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Harned and Owen (3) was applied to the data in order to
determine the values of Eaﬁgl; the results of this analy-
sis of the data for both electrolytes are plotted in
Figure 16 and show that, within the limits of experi-
mental error, the limiting slope of 6925 as given by the
Debye-~Hlickel equation is approached. Therefore, an
equation of the form
(132) Q=2+ tm’2 o cm + am3/2
in which b = 6925 was fitted to the data. The derived
constant, a, is Lo(8); the constants of Equation (132),
with the exception of b, were determined by the method of
successive gpproximations as given by Worthing and
Goeffner (36). The equation which represents the data
for the heat of solution of cerium chloride at 25°C was
found to be
(133) Qy = 34,010 - 6,925m1/2 4 8,485m - 5,201m3/2
The equation which represents the data for the heat of
solution f necdymium chloride at 25°C was found to be
(134)  Qy * 37,100 - 6,925 m1/2 4 8,953m - 5,460m3/2

The first four values for the heat of solution of
cerium chloride were not considered in the caleulation
of Equation (133) since the first value of that series
of four experiments, although being within the calculated
limits of error for such a smell sample, was lowj the

amount it falls below the calculated value 1s equivalent
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Table 7
Heat Capacity of Solutions of Cerium Chloride
at 25°C

m m® - ACpp - ACpH By
0.001611 0. 04014 — 1,08 = cemam -
0,005688 0.07542 ~ 3,17 cemea ——
0.,008689 0,09322 I T —— -
0.01482 0.1217 6.76 346.8 15.5
0.03284% 0.1812 — 11.10 338,0 24,3
0.03562 0.1887 11.81 331.5 30.8
0.05371 0.2318 17.89 333.1 29.2
0.06243 0.2498 21.05 337.2 29.1
0.08662 0.2943 27.63 319.,0 3.3
0,1071 0.3273 34,32 320.3 42,0
0.1276 0,3573 Lo 42 316.7 45,6
0.1461 0 3823 h5.79 313.3 49,0
0,1565 +3956 319.2 43,1
0.1789 0. 230 5% 301.0 61.3
0.1957 O 42l 297.8 64.5
0.2159 0.4646 67.26 311.6 50.7
0.2318 0.481h 724 31#.7 —
0.2543 045043 g5~61 297.% 64.9
0.2769 0.5262 2.08 296 .k 65.9
0.2997 0o 5474 87,26 291.2 71.1
0.3238 0.5691 92.97 287.1 75.2
0.3477 0,5897 91.91 276.1 86.2

*-ACp = - ACpy (=) = 362.3 cal/mole®C
ys the final olaligy; ACpy 1s in ¢al/CCy
aCpy 18 in"cal/moled sFT Y] is in cal/mole® C)
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Table 8
Heat Capacity of Solutions of Neodymium Chloride

at 25°C
m m¥ - ACp, - acp? g
m Py J

' 000274t 0.05238 1,00 = ccemm ——
€ 0,005745 0.07580 B¢ 1 1 S—— ——
1 Qe 009230 0.09608 L — ——
40,0108 0,1041 3 12 287.9 13.9
1 0,01331 o.llsh L,81 eeeea ——
40,02818 0.1679 8okl 208.4 21.9
£ 0,03202 0.1739 9.06 299.7 20.6
4 0. 583 0.21 l 18087 ----- ——— -
2 0,04653 0.2157 13.52 290, 7 29.7
40.,06703 0.2589 19.97 297.9 27.4
40409123 043020 25.84 283.2 37.1.
0.09245 0.3040 25.94 290,6 39.7
0.1064% 0.3262 30.04 282,k 37.9
40,1159 0. 3404 2457 - —
0.1213 0.3483 33.33 274,7 45.6
0 l 50 0.3671" L.’3.88 ----- -
141 0.3760 37.77 267.2 53.1
o.15h1 +3926 az.9o ----- ———
0.1743 o. 175 «10 295.3 65.0
0.1952 O.4419 51.28 262.6 577
0.,217% 0.4662 56 Es 259.4 60.9
0.2413 0.4912 262.8 57.5
0.2580 0.5079 65.07 252.2 68.1
O. 3155 0.5617 75.12 238.1 82,2
0,3640 0.6033 88.57 243 76.9
0.4129 0.6426 93.96 227.6 92,3

*. ACpfl = = ACpy(o) = 320.3 cal/mole®C ( m is
the final mola %ty ACpp 1s in cal/°C; ACpy is
in cal/mole©C; and ¢"I§“1n cal/mole®C
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Figure 11, Molal Heat Capacity of Solutions
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Figure 12. Molal Heat Capacity of Solutions
of Neodymium Chloride.



79

I ] ! T 1 T

00|
90|
8oL
7oL

oo 0 l
50L ‘ <) .

401
30L
20
-
101

¢, for CeCl; Solutions ot 25°C in Cal. Mol” Deg™
ACpm(w) = 362 ¢ ]

| | | | |
i I T | T

—4—

100| o e
00 ®; for CeCly Solutions at 25°C in GCal. Mol™ Deg™

ACpm(=) = 320 ¢

Figure 13. Relative Apparent Molal Heat Capacity for
Solutions of Cerium and of Neodymium Chlorides.



Table 9

Heats of Solution of Cerium Chloride at 25°C

m? W AEq a3 a3 dp S W
0.0401%  0.433754 161.7 +0,.04 70.18 4,25 .25 33762
0.09322 0.332694 298.0 ~0Oe 128.92 99.65 290.10 33386
0.1812 O.l4lk960 1751.8 -1.08 778.38 590.58 1083.79 33003
0.1887 0.1149739  3448.0 ~1.33 1549.36 117%.71 1174.71 32976
0.2318 0.442407  2025.1 -1l.72 894,20 678.46 1762.2% 32809
0.214+98 0.446818  2566.2 =1.96 1144%.66 867.87 2042,58 32720
0.2943 0.444502  2316.8 -0.37 1029.4%4 780.52 2823,10 32592
0.3273 0.445957  2151.1 -0.43 333.86 742,20 ah76.h3 32447
0.3573 O.444019 1910.1 40,20 32 656 .64 133.06 32380
0.3822 0.1142020 1722.6 -0.15 761.28 589.26 4722,33 32312
0.395 0434487  3610.k4 -2.96 1565.73 1203.71 5048.59 32266
0.4230 0.432602 2143.3 ~0.56 926.63 712.38 5760.97 32199
01424 0.431176 1608.9 +0.14 693.87 533.%% 62%.42 32165
O.16l2 0¢H29lg7 1944.6 -0.09 834142 641.49 6935.90 32130
0.481% 0.425080 3535.7 -2.31 1500.63 1183.19 7430.66 32059
0.5043 0.423363 2128.8 -0.18 901.29 710.6 8141.29 32017
0.5262 0.421270 2140.0 -0.39 901.1% 710, 8851.84 31964
0. 5474 0.419135 2149.3 -0.65 900,22 709.78 9561.61 31909
0.5607 0.417429  2272.7 -0kl %8415 747.61 10309.2 318gl+

(

Asc is the corrected temperature rise in microvolts)

08
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Table 10

Heats of Solution of Neodymium Chloride at 25°C

S VI .
0.05238 0397 299k +0.05 13327 36768 100.88  100.88 36768
0.07580  O.ul5k 325.6 +0.05 144,80 36520 109.60 210.48 36638
GIER i Gl %8 MR MR Mem as X

» » » " » L ] - ‘2

0.115%  0.43621 439,2 ~0.01 -194.82 36180 147, iBZ.Sl %6%3%
0.1208 0.455571 1559.8 +0.49 711.08 36385 530.78 530.78 36385
0.1679 O.454726 1845.9 043 832.3& 35997 624,40 1019.66 36179
0.2141 0.452758 1870.5 ~0.82 846, 35678 629.68 1649.34 35986
0.2157 o.uszllg 1722.6 +0.,19 779.00 35672 581.47 1673.32 35963
0.2589 O.4+5048 2239,7 -1.23 1007.73 35384 750.02 2399.36 35796
0.3020 0.148308 2558,1 ~1.10 1145.71 35234 852,71 3252,07 35647
0.3040 0.450499  1334,0 «0.49 600.49 35518 L4 45 3292.,21 35612
0.3262 0.449090  1459.7 -0.75 653.16 35446 h9h.32 786.51 35590
O+ 3404 0.14565 2599,2 -2.21 1156.11 35280 870. 122.&3 35569
0.3483 0.44790 15644t ~01t5 700.28 35456 529,96  4316. 35574
0.3674  O.444933  173k.1  -0.85  770.73 3513k  587.91  L783.95 35490
0.%760 0.445855 2076.8  =1.28 924.62 3&%&7 299.77 5016.2% 35485
0.3926 0.443075 1991.5 -1.40 880,99 35050 372,02 455,97 35400
0.4175 0.u41707 2106.7 «0.64 929,89 35166 7C9.32 6165.29 35373
0.4419 0.439587 2190.8 -1.60 961.44+ 35014 733.39 6898.69 35334
0.4662 0.438135 2309.% -0.78 1011.06 34872 771 .24 7669.93 35287
03""912 0014'36211 2 99‘3 -1005 1089.16 3""669 830.82 8500‘73 35226
0.5079 0.435363 4320.6 ~3.56 1877.48 34673 1253.76 9078.2 3519
0.5617 0.430670 5969.2 -7.72 2563.0 3449 198Lh.58 11063. 3506
0.6033 0.428060  5030.1 -2.62 2150.5 34358 1665.22 12728.8 34973
0.6426 O.24684%  5110.0 ~3.25 2166.87 34273 1677.83 1W406.6 34890

( At

is the corrected temperature rise in microvolts)

18
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Figure 15. Heat of Solution of Neodymium Chloride.
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to an error of 0.1l6 calorie in the experimental value of
the heat measurement. An analysis of the errors in the
experiuental determinations of the heats of solution by
a least squares treatment showed that the expected devi-
ations of the heat measurements were nearly 1ndependent
of sample sizej the largest contributing factor to the
probable error of a measurement was the uncertainty in
the determination of the time of heat input used in the
calculation of the electrical energy for the calibration
experiments. Further analysis showed that the probable
deviations in gﬂ'were proportional to l/m and approxi-
mately proportional to gé in which p is the number of
experiments in a series. Therefore, the values of Sﬁ.
in the very dilute range where 1l/m is large would not be
expected to be as valid as those for higher concentrations.
The high concentration values near the end of the curve
were not welghted as heavily as those in the center con-
centration region since the last few experimental values
at the highest concentrations were not duplicated experi-
ments, The average deviation of the calculated values
from the experimentally determined values of 3& for cerium
chloride was 10 calories per mole.

The values of the heat of solution at the more dilute
extremity of the curve for the heat of solution of neo=-

dymium chloride fit the calculated curve and were used in
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the determination of the constants for Equation (134).
The average deviatlion of the experimental values from
those calculated was 1k calories per mole.

The probable deviation of the integral heat of so-
lution, Sﬁ’ was calculated by least square methods to be
60 to 70 calories per mole at a concentration of 0,01
molal and to be two to four calories per mole at a con-
centration of O.u4 molal for a single experimental determi-
nation. The values of two to four calories per mole for
a single experiment were increased by a factor of about
five to six when the number of experiments required to
reach a concentration of O.4 molal was taken into account.
The error involved in the curve-joining, in which one
series of experiments overlapped part of the concentration
range of another series of experiments, was consldered to
be the same as that for an experimentally determined value.
The above described treatment gave a calculated average
deviation of very nearly 20 calorles per mole for each

value of the Integral heat of solution of both electrolytes.
This single value was used in plotting Figures 1% and 15,
However, in Figures 11, 12, and 13, in which the data for
the heat capacities of the solutions of both electrolytes
are plotted, the calculated probable errors were used to
determine the size of the circles or the lengths of the
vertical lines,
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Discussion

The heats of solution of chlorides of many of the rare
earth elements were determined by Bommer and Hohmann (37,
38). They reported an average value of 32.7 ¢ 0.1 kcals/
mole at 20°C for the heat of solution of cerium chloride
in which the concentraticas of the fipal solutions variled
from about 0.05 to 0.12 molal. For the heat of solution
of neodymium chloride they reported a single value of 35.9
keals/mole at 209C; Matignon (39,40) had previously
measured the heat of solution of neodymium chloride and
found it to be 35.4 kcals/mole at 17°C at a final concen-
tration of approximately 0,043 molal, The heat capacities
of solutions of rare earth salts have not been reported.

'The method used in the present work to obtain the heat
capacity of aqueous solutions of the chloride of cerium
and neodymium was convenient in that the values of the heat
capaclity were obtalned from the same series of experiments
from which the heats of solution were determined, In ad-
dition, the sign and magnitude of _ACp obtained from two
or more similar experiments in which different amounts of
the same chemical substance are used, served as an excele
lent check on systematic errors in the calorimetric appa-
ratus., Since random errors in the heat content measure-

ments are magnified in the values of _ACp calculated by
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the difference of two large numbers, a series of experiments
which show good concordance in the values of _ACp can only
have systematlic errors in the measurement of the electrical
energy. The fact that values of the relative apparent and
relative partial molal heat capacity of the electrolytes
are obtained from the difference of two large numbers is a
disadvantage since a precision of only one per cent in the
relative apparent molal heat capacity would require a pre-~
cision of approximately 0.005 to 0.0l per cent in the de=
termination of the heat capacity of the calorimeter system.
However, even when the heat capacities of solutions are
measured differentially with twin calorimeters, the values
of the partial molal heat capaclities of the electrolytes
cannot be determined with great accuracy in solutions more
dilute than 0.01 molal, In the procedure described for

. the determination of the heat capacities of solution of
cerium and neodymium chlorides the changes in the concen-
trations of the electrolyte were much greater than 0,01
molalj the average change in concentration during a series
of experiments was from 0,08 to 0.2 molal, The trend in
the values of _ACp observed for such changes in concenw
tration is shown in Figures 11 and 12. The plots of the
relative apparent molal heat capacity in Figure 13 indi-
cate possible deviations from linearity in concentrations

greater than gfp 0.5; the lines drawn through the values
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were derived from the smoothed-curve values of the molal
ACp values as plotted in Figures 11 and 12. The equations

which represent the lines are

(135) g ; = 128m?
for cerium chloride solutions, and
(136) g = 1310t

for neodymium chloride solutions. The Debye-Hlickel 1imiting
slope, according to the revised calculation of Harned and
Owen (3), i1s 90, The data of the present work are in better
agreement with the older value of the limiting slope which
was about 132. This difference in the calculated slopes,
which resulted from new data on the teuperature variation

of the dielectric constant of water, shows the high sensi-
tivity of the calculation of the partial molal heat capacity
of an electrolyte from the theoretical equations as related
to the value of the dielectric constant of water. ©Smoothed-
values of the relative apparent molal heat capacity and of
the relative partial molal heat capacity of solutions of
cerium chloride and of neodymium chloride are given in

Table 11.

The heats of solution of the anhydrous chlorides at
irfinite dilution are a measure of the differences between
lattice energles of the crystals and of the hydration ener-
gies of the ions in an ideal solution. The lattice ener-

gies which result largely from electrostatic forces have



TABLE 11

Smoothed Values of the Relative Apparent Molal and Partial Molal Heat
Capacities of Solutions of the Chlorides of Cerium
and Neodymium at 25°C

Cerium Chloride Neodymium Chloride

wf  -acpy, B T, - -acpy By T, T,

0 362.3 0 0 ) 320.3 ) 0 0

0.01 361.0 1.3 1.9  0.0s12 319.0 1.3 2.0  0.0512
0.02 359.7 2.6 3.8 0.0592 317.7 2.6 3.9 0.0
0.05 355.9 6ot 9.6  0.031k 313.7 6.6 9.8  0.0;15
0.1 349.5 12.8 19.2  0.0,12 307.2 13.1  19.7  0.0,12
0.2 336.7 25.6  38.+  0.0,92 294.1 26.2  39.+  0.0,9%
0.3 323.9 38.4 576 0.031 281.0 39.3 59.1 0.032
O.4 311.1 51.2 76.8 0.07%4 267.9 52.% 78.8 0.076

0.5 298.3 64,0 96.0 0.143 254.8 65.5 98.5 0.148
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values which are proportional to inverse functions of the
distance between the ions. It follows that, for a seriles
of similar crystals, such as those of the chlorides of the
rare earths in which the ionic radius of the rare earth
ion decreases with inereasing atomic number, the lattice
energies of a given anion-type salt of the rare earths
should increase with the atomic number of the rare earth.
The heat of hydration of the rare earth ions should also
increase with atomic number since the surface charge density
of the highly charged positive lon increases with decreasing
ion size results in a progressively higher degree of polare
ization of the water molecules about the ion of each suc-
ceeding rare earth. At infinite dilution, the heat of hy-
dration of the chloride ion for each rare earth chloride
would be the same so that the difference in heats of so-
lution between two rare earth chlorides includes the dif-
ference in the lattice energles of the two salté and the
difference in the hydration energles of the two rare earth
ions. When data on the heats of solution at infinite di=-
lution of other rare earth chlorides are available and
when sufficlient other data are measured from which an
accurate determination of the lattice energies of the
anhydrous chlorides can be made, it will be possible to
calculate the differences in the hydration energles of the
rare earth ions. These can then be correlated with other

data relating to the hydration effects on the properties
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of these lons as well as to thelr coordination numbers.
The apparent molal heat content data and smoothed-
values of the partial molal heat contents of solutions
of cerium chloride and of neodymium chloride are given
in Table 12 and are plotted in Figure 17. The data for
lanthanum chloride solutions obtained by Nathan, Wallace,
and Robinson (9) are shown by the dotted lines in Figure
17. The data for the solutions of cerium and neodymium
chlorlides do not show any discontinuity in the relative
apparent molal heat contents or in the partial molal heat
contents as do the reported data for lanthanum chloride,
The equations which represent the data for ié and ii up to
a concentration of 0.39% molal are |
(137) I, = 1.0387x10*n/2 - 1.6970x10"n + 1.3003x10"n3/2
and ‘ o
(138) I, = -62.379m3/2 + 15.286n2 - 14,056m/2
for cerium chloride solutions, and
(139)  , = 1.0387x10"0/2 - 1.7905x10"n + 1.365010"3/2 <
and ?:ﬁlvl/ ;
(140) T = -62.379u3/2 4 16,1202 - 14,75507/2
for neodymium chloride solutions.
Notable differences in the relative heat contents of
the two electrolytes appear at concentrations of about 0.05
molal. Since the hydrated chloride ions in solutions of

both electrolytes should, according to the simplified



TABLE 12

Smoothed Values of the Relative Apparent Molal and Partial Molal Heat
Contents of Solutions of the Chlorides of Cerium

and Neodymium at 25°C

Cerium Chloride

Neodymium Chloride

n? oL Lo -y 7L L, Iy
0 ) 0 0 0 0 )

0.01 68 102 0.0,,62 68 102 0.0,62
0.02 135 201 0.0,50 135 201 0.0,50
0.05 326 479 0.0,77 324 476 0.0,77
0.1 613 882 0.0610 608 871 0.0609
0.2 1087 1503 0.479 1071 1470 0.478
0.3 1454 1940 1.595 1419 1873 1.589
0.k 1745 2272 3.745 1687 2164 3.428
0.5 1991 2576 7.281 1907 22l 7.250
0.6 222% 2932 12.59 2111 2735 12.53

€6
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Debye-Huckel theory, make identical contributions to the
partial molal heat content for a given concentration of
electrolyte, the observed difference in the thermal proper-
ties of the two electrolytes can be ascribed wholly to the
differences in the two hydrated rare earth ions. The
~actors which can cause differences in the thermal proper-
ties of the two rare earth ions are related to the size of
the ionj these factors include: (1) the apparent diameter
of the hydrated ionj (2) the changes in the dielectric
constant of the water caused by a distortion of the water
molecules in the vicinity of the highly charged positive
ign; and (3) the differences in energy contents caused by
cgncentration changes which lnvolve possible changes in the
polarization of those water molecules which are the most
stronﬁly bonded to the ion. In addition, the number of
coordinated water molecules for different rare earth ions
may change with a change 1n the size of the ionj 1t may
also be possible for the rare earth ions with the larger
ionie radll and smaller atomic numbers to have more than
one coofdination number. If an equilibrium should exist
betwee? the amounts of two hydrated lons with different
coordination numbers which depends on the concentration
of the electrolyte, then the heat content of solutions of
such rpare earths would differ from those which have only

one ecoordination number. The explanation, on this basis
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of the larger relative apparent molal and relative partial
molal heat contents of solutions of cerium chloride, com=-
pered to those of neodymium chloride in more concentrated
solutions, is thats (1) the cerium ion has two coordination
numbers and the neodymium ion has only onej (2) both ions
have two coordination numbers but dilute solutions of the
cerium ion contain a relatively greater amount of the ion=
species with the higher coordination number; and (3) the
equilibrium between the amounts of the two lon-species is

| shifted in such & manner as to increase the proportion of
the species with lower coordination number as the concenw
tration of electrolyte increases. These phenomena would
lead to a larger observed heat content for solutions of
cerium chloride as compared to that of neodymium chloride.
However, additional thermal data on the solutions of other
rare earth chlorides and other rare earth salts will be
required before any final conclusion can be drawn and before |
the above described phenomena can be adequately studied.

The thermal properties of solutions of the rare earth salts
are related to many other physico-chemical properties which
are being studied at the Ames Laboratory. The correlaticn
of all the data which will be obtained on the properties of
solutions of salts of the rare earths will aid in perfecting
the theories of solutions of electrolytes. Data on the

crystallographic properties of solid compounds of the rare
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earths which have a bearing on the properties of their so=-
lutions should also be extendedj for example, studies of
the structure of the hydrated crystals would give valuable
information regarding the possible coordination numbers of
the ions. The application of the laws of thermodynamics
to such data will be a great contribution to the laws and

theories of electrolytie solutions.
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THERMODYNAMICS OF CHEMICAL REACTIORS

Introduction

Thermochemistry 1s concerned with heat changes which
are associated with chemlical reactions. According to
Hess's Law, which was stated over a century ago, the heat
absorbed or evolved for a given chemical reaction 1s
independent of the particular manner in which the reaction
takes place., This is in accord with the defined thermo-
dynamic function, JH, which has an exact total differentlal
and whose variance, therefore, depends only on the initial
and final states of the particular chemical substance under
observation. Hence, for a given chemical reaction,

(141) AH = jiindﬁd - zziniﬂi

in which Elrrefers to the number of moles of each of the
products and 21 refers to the number of moles of each of
the reactantsj the reactants are the chemical substances
which disappear during the reaction to form the products.
Equation (141) is called the Van't Hoff equation. The
fact that H, for either the prodﬁcts or the reactants, 1s
unknown but _AH for the reaction can be measured has led
to the defining of a particular state for a given substance
in which H is taken to be zero. Such a state called the
standard state, has been arbitrarily chosen, so that for
any element in its stable form at 25°C under a pressure
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of one atmosphere, H is defined to be zero. When the heat
of reaction is measured such that the reactants are elements
in the standard state and the product is the result of their
comblnation, also at 25°C and one atmosphere pressure, the
measured value of _AH 1s written as _AHC and is called the
standard heat of formation of the resultant compound, For
example, Muthmann and Weiss (41) used a bomb calorimeter

to determine values of AHP for the reactions

(1) Ce(s) « 0o(g) = CeOp
and
(2) 2Nd(s) + 3/20,(g) = Kd,0q

For Reaction (1) they found AH® = -224.5 keals/mole, and

for Reaction (2) _AHO = -434,5 kcals/mole, Reaction (1)

was later measured by Hirsch (42); Moose and Parr (43);

and Kremers and Beuker (4l+), They found the values of

AH® to be =243.6, -232,9, and -232.8 kcals/mole, respectively.
However, _AHC 1s not measured directly by the bomb calo=-
rimetery the heat evolved by the reaction, 31, is measured

at constant volume and is related to _AH by the following
thermodynamic equationst

(14+2) DQ = dE « P4V

at constant volume, the above equation 1is
(143) DQ = dE

or

(14) Q = AE
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H 1s defined by

(1k5) H= E ¢4 PV
so that
(146) AH = AE & A4(PY)

= Qu + A(PY)
For most reactions in the bomb calorimeter _A(PV) is small
so that the ideal gas law

w7) PV = nRT
can be used to approximate _A(PV). At constant temperature
(148) A(PV) = ( An)RT

in which Apn is the change in the number of moles of gas
which occurs during the course of the reaction. For
Reaction (1), 4p is -1, and for Reaction (2) it is -3/2.
Further, the oxygen gas in the bomb is not at a pressure
of one atmosphere, but 1s at 20 or 30 atmospheres pressure;
hence the value of _4H must be also corrected to an oxygen
pressure of one atmosphere., The methods used to calculate
the pressure and other corrections necessary to reduce
measurements made b'j use of the bomb calorimeter to standard
conditions have been summarized and put in a useful form
by Washburn (45).,

The variation of _AH with temperature is given by the
Kirchhoff equation which is

(149) (..éé}f,) * ACp = Esna(ﬁ ) B Z}li("%)p
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or

(150) ACp = ZJnJCpJ -Z_n:lei

Equation (150) for Reaction (1) 1s written as

(151)  ACp = Cp(Ce0,) - Cp(Ce) ~ Cp(0,)

If it 1s desirable to know _AH at a different temperature
which differs by more than a few degrees from the temperature
at which _4H was measured, the value of Cp for each of the
products and reactants should be known as a function of the
temperature. The change of heat content, ,éﬁi: for the re-
action at the new temperature is

(152) AHT = AHp'e /4;§pdf

in which AHy'1is the known change in heat content for the re-
action at the temperature T _, and _ACp is given by Equation
(150). Once a standard of heat formation is known for a chemi-
cal substance its value can be used to caleulate _AH for other
reactions and to aid in determining _AHC for other compounds.

Heats of Formation

Anhydrous chlorides

In order to determine the heat of formation of a substance
using a heat of solution calorimeter, the heat of reaction for
a number of reactions must be known or measureds The reaction
which gives the heat of formation of anhydrous cerium chloride
is
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Ce(s) 4 3/201,(g)/ = CeClqy(s)
If the changes in heat content for the following reactions
are known, Hess's Law can be applied 1in the following
manners )
(1) Ce(s) + HCl(aq, my) = 3/2H,(g) + CeCl3(aqy m)

HCl(aq, mg)

(2) Ce013(s) + HCl(ag, mg) = CeClz(aq, m) HCl(aq, mg)
(3) 3HC1(g) « HCl(aq, mg) = HCl(ag, my,)
) 3/2H,(g) + 3/2C1,(g) = 3HCL(g)

in which Eh'and Exlare the molalities of the hydrochlorie
acid in the initial and final solutions, respectively in
Reaction (1), If Reactions (1), (3), and (4) are added,
and Reaction (2) 1s subtracted from the sum of the other
three, the resulting equation 1s

Ce(s) + 3/2C1,(g) = CeCly(s)
If the changes in heat content for each reaction is numbered
to correspond to the above reactions and summed in the same
manner as were the reactions, then
(153)  AE® = AH] - AH2 + 3 AHy + 3 AH|
in which AHC 1s the heat of formation of CeCly(s).

The heat of Reaction (1) has been measured calo-
rimetically by Sieverts and Gotta (46), Neumann, Kroger
and Kunz (47), Biltz and Pieper (48), and by Bommer and
Hohmann (37)s The last-named investigators measured the
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same reaction for neodymium, The data reported by the
above authors are summarized in Table 13.

| Bommer and Hohmann's values appear especially high.
Zheir reported proceduré was to first reduce the rare earth
chlorides with potassium in vacuum after which they placed
the crude mass, slag and metal, into the calorimeter,
After the slag had dissolved, they added acid to dissolve
the metal, Xt would appear that such a procedure would
make it difficult to determine the heat leak corrections
during the reactions which take place. In addition, it 1is
possible that the uncast metal mass would entrain an
unknown amount of potassium at the low reduction tempera-
tures that were reportedj therefore, a reduction which was
less than 100 per cent complete would lncrease the observed
heat of reaction. The discrepancy 1s further inereased
when Iincrements of heat are added for the endothermic
regetion which takes place when the slag, considered as
pure potassium chloride, is dissolvedj the dllution effects
of such a mixture of salts 1s 11l-defined at best, These
investigators also mention that the presence of small
amounts of hydrochloric aclid and salts do not effect the
"heats of solution of the anhydrous chlorides.

In the present work, the heats of reaction for

Reactions (1) and (2) were determined for cerium and neo-

dymium in such a manner that the end concentrations for a
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TABLE 13

Heats of Solution of Cerium and Neodymium
‘Metals in Hydrochloric Acid

s owm e o
46 2.1 20 170.0 ¢ 1.4
47 2.9 ? 165.1 ¢ 0.2
48 2.8 18 164.9
48 1.1 18 1664
37 0.1 20 173.7 4 0.7
37 0.1 20 1714 ¢ 1.0*

*Value for Neodymium metal ($°C is the temperature
at which the _4H values were obtained; _AH is in
keals/mole)
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given pair of reactlons were very nearly the same. It was
found that in other than extremely dilute solutions of hy-
drochloric acid the heats of solution of the chlorides were
lower than the corresponding values in pure water. The
experimental results found for Reactions (1) and (2) are
given in Table 14, The effect of hydrochloric acid on the
heats of solutlon of the anhydrous chlorides is illustrated
in Figures 18 and 19, The values of the heats of solution,
in calories per mole, were plotted on an arbltrary scale so
“that the data for both cerium and neodymium chlorides could
be put on the same graphe The plot in Figure 19 was used
to make corrections for the effect of the acld on the heats
of solution of the chlorides.

The heat of formation of gaseous hydrogen chloride was
determined by Rossini (49). In the same report, he reviewed
all the previously published data on the heats of solution
and dilution and on the heat capacity of the solutions of
hydrochlorie acidj the data were presented as values at
250C, By combining the proper data from the above article,
the change in heat content for Reactlion (3) and (4) were
computed., The standard heats of formation were found to be
(154%) AH® = .250,580 ¢ 10 cals/mole
for CeCly(s) '

and
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TABLE 14

Heats of Solution of Cerium Chloride, Neodymium Chloride,
Cerium and Neodymium in Hydrochloric acid

at 259C
m? m% mf'é ACpy - AH

Compound (HC1) (HC1)

CeCl;  0.13271  0.,60911 0.60911 =569 31,301
CeCl,  0.19901 0.60911  0,60911  -k16 31,450
CeCl, 042475 0.60911  0,60911 =410 31,401
CeCly  0.1324 0.4909 0.4909 <422 32,29
CeCly  0,15052  0.%909 0.4909 -420 32,194
NaCl;  0.1k32 0.4909 04909 =423 35,048
NdCl, 0.1885 0.4%909 0.4909 -417 34,821
Ce 0.05280  0.4964 0.4879 -376 164,520
Ce 0.06150  0.4993 10,4878 -317 164,410
Nd 0.06062  0.5001 0.4889 -272 160,780
Nd 0.07315  0.5069 0.4907 -267 160,380

(m is the final molality;
and _AH is in cal/mole)

ACPM is in cal/mole-deg C;
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Figure 18, Heats of Solution in Hydrochlorie Acid
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Figure 19. Heats of Solfi¥ion in Hydrochloric Acid
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(155) AH® & -2414,080 + 20 cals/mole

for NaCl(s). '

The corresponding values given by Bommer and Hohmann (37)
are -259,800, and -254,300, approximately 10 kcals/mole
higher than those given by Equations (154%) and (155);
this discrepancy is due to the fact that their reported
values for the heat of solution of the metals, of cerium
and neodymium were about 10 kcals higher than those given
in Table 1k,

d ehlo

The determination of the heats of solution of the hy-
drated chlorides of cerlum and neodymium, along with the
reported values of the heats of solution and dilution of
the anhydrous chlorides, would make possible the calcu-
lation of the heats of hydration of the chlorides as given
by the reactions

CeCly(s) 4 7Hy0(1) = CeCly7H,0(s)
and

Kd013(s) + 6H,0(1) = NdCl3.6H20(s)
The heats of formation of the two hydrates can be calcu-
lated by use of the values of the heats of formation of
the anhydrous chlorides as given by Equations (15%) and
(155) and the value for the heat of formation of water.
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The heat of solution of CeCl.7H,0(s) has not been
reported, Matignon (40, 50) reported the heat of solution
of NdCl3‘6H20(s) to be =7.6 keals/mole at 15°C; however,
since the final concentration was not given, this value
cannot be compared with the present data, The heats of
solution, the standard heats of formation, and the heats of
hydration of the hydrates of the chlorides of cerium and
neodymium obtained in the present work are given in Table 15,
The value used for the heat of formation of water was

-68,313 £ 10 cal/mole as given by Bichowsky and Rossini (51).

Zons

The standard heat of formation of an lon 1s based on
the conventional definition that, at infinite dilution, the
standard heat of formation of hydrogen ion 1s zero. The
standard state of any ion is taken at infinite dilution at
a given temperature and the standard heat of formation of
the ion is relative to the hydrogen ion in its standard
state. The thermal data of Rossini (49) on hydrochlorie
acid are

HC1(g) 4 aq ® HCL(w) = H'(=) « C17(=),
AH » «17,880 cals./mole

and for

¥H,(g) » ¥C1,(g) = HC1(g),
AHPs =22,063 cals./mole
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TABLE 15

The Heats of Solutionj Heats of Formation
Heats of Hydration of the Hydrates of Cerlum
and Neodymium Chloride at 25°C

and

Hydrate m® ACpy = AR - AHO - AH(hyd)
CeCly*7H0  0.09908  ~382 6,336 755,830 27,070
CeCly+7H,0 0.20557 -380 5,854 755,810 27,050

Average 7g5,820¢10 27,060410
NdCl+6H0  0.1659 -356 8,319 681,810 27,850
NdCl3-6H20 0.,1435% .362 - - ——
NACl.,*6H,0 0.2490 =355 7,912 681,770 27,750
3% Average  681,790420 27,800450
*Second heat of dilution was done with this initial
concentration of neodymium chloride (AH is the heat

of solution, _AHC is the heat of formation, and
AH(hyd) 1s the heat of hydration in cals/mole)
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Adding the two equations gives

%Hz(g) s 3C1l,(g) = B (o) » C17(0),

AHO = «39,943 cals/mole

Since by previous conventions, the heat contents of the
two substances on the left side of the above equation were
taken to be zero, and the heat of formation of the hydrogen
ion at infinite dilution is also taken as zero, it follows
that -39,943 cals/mole is the heat of formation of the
chloride ion, It has been found that for

CeCl3(s) 4 aq = Ce*3 (®) ¢ 3617 (w0);

" AH ® -34,010 cal/mole
and for
Ce ¢ 3/2C1, = CeCly(s)
AH® =-250,580 cal/mole

Adding the two equations gives

Ce » 3/2C1, = Ce*d (®) » 3C1 (o),

AH® = -284,590 cal/mole

Hence
(156)  AHO = - 284,590 - 3(-39,943) = -16k4,760 cal/mole
for Ce?t3(x), Similarly
(157)  AHO = -281,180 - 3(-39,943) = -161,350 cal/mole
for Na*3(-).
The abéve calculations give the heats of formation of the

cerium and neodymium ions in their standard states.



113

Entropy and Free Energy

It would be of great interest to know, in addition
to heats of formation of the compounds and ions of cerium
and necdymium, their entropy and free energy of formation.
If either one of the latter is known, in addition to the
heats of formation, the other can be calculated from the
Gibbs~Helmholtz equation
(158) AF® = AHC . T AS°
since the same conventlons regarding the standard state of
the compounds and ions are used for their entropies and free
energies. It would be of particular interest if the standard
entropy of the ions were measured since there is no known
equilibrium reaction in aqueous media in which active metals
like the rare earths can participate reversibly and from
which the electro-motive force or free energy can be de-
termined. Furthermore, there are few reliable heat capacity
data on rare earth metals and compounds from which the absoe-
lute entropy could be calculated. ©Spectroscopic data on the
rare earths are very difficult to analyzej even 1f the
entropy of the metal vapors were estimsted by the Sacker
Tetrode equation, the heats of sublimation at 25°C, and
therefore, the entroples of sublimation, are not available
for any of the rare earth metals with exception of cerium.
The entropy of cerium metal at 25°C was reported by Lewls
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and Gibson (52), Lewis, Gibson, and Latimer (53). These
values can be calculated by utilizing an empirical method
of estimating entropies of solid compounds as recently
presented by Latimer (54)., By use of cnls method, values
of the entropies of cerium and neodymium and a few of
their compounds were calculated and are listed in Table 16.

The solubilities of some of the rare earth halides
have been determined in water and agqueous acid solutions
by Williems, Fogg, and James (55), and by Newton and Hale
(56)+ Newton and Hale's data give, for NaCl, *6H,0 at 259,
a concentration of approximately 3.85 molal in Nat3.
SBaturated solutions of rare earth chlorides in pu;e water,
however, tend to give solid phases which are not pure hy=-
drates but a mixture of hydrate, hydroxide, and oxychloride.
To grow and maintain a pure hydrated crystal solid, acid
must be present, But even if the solubllitles are known,
the activity coefficients of the rare earth chlorides have
not been determined for the saturated solutions and there-
fore the free energy of the ions cannot be calculated.

The free energy of the reversible reaction

Ry (C,0,)5-XH0 B 2R™™* 4 30,0, XH 0

in which R is a rare earth, has been determined for cerium
and neodymium by Crouthamel and Martin (57) at the Ames
Laboratory. They give AFY = 39,87 kcals/mole for the
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solubility reaction of cerium oxalate, and _AFC = 42,43
kcals/mole for neodymium oxalate. Latimer (58) gives,
for C,0, the values, _AFC = -158,660 cals/mole,

_AHO = -195,160 cals/mole, _ASO = -122.,4 e.,u., and
S0 = 9,6 e.u.

Table 16
Calculated Values of Absolute Entropiles
at 25° C
Substance 5©
Ce 13-8
Nd 13.9
CeCl3 3,5
Nd013 k.6
CeCl3-7H20 100.3~102.3
NdCl3-6H20 91.0= 93,0
Ce2(020h)3-9H20 l‘)1+ - 156
Ndz(czoh)leHéo 16k - 166

(8°© 18 in cal/deg. which is the same as S© in e.u.)

Therefore, if the estimated values of the absolute entroples

of the oxalates are taken to be 155 and 165 for cerium oxa=
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oxalate and neodymium oxalate, respectively, the corre-
sponding entroples of formation of the two compounds are
-677 e.u. and ~723 e.u., respectively. Latimer's (58)
value for the entropy of water was used in the éalcu~

lations.

ff tion of th alat

Since the free energy of the above reaction for
cerium and neodymium is known, the entropy change for
the reaction can be calculated if the heat of the reaction
is known. The heat of reaction could be determined from
a measurement of the equilibrium constant for the reaction
at different temperatures, but it cen better be determined
from a direct calorimetric measurement of the heat of pre-
cipitation of the oxalate providing the calorimetric
measurement is carried out in such a manner that heat of
formation of the oxalate precipitate can be determined
accurately., The entropy change for the reaction can then
be calculated from
(159) aso = AHC - AFO = 280 4 3 82 4+ X5(H,0)-8%(s)

in which

SQ is the standard entropy of the rare earth ion

80 is the standard entropy of the oxalate ion

L3
——
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SO(H,0) 1s the absolute entropy of water
SO9(g) is the absolute entropy of the solid oxalate salt

Heat of solution of oxalic acid, Before the heats of pre-
cipitation of the oxalates of cerium and neodymium could

be applied to Equation (159), it was necessary to recheck
the standard heat of formation of oxallie acid hydrate and
to determine the heats of solution and dilution of oxalic
acid.

The heat combustion of anhydrous oxalic acid was
measured by Berthelot (59), Louguinine (60), Stohmann,
Kleber, and Langbein (61), and Verkade, Hartman, and Coops
(62). The Washburn corredtion was applied to the values
reported by the last two investigators. Stohmann and his
coworkers reported an average value for the heat of come
bustion of -60,100 cal/mole at 189C; their value, when
corrected to 25°C under standard conditions, was found to
be =59,850 ¢ 190 cal/mole; the value, -60,100 cal/mole,
for the heat of combustion at 20°C, given by Verkade and
his associates, was found to be -59,690 2 90 cal/mole at
250C and standard conditions. The value, ~59,690 cal/mole,
for the heat of ccmbustion of anhydrous oxalic acld was
used for subsequent calculatlons presented in this thesis.

The heat of combustion of hydrated oxalic was reported by
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Jorissen and van de Stadt (63) to be -53,700 cal/mole at
189C; this value, corrected to standard conditions at 25°C,
was found to be -53,300 cal/mole. Therefore at 259C and
one atmosphere pressure,

(CO0H)5(8) » 40,(g) = 2C0,(g) + H,0(1)

AHC = «59,690 cal/mole
and

{CO0H) ,+2H,0(s) + 30,(g) = 2C0,(g) + 3H,0(1)

AHO » ~53,300 cal/mole
The heat of combustion of diamond given by Bichowsky and
Rossini (51) was corrected to 25°C; when the heat of tran-
sition of diamond to g-graphite as given by Latimer (58)
is added, the heat of formation of carbon dioxide from
4 =graphite is found to be -9%%,200 cal/mole. When the
value for the heat of formation of carbon dioxide 1s com~
bined in the above equations, the heat of formation of the
anhydrous oxalic is calculated to be -197,030 cal/mole and
the heat of formation of the hydrated oxalic acid to be
-3%0,000 cal/mole., The heat of hydration of anhydrous
oxalic was determined by Jorissen and van de Stadt (63)
to be ~6200 and ~6330 cal/mole at 18°C, by Jorissen (64)
to be -6,260 cal/mole at 18°C, and by Becker and Roth (65)
to be =6,590 cal/mole at 20°C, Bichowsky and Rossini

prefer Jorissen's valuej corrected to 25°C, it was found
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to be ~6360 cal/mole. When Jorissen's value for the heat
of hydration of the anhydrous oxalicvacid is used along
with the above heat of formation of the anhydrous acid, the
heat of formation of the hydrated acid is «340,020 cal/mole.
The latter value for the heat of formation of oxallec acid
hydrate will be used in subsequent calculatlons presented
in this thesis.

The heat of solution and dilution of the hydrated
oxalic acid at 25°C has not been reported. Berthelot (59)
reported a single value, 8,490 cal/mole, for the heat of
solution at 18°C, Thomsen (65) gave a value of -2,260
cal/mole for the heat of solution of the anhydrous acid at
189C, The data on the heat of solution and dilution of
oxalic acid hydrate at 25°C, obtained in the present work
are given in Table 17 and are plotted in Figure 20; al=-
though the extrapolation to infinite dilution may be some-
what in error, the use of the dilutions in subsequent
calculations will not be affected since the heats of di-
lution used in those calculations pertain only to dilutions
within the concentration ranges of the measured heats of

solution and dilution as shown in Figure 20.
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TABLE 17

The Heats of Solution and Dilution of
Oxalic Acid Hydrate at 250C

m% A CpM ﬂcp AH 48
0 (124) (170) (8,495) 0
01799 136 182 8,700 202
0.2765 142 188 8,783 295
0.352k% 147 193 8,848 350

(m 1s the final molalit
capacity in cal/mole®C;
capacity in cal/mole®C;
cal/mole3 and @y is the
cal/mole

y3 ACpM 1s the change in heat
é "Ims the apparent molal heat

is the heat of solution in
relative molal heat content in
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Figure 20, Heat of Solution of Oxalic Acid Hydrate.
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Heat of precipitation of oxalategs, The following heats of

reaction in the determination of the standard heats of
formation for the oxalates of cerium and neodymium are in-
volveds (1) the reaction of the solid anhydrous chloride
with an oxalic solution to form the precipitated oxalate

and aqueous hydrochloric acidj (2) the dilution of the oxalic
acid and the removal of the excess oxalic acld from solutionj
and (3) the removal of the hydrochloric acid from the final
solution. The effect of oxalic acid on the heat of solution
of hydrogen chloride, or the effect of hydrochloric acld

on the heat of solution and dilution of oxalic acid, has not
been taken into consideration. The heat of precipitation

of the oxalates was measured in the calorimeter by dis-
solving the anhydrous chlorides in previously determined
concentrations of oxalic acid so that the final oxalate
concentration would correspond to the oxalate concentrations
which Crouthamel and Martin (57) give for the minimum solue
bility of the oxalates of cerium and neodymium.

The experimental data for the heats of precipitation
of the oxalates of cerium and neodymium obtained in the
present work are summarized in Table 18. The summation of
the above described reactions gives

2CeCl3(s) + 3(COOH)p«2Hp0(s)
+ 3L,0Q2) = Cea(czOu)3-9H20(s) + 6HCL(g)
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for cerium chloride. By using the data given in Tables
17 and 18 and the heats of formation of the compounds
given previously, the heat of formation of cerium oxalate
was found to be ~1,545.4 g 0.2 kcal/mole.

The summed reaction for neodymium chloride is

2RaCl3(s) « 3(COOH),+2H,0(s) + WH0(1) =
Nd,(C,0),)5+10H,0(s) + HC1(g)
The heat of formation of the neodymium oxalate was found
to be «1,607.2 »+ 0.2 kcal/mole.

The reason that these heats of formation are so large
is that the heat of formation of oxalic acid hydrate 1is
large and that each molecule of precipitate contains a
large number of waters of hydration, It was assumed that
the hydrated form, shown in the equations above, 1s the one
obtained in the experiments since precipitation would not
occur before the complete crystal is formed and the extra
waters of adsorption on the crystal would not contribute
appreclably to the energy of precipitation, In fact, the
indicated number of water molecules are not strongly bonded
because these precipitates, when warmed, easily lose their
waters of hydration,

All the data necessary for calculating the entropy for
the reaction

R,(C,00 3-m20<s) = 2R"™* 4 30204= + XH,0(1)



TABLE 18
The Heats of Precipitation of the Oxalates

and Neodymium at 25°C

of Cerium

Compound moles AC - AH m m m
P M (oxalic)  (oxalie) (ech)
CeCl3 0.01212 -230 42,363 0.03079 0.0126% 0.03635
Ce013 0.01409 -230 42,184 0.03376 0.0126% 0.04233
NdCl3 0.01734% -230 45,597 0.03846 0.01247 0.05210
NdCl4 o_.01928 -230 54,321 0.04155 0.01264 0.05795
(my, and me are the beginning and final concentrations, respectively ACpyM

iz=the chin
in cal/mole

§e in heat capacity in cal/mole®C3 _AH is the heat of solutrIom

2T
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were combined to give, for the solubllity reaction of
cerium oxalate, _AHO = 15,580 cal/mole, and _ASO =-81.47
e.us§ and for the solubility reaction of neodymium oxalate,
_AHC = 15,840 cal/mole, _ASC = -89,18 e.us By the use of
Equation (159), the standard entropies of the ions are
calculated to be =53.0 e.u.y and -60.3 e.us for cerium and

neodymium, respectively.

Results

The remaining calculatlions for the entropy of formation
and free energles of formation,along with the measured heats
of formation and calculated entropies, for the compounds
and ions of cerium and neodymium under investigation are
given in Table 19,

From the standard free energy of formation of the two
rare earth ions, it is possible to calculate EC for the two
metals by use of the electrode equation
(160) E® = - AFO/nF
in which p is three, and F 1s 23,066 cal/volt-equivalent,
The electrode reactions arei

Ce(s) = Ce*** + 37, EC= 2,2%4g
Nd(s) = Na™* o 3e”, EOx 2,213
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TABLE 19

The Free Energies of Formationj Heats of Formation
Entroples of Formationj and Calculated Entropies o
Compounde and Ions of Cerium and Neodymium at 25°C

+ und

gﬁpgon AR® AHC ASO 80

CeCl, «232,90 «250458  «59.,3  3k.9

NdC1, ~246,40 ~241%,08 -59,3 34,6
CeClqe7H,0 ~641,62 ~755,82 «383,0 101
Nacl3-6azo 581,52 =681.79 =33643 92

Cep(Co0y)5o9H0  =1,34306  «1,454 677 155

Nd,(Cp04)4°10H0  «1,391.6  =1,607,2 =723 165
Ce*** «158,80 «164,76  «20,0 =53,0
Ngt+e «153.20 =161.35  =27.3 =603

(AFO and _AJ}0 are in kecal/moleg _4S8C and §0 are in
entropy 8
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Discussion

The values of the standard free energy of formation
of the compounds and ions are given in Table 19 and the
standard electrode potentials of cerium and neodymium are
based on the estimation of the entropies of the solidsj
these values would be subject to revision when a more accue
rate determination of the entroples are made., However,
the T 480 contribution to the standard free energy of the
two rare earth ions i1s about four per cent of the value of
the free energy so that it is possible that any revision
would not change the values of EC appreciably. Yost,
Russell, and Garner (66) estimate the EC® values for cerium
and neodymium to be 2.3 and 2.2 volts, respectively.

The heats of solution of the chlorides of cerium and
neodymium are definitely affected by the presence of other
electrolytes in solution. The effect of hydrochloric acid
was to reduce the value of the heat of solutionj it was
measured only for the purpose of determining the heats of
formation of the anhydrous chlorides by a procedure which
eliminated any estimations of dilution effects and in whiech
the initial and final states of all the substances involved
were known. A more complete set of measurements of the

effects of other electrolytes on elther the heat of solution
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or on the heat of dilution of a series of rare earth salts
should furnish the type of data necessary for a study of
~assoclatlon in electrolytic solutlons.

The thermodynamic requirements for the determinatlon
of the entropy of a reaction has been discussed. The
necessary data required to extend the calculation of the
free energy of formation to additional compounds and lons
of all the rare earth elements and the calculation of their
electrode potentials ares (1) the heat capacity data for
the solid crystalline salts and metals over the temperature
range from near zero degrees absolute to room temperaturej
(2) the equilibrium constant for a reversible reaction of
each rare earth element at 25°C which involves a rare earth
ion and a solid salt for which the data for (1) are knownj
and (3) the changes in heat content of the reactions for
which the data for (2) above are known. If the oxalates
of the rare earths, for example, are chosen for further
extension of these thermodynamic data, their heat capacities
and solubility products would be of prime interest. The
data presented in this thesis have demonstrated that these
insoluble salts are well-suited for the above types of
thermodynamic treatment. Since the thermal data on oxalic
acid hydrate have been critically reviewed and additional
experimental data have been presented, the calorimetric
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measurements of (3) above for additional oxalate salts can
be readlly accomplished.

The accuracy of all the measurements was about 0.1 per
cent, The interpretation of the calorimetric data in some
of the reactions was complicated by what appeared to be
simultaneous exothermic and endothermic reactions which
proceeded at different ratesy in order to minimize errors
in the measurement of the net heat evolved, the post-rating
curves were extended for a greater length of time. No
attempt was made to correlate the shape of the temperature-
curves with the processes which ocecurred in the calorimeter=-
vessel, but the evidence of such phenomena suggests the
possible use of the calorimeter as an ald to the study of

the kinetics of chemical reactions.
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HEAT CAPACITY OF SOLIDS

Introduction

The heat capacity is one of the most useful thermal
quantities for applying the laws of thermodynamics to chemi-
cal substances. Its measurement and application through
thermodynamic relations requires no special theory. By use
of the values of the heat capacity of a substance as a
function of the temperature, from very nearly zero degrees
absolute to a given temperature, the entropy; heat contentj
energy content; and free energy of the substance can be de-
termined at any temperature to which the heat capacity 1s
known. Heat capacity measurements to very low temperatures
have given the basic experimental evidence supporting the
third law of thermodynamics (67), and, in addition, heat
capaclty data are an aild to the development of theorles of
crystal structure and of atomic structure.

The energy absorbed by the erystal, upon the addition
of heat, 1s used up in large part to cause the atoms to
vibrate or oscillate more vigorously about their equilibrium
positions. In some cases the increased vibrations are such
that the atoms prefer a new arrangement among themselves and

when enough energy has been supplied they will shift to new
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positions. At the temperature where this occurs the
erystal absorbs a large amount of energy, and when the new
arrangement is accomplished the atoms vibrate about their
new positions. Thls rearrangement 1s called a phase changey
in the heat capacity curve it 1s called an anomaly. If
sufficient heat 1s added to most solids, the resulting
increase in temperature causes the atoms to vibrate so
energetically that they slide past each other and the
crystal melts, At low temperatures, for some crystals like
those of the rare earth metals and their compounds, it is
possible to observe the small amounts of energy required to
excite the lower lying electronic levels when the ground
state 1s not a single state. ©Such splitting of the ground
state 1s also observed by means of absorbtion spectra. As
the higher energy levels become more heavily populated, the
crystal absorbs more energy per degree rise in temperature
which causes a hump in the heat capacity curve., After these
states have reached thelr equilibrium ratio the crystal
again utilizes further additions of heat mainly in the form
of vibrational energy and its heat capacity, although higher,
is a continuous function of the temperature., At higher
temperatures the above phenomenon is not so noticeable in
the heat capacity curves because the excitation of the

lower lying electronlc energy levels requires only a small
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amount of energy so that a hump is not ohserved at these
temperatures; the increased number of states that absord
given amounts of energy do so at different temperatures so
that thelr combined effect is smoothed-out in the observed
heat capacity curve. Extremely high temperatures are usually
required to excite the electrons in the inner shells of the
atoms to higher electronic states.

There are other contributing factors to the heat ca-
pacity such as that due to the "free" electrons in a metalj

these will be mentioned specifically in the next section.
Theory

The thermodynamic definition of heat capacity is given
by the following equationss

(161) cy = @%2' - @%Z

1s the heat capacity at constant volumeg

and

(162) Cp = (DQ) = P[OY
| ’ (:gp (%@P* éﬂ)?

is the heat capacity at constant pressure. The heat content
18 defined by
(163) H=E 4 PV

and

(164) (%gpa é%%) P+ P @5%2: = Cp
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and

(165) Cp - Cy = P )
P

i1s the difference between the twos This difference is
small for solids at ordinary temperatures.

According to statistical theory (68), the contributions
of various kinds of energy to the total energy content of an
atom, molecule, or to the crystalline agglomerate of atoms
and molecules are consldered to be independent of each other
whenever they are responsible for an extension of phase
space and represent a given state in that space, Hence it
is possible to write the total energy content of the solid as
(166) E S Ef 4 Eyx « Ep ¢« Egi # Egg « Ep « Ep « Bee
in which ' ’ | ) | -

E& is the contribution of the translational energy

E! is the contribution of the vibrational energy

EE is the contribution of the rotational energy

§£$ is the contribution of the internal electronic

energy

E&Q 18 the contribution of the energy of "free' electrons

En is the contribution of the nuclear energy due to

interaction of the nuclear moments in erystalline

fields
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E& is the contribution of the magnetic energy due to
interaction of the magnetic moments in crystalline
fields

EQQ 1s the contribution of the energy of crystalline
transformations
For solids, the term Et 1s not consldered since the

average positions of the atoms in a erystal are fixed relaw

tive to the crystal., In addition, for the cases of a metal
or ionic crystal, the term El can be neglected, Although
the metallic~type bond is considered to have some of the
characteristics of the covalent-type bond, in most metals
the bonds are considered to be equally shared between
neighboring atoms which are the same distance apart rather
than as being a palred-electron bond between two atoms.

Since only a small part of the bonding between the atoms

of most ionic crystals ig of the covalent-type (8), neither

the metallic-type bonds nor the ionic type bonds between

atoms in a crystal give molecular structures which contribute
to the rotational energy.

If an ideal elementary solid is pictured as a space
lattice of independent atoms which do not interact with

each other and are vibrating about their equilibrium positions

in a simple harmonic manner, then the contribution of eanh

of the three possible modes of vibration to the energy 1is

kI since each harmonlc mode containsg two quadratic terms in
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the energy equation for a harmonic oscillator. The total
energy is 3kT per atom or 3RI per molej therefore EK is
3R, which 1s very nearly 6 cal mole™t deg.'l This 1is the
empirical value of E! found by Dulong and Petit (2) for
the atomie heat capacltles of many of the common elements
at room temperature which means that the main contributing
factor to the heat capacity of a metal erystal is its
capacity to convert the absorbed heat into a corresponding
increase in its vibrational energy. However, it soon
became evident that such a rule was not sufficient because
the specific heats of practically all simple solids ape
proach zero as the absolute temperature approaches zero.
Einstein (69) made the first attempt, on the basis of
quantum theory, to show that if a erystal was an aggregate
of atomie oscillators all vibrating at some mean frequence
the heat capacity would approach zero as the absolute
temperature approaches zero.

Although Einstein's equation was qualitatively correct
it neglected the fact éhat closely placed atoms could have
an effect on the oscillations of each other. Debye (70)
improved the Einstein equation by assuming that the atoms
perform more complex oscillations based on the crystal as
a wholej that all of the N atomlc osclllators are coupledj
and that the simple harmonic vibrations of these osclle
lators will have 3N frequencies. The lowest frequency of



136

the oscillators was assumed to be zero and the maximum
frequency was given a definite limit. In order to solve
the equation for the energy, the solid was considered to

be a homogeneous elastlc medium., Two equations were ob-
tained when the contributions of all these possible oscile
lators were summed by integrating the equation to the maxi-
mum frequencyj; one applicable to low temperature heat
capacity and one applicable to moderate and high temperature
heat capacity. The more outstanding result of the two
equations was the prediction that the heat capacity ap-
proaches zero as a function of'zfnear the absolute zero of
temperature, or,

(167) Cv = AT3

At higher temperatures, the equation for the heat capacity

(168) Cy = 33[1 - 2% @)2 + %o (g)l* ,}
e

defined the characteristic temperature in terms of the
maximum frequency. Born and von Karman improved upon
Debye's method by treating only those 3N degrees of free-
dom that correspond to intermolecular vibrations by the
contihuum method of Debye and the remaining 3(N - 1) sets
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by 3(N - 1) Einstein functions. They also took a slightly
different value for the maximum frequency. Blackman directly
computed the frequency-distribution functions for the normal
modesfof vibration for some simple lattices and applied the
resu;¥8 to heat capacities. All the above mentioned theories
are given in some detall by Sietz (71). In all the theories
it is assumed that interatomic forces obey Hooke's law.

While the theoriles are adequate for qualitative estimations
of the heat capacitles of solids, in many cases they do not
satisfactorily describe the detalls of experimentally deter-
mined heat capacity curves, Some of the vibrations in the
solid may be anharmonie; lonic crystals, for instance,

which have some degree of covalent bonding between the ions
so that the ions may not prove to be simple harmonic oscile
lators in all directions.

The additional factors contributing to the energy
content of a solid which are not included in the theoretical
equations of Einstein and Debye, are the remaining terms
E&L’ Eeys E&’ EE’ and EQQ' The internal electronic energy
term Eﬁl’ is the energy absorbed in exciting the low energy-
level electronic states at very low temperatures and higher
levels at higher temperatures. A hump in the heat capacity
is observed at the temperéture at which these electronic

states respond in absorbing the proper amounts of heatj the
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absorbed energy causes an excltation of the lnner electrons
(4f electrons in the rare earths) in addition to causing
an increase in the vibrational energy. The energy of the
outer or "free" electrons of an atom in a metal, Egq, is
that given by Fermi~Dirac statistics. Although the valence
electrons of a metal atom are consldered in a sense to be
free as far as motion through the solid metal is concerned,
they are restricted by the Pauli prineiplej application of
the Fermi-Dirac statistics shows that even up to room
temperatures the electrons are still practically all in
thelr lowest states., A simple explanation 1s that even at
low temperatures, the kinetic energy of the electrons is
very great compared with kI, and only when I is very large
the contribution of energy to the heat capacity by the
electrons 1s observed since only at the high temperatures
i1s their kinetic energy altered by an appreciable amount,
The contribution of the free electrons to the heat capacity
has been found to be linear with temperature. 8o that
(170) © Cy = al

in which g is the order of 10'“; this 1s much smaller than
would be expected if electrons behaved like ordinary gase
ous molecules. The energy due to thermal motion in une
coupling nuclear moments would be very smallj since it would

be less than experimental error, it is neglected. The
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magnetic energy term also would not contribute apprecilably
to the heat capacity of the solld since the magnetic fields
about the atoms in the solid are not changed to any great
extent by the addition of heat,

The last ternm, EQQ’ is the energy required for crystal-
line modification as evidenced in a phase change. While
it 1s true that after a phase change occurs the vibration
modes and frequencies would be different, no theory as yet
attempts to predict when the atoms, with a given set of
vibrational modes in a given lattice, will prefer a differ-
ent arrangement with respect to position and modes of oscil-
lation., However, the present theories are applicable to
each allotroplie form separately so that it 1s not necessary
that the above mentioned phenomenon which is a unique
property of a given substance be predicted by the accepted
general theorye. |

Studles on the paramagnetism, resistivity, and the
heat capacities of all the rare earth metals and salts
should furnish a large source of data by means of which the
theories presented above can be further elarified and ex-
tended. Since, from lanthanum to lutetium, as the 4f shell
is gradually filled, the number of humps in the heat capaci-
ty curve would be different for each succeeding element de=-

pending on the allowed splitting of the ground state the
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internal electroniec effects can be studied from low tempere
ature heat capacity measurements. The energy contributions
of the vibrational energy-levels should be nearly the same
for solid crystals of the same structurej the outer or free
electrons of the rare earth elements should contribute

about the same amount to the heat capacity since each has

- three valence electrons. When the values of heat capacities
of lanthanum, gadolinium,and lutetium, in which the inner
electrons should not give the anomalous humps in the heat
capacity curves, have been determined from nearly absolute
zero of temperature to higher temperatures the above factors
can be subtracted from the heat capacity values of the

other 12 elements and the electronic contributions to the
heat capacity can be studied independently.

Methods of Measurement

The first use of the lce-water phase system to measure
heat quantities was reported by Black; a block of ice with
a small hole in 1t was used as a calorimeter. The amount of
ice that melted after a warm body had been inserted into the
hole and had cooled to 0°C was determined by the gain in
welght of a blotter used to absordb the water formed during
the experiment. Lavolsier and Laplace later made a more
compllicated device to measure heats by the use of the ice-

water change of state, but thelr calorimeter was not a
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great improvement on Black's simple method. Preston (11)
discusses these calorimetefs in some detail.

In 1870, Robert Bunsen (72) constructed the first
satisfactory ice calorimeter. The best models of the ice
calorimeter of the present time, such as those described
by Ginnings and Corruccini (73) and by Ginnings, Douglas,
and Ball (74), are modifications of the calorimeter de-
scribed by Bunsenji all the models are operated with ice-
water and water-mercury phases in contact, In each case
the amount of ice melted by the introduction of a quantity
of heat which causes a contraction of the three~phase
system is measured by the amount of mercury intake into
the calorimeter., The calibration factor, K, of the ice
calorimeter is
(171) K= L/(vy = v,)ay
in which

L 1s the heat of fusion of 1ce

zl 1s the specific volume of ice

Yy is the specific volume of water

dp is the density of mercury
The calibration factor 1s independent of the amounts of ice,
water, or mercury present in the calorimeter vessel and
therefore is independent of the size of the vessel; however,
the combined quantitlies of ice, water, and mercury must be

confined in a vessel at constant volume,
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The advantages of the lce calorimeter ares (1) no
temperature measuring devices are required to determine
heat quantities; (2) the calibration factor, X, should be
the same for all ice calorimetersa 1f materlals of equal
purlty are used in them and 1f the external pressures are
about the samej (3) the calorimeter possesses a high sensi-
tivity and can be used for micro-calorimetric measurements;
and (4) its heat leak is small when it is operated in an
ice bath. Since the 1ce calorimeter can only be used at
09C, its application is limited to the measurement of the
heat of reactlions which can be performed at that temperae
ture or to the measurement of changes in heat content of
substances which are dropped into it from higher tempera-
tures. The latest models of the ice calorimeter are cons-
tructed so that they can bé used in conjunction with the
latter type of heat experiment.

Experimental

tio er

The neodymium metal was furnished by the metallurgy
section of the Ames Laboratory rare earth group under the
directlon of Dr. F. H. Spedding. A large cast cylinder of

very pure metal was trimmed under mineral oil on a lathe.,
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After dissolving the oil from the metal with benzene, the
metal cylinder was placed in a speclal pyrex container
which was then sealed with Apiezon-wax and evacuated; puri-
fied helium was then passed into the container up to atmos-
pheric pressure. The helium prevented the metal from being
oxidized and permitted storage until ready for use.

Two types of samples for heat capacity measurements
were preparedj the first type consisted of those which were
sealed in quartz bulbs. ©Since it was found impossible to
seal a 3/4=inch quartz tube containing a solid cylinder of
metal under a hellum atmosphere without contaminating the
quartz, the samples were prepared as follows: (1) a 3/b=
inch quartz tube about 12 inches long was sealed at one
end; (2) a tantalum-foll crucible was fabricated and placed
in the quartz tubej (3) the tube was flushed with helium
gas and a short length of the tube Just above the top of
the tantalum-foil erucible was narrowed by pulling while
it was heated in the flame of an acetylene torchj (i)
small rods of the metal were made and allowed to slide down
the quartz tube through the narrow neck into the tantalume
foil crucible; (5) the tube was evacuated, filled with
helium, and the narrowed-neck was sealed. As the sample=-
bulb was sealed, a small closed loop of quartz was formed
by means of which the sample could be attached to a wire

for suspension in a furnace, The bulbs were made from
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¢lear commercial-grade quartz tubing., A dummy quartz
sample~buld containing no metal was prepared for measuring
the heat capacity of the quartzj a sample-bulb containing
a tantalum-~foll crucible packed with strips of tantalume
foll for measuring the heat capacity of tantalum was also
prepaered. The tantalum and neodymium metals were welghed
separately in each case and the weight of the quartz was
found by difference.

The second type of sample consisted of those which
were sealed in metal Jackets. By use of a procedure of
arc-welding tantalum-foil developed by Daane (75) it was
possible to make a sample of a s0lid cylinder of metal
which had been turned down to fit tightly into a prefabrie
cated 10-mil tantalum-foll crucible. A 1id was formed by
pressing a plece of the foll in a die of the proper dl-
mensionj with the metal cylinder in the tantalum crucible,
the 1id was welded on in an argon atmosphere. To protect
the tantalum from air-oxidatlon, the sealed samples were
next welded into platinum Jackets made from 15-mil pure
platinum-foil., All the tantalum was boiled in aqua regia
before use. The two samples are pilctured in Figure 21.

It was desirable, for two reasons, to change over to the
use of all-metal sampless (1) the metal-to-metal contact
with the calorimeter allows a faster transfer of heat from

the sample to the calorimeter thus cutting down the time
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Figure 21. Samples of Tantalum (left) and
Neodymium in Platinum Jackets.
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required to reach equilibriumj and (2) the metals transport
‘an amount of heat from the furnace to calorimeter roughly
in proportion to thelr welght while the quartg transports
a very much larger proportion of the heat. Tantalum
Jackets were used to keep the hot metal from reacting with
the quartz in the one case and to prevent it from alloying
with the platinum in the other, It had been found that
neodymium vapor readily corrodes platinum thermocouple
wires even 1in extremely low pressure near the melting-
point of the neodymium metal, but that it does not attack
tantalum at temperatures considerably above lts melting-
point (75), The weights of the samples and the purity of
the neodymium metal used are given in Table 20, The tanta-
lum-foil was supplied by the Fansteel Corporation.

Apparatug

Two ice calorimeters were constructed from a design

- whieh followed very closely the models bullt by Ginnings
and Corruceini (73) and by Ginnings, Douglas, and Ball (74).
Their reports explain in great detaill the calibration and
operation of the calorimeter. The first model used for
the work presented in this thesis had a copper-well with a
pyrex section interposed between the copper-well and the
first brass plate by means of two pyrex-copper seals

instead of a continuous metal tube. The later model which
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1s more identical to the model of Ginnings, Douglas, and
Ball is shown in Figures 22 and 23, In the schematic
drawing, A 1s the outside one of the two concentric pyrex
jars sealed with Apiezon-wax to the upper brass plates.

B 1s a pyrex tube which carries the mercury column to the
outside; 1t extends to the bottom of the mercury pool, D
in the inner chamber, The center well, C, is a tapered
thin-walled monel tube of one-inch inside diameter at the
top and of 3/4~inech diameter at the bottom. Numerous
copper-foll vanes were welded on the tapered portion of the
main-well to help carry the heat out into the ice-mantle.

A 1/8-inch copper tube leads out of the bottom of the well
and to the outside through a coll in the ice bath, I;
helium was passed through this tube into the well to keep
moisture from ¢ollecting in the monel tube and to aild in
transferring the heat from the sample to the calorimeter-
well. The bath vessel was a large pyrex jar. It was first
wrapped with tin-foll, then with a layer of thick wool felt,
F, and finally with another layer of tin-foil. Dikalite
insulation filled the remalning space, E, in the plywood
box, It was found advantageous to use the stirrer, J, for
experiments which were carried out in warm weather in order
to keep the heat leaks from increasing towards the end of

a long experiment. The gate, G, was opened only while the
sample was being dropped but was immediately closed after
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TABLE 20

Samples for Heat Capacity Measurements
and Purity of Neodymium Metal

Sample rtg Tantalum Platinum* Neodymium
Number grams) (grams) (grams) (grams)
1 6.0659 0 0 0
2 7.6804 543084 0 0
3 6.7591 18,0846 ) 0
4 0 27.8557 19.9376 0
5 4,9167 3.2219 o 8.3368
6 0 6.5%9 30,1504 25,2861

Purity of Neodymium

5 No other rare earths or tantalum detected by
emission spectrographys faint traces of calcium
and magnesium; iron, 0.0095 per cent.

6 No other rare earths or tantalum detected by
emission spectrographyj faint traces of calcium
and magnesiumj iron, 0.02 per cent,

*does not include the platinum discs
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Ice Calorimeter,

Figure 22,
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Figure 23,

Schematic Diagram of the Ice Calorimeter.
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the sample had been dropped. The gate, in the closed po-
sition, held the wire to which the sample was attached
against the side of the monel tube to shunt off any heat
flowing down the wire from the furnace into the gate
housing and to the ice bath. The gate was tin-plated and
polished to reflect heat radiation in both directions.
The needle valve, H, had a sharp-pointed steel-needle
which seated into a soft iron corej it was sealed with
paraffin-soaked packing.

In order to observe the heat leak of the calorimeter,
mercury was pulled from the flask into the glass capillary-
tube by means of a short rubber tube and bulbj the needle=-
valve was then closed and the movement of the mercury
down the capillary was followed by means of a cathetometer
which could be read to 0,05 millimeter. The capillary was
callbrated over 1its whole length. An electric-timer was
used to follow the rate of fall of the height of the mercu-
ry column in the capillaryj the observed rate of fall was
proportional to the heat leak of the calorimeter. Readlngs
of the height of the mercury column, R, were observed over
a period of time prior to the dropping of a sample. The
value of the rate of fall of the column, _AR/ ot in milli-
meters per second, was used as an indication of whether or
not the calorimeter was in a steady state condition so

that the sample could be dropped and was also used as an aid
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in determining when the sample, after being dropped, had
come to equilibrium with the calorimeter. The observed
heat leak at equilibrium should be the same as that of the
initial rate.

If the welght of the flask of mercury prior to
dropping the sample 1is gl and the height of the mercury
column at a given time 1is El’ then the total weight of
mercury and flask relative to an arbitrary zero on the
caplllary at this time, is
(172) Wy= My « KRy
in which K 1s the calibrated value of the capillary in
grams of mercury/millimeter. At some later time, §El the

total weight will be
(173) W, = M, + KR, - K<_%%)8t1

Similarly, after the sample has been dropped, the total
weight relative to the same arbitrary zero on the capillary
tube 1s

a7 W, = My + KR, = x( _%%>6t2

if _AR/ At has the same value for the whole experiment. It
follows that the total intake of mercury due to the quantity
of heat carried into the calorimeter by the sample is ,
(175) =~ OW =W - W, 8 My = My + K [Ry~Ro=( 4R/ At)(étl-ét?j
However, it was found more convenient to plot the R

readings before and after the drop against the time and to
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extrapolate the graph to the drop-time. If _AR/ At is
linear and has the same value over both the initial and
final rating periods it makes no difference to which time
the readings are extrapolatedj however, 1f the post-rating
becomes linear at a different rate from the initial one,
the time, §r times, at which the rate changes is in
gquestion sineevthe true heat leak from the surroundings
cannot be observed until the sample has cooled to 0°C and
is in equilibrium with the calorimeter, However, the only
time at which the calorimeter experiences an abrupt change
of atmosphere is when the gate is opened and the sample 1s
dropped; therefore, the dropping-time was taken as the most
reasonable time for a change of heat leak. In order to
substantiate the above assumption, two additional methods
were tried by which = AW was calculated for a set of two
or three experiments in which a sample had been dropped
from the furnace at a given temperature, and in which the
value of the post-rate differed from that of the pre-rate.
For these, the readings of the two rating perlods were
extrapolated to a time midway between the dropping-time
and the time at which the post-rating curve indicated that
the sample and calorimeter had reached equilibrium. In
one of the methods an average of the two heat leaks was
used for the extrapolationj in the other the actual extra~

polated values of the readings were used. However, neither
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of these two methods gave as high a preclsion in the calcu=

lated value of = AW as did the method of extrapolating both

rating-curves to the drop time. The corrected reading from
an extrapolation of the graph is given by

(176) Rpy = Rgy = ARy

in whieh EQL is the reading at the drop-time, EQL is the
reading at zero time, and _éEl is the difference between
the first observed reading at zero time and the reading at
the drop~time as taken from a smoothed curve drawn through
all the plotted readings. Similarly, the extrapolated
post-rate reading, 523’ at the drop-time is given by

(177) Rpo ® Ros = AR,

in which EQZ is the first reading on the post rating-curve,
The change in the welghed mass of mercury for an experiment
is

(178) AM = My - Mp

The correction to the change in the weighed mass of mercury
due to the heat leak and to the difference in the height of
the mercury column in the capillary hefore and after
dropping the sample 1s

(179) K(Rp, = Rp,) = KARp

All the values of = AW were calculated by this method. The
value of K for the capillary-tube was 0.,01520 g 0.00005

grams of mercury per millimeter.
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The furnace used for heating the samples is shown
schematically in Figure 24j 1t is similar to a furnace
described by Schelder and Hollies (76). The main heating
element G, was approximately two ohms of No. 16 AWG plati-
num (10% rhodium) wire. The wire was wound in a bifilar
manner on a one-inch inside-~diameter alundum tube on which
four separate grooves had been cut at a pitch of 2¢ threads
per inchj the tube was 18 inches in length, The heating
element was wound on the grooved-tube starting at angles
of 00 and 180%; a controller resistance thermometer of
No. 32 AWG pure platinum wire was wound on starting at 900
and 2700, At the bottom of the tube, the heavy wire was
doubled back through notches filed in the ridges on the
alundum tubej the controller wire was doubled back at 180°
from the bend in the heavier wilre and was insulated from
the heating element by a strip of mica. Another alundum
tube was ground-out to fit over the first alundum tube and
served to hold the wires in place. At each end, the space
between the outer and inner tubes was sealed with a small
amount of alundum cement to hold them firmly in placej
thls small amount of cement could be easily chipped off in
case the heating element or controller-wire later required
repair. The two end-heaters, G, which were wound on the
outside of the larger alundum tube, were also covered with

a thin layer of alundum cement. By adjusting the ratio of
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the current between the main and end heaters 1t was possible
to increase the linear portion of the temperature distrie-
bution about the position of the sample in the center of
the furnace. The space, E, around the heating elements,
was filled with dikalite insulation. Two concentric sheet-
metal cylindrical shells, which were separated by the dead
air space, D, were held in place by a serles of transite
disesy He A low-fired magnesia plug B, was inserted in the
top of the alundum tube to restriet convection currents
upward through the furnace. The plug had three small holes
through 1t; a hole through the center for a No. 30 AWG nie-
chrome "A" wire which was fastened to the sample, and two
holes near one edge for the thermocouple wires: The tip of
the thermocouple, which was made of No. 26 AWG platinum and
platinum (13% rhodium) wires, was fused into a 10-mil plati-
nun-folil cylinderical shell, E, which completely surrounded
the sample. The top end of the nichrome wire was fastened
to a brass piston, A, which fitted into the brass pipe at
the top of the furnaceg the pipe was slit down the length
of one side to within six inches from the bottom. The
bottom of the pipe was closed by its supporting brass plate
except for a hole just large enough to pass the nichrome
wire. The brass piston, which is shown in the down position
by the dotted lines in Figure 24, was actually held at the
top of the brass pipe when the sample was at the position
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Figure 24, Schematic Diagram of the Platinum-wound Furnace.
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shown; when it was reieased, the sample and piston fell
freely until the piston reached the end of the slit in the
brass pipej from this polnt the rate of fall of the two was
reduced by action of an air-cushion which formed under the
falling piston. The fall of the sample was therefore re-
tarded Jjust after it had entered the calorimeter-well so
that 1t did not crash onto the bottom of the well., The
pleture of the furnace and calorimeter with one of the
switchboards i1is shown in Figure 25.

The temperature controller circult i1s shown in
Figure 26. The legend is as follows:

V.R, is a 5KVA Stablline voltage regulator

K 1s a set of two 28 amp Powerstats

S 18 a variable one ohm resistor of 25 amp capacity

T is a variable one ohm shunt resistor of 25 amp

capacity

R 1s a power relay

P 1s a Worner photo-cell relay and photomultiplier
(model 62~R)

L 1s a 1light source

G 1s a Leeds and Northrup type HS Galvanometer with
a sensitivity of O.1 4¥/mm at one meter

B 1s either a Wheatstone or Mueller temperature bridge

0 is 35 ohms of No. 32 AWG pure platinum wire
N is 2.0 ohms of No. 16 AWG platinum (10% rhodium) wire
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Figure 25, Furnace and Ice Calorimeter Assembly.
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208 A.C.

FURNACE CONTROLLER
CIRGUIT DIAGRAM

Figure 26, Furnace Controller Circuit Diagram.
(see page 157 for legend)
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M is 1.2 ohms of No. 16 AWG platinum (10% rhodium) wire

The advantage of the type of controlling circuit shown
in Figure 25 is that the controlling mechanism permits a
wide range in the sensitivity of the resultant temperature
control., By the use of a 1l2-foot optical path between the
light-source and photo~cell in conjunction with a G-2 type
Mueller temperature bridge set at a sensitivity of three
milliamps, it was possible to reduce the temperature fluctue
ations of the thermocouple to about 0.002°C over the temperw
ature range of 25°C to 3000C for a sufficiently long period
of time to complete an experiment. From day to dey, how=
ever, the temperature of the furnace drifted a few tenths
of a degreej since the drift was not always in the same
direction it 1s possible that the load on the line to the
regulator as well as fluctuations in the room temperature
affected the inertia of the whole electrical system. One
disadvantage to the use of thls type of temperature-cone
troller for drop-calorimetry 1s that 1t has to be shut off
and the temperature of the furnace has to be readjusted to
controlling range each time a sample 1s either dropped from
or raised into the furnace, After the controller was put
into operation, the temperature of the sample and furnace,
in the range of 00C and 450°C, was measured on a platinum
resistance thermometer; the emf of the thermocouple was

noted on the White double potentiometerj for successive
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experiments at the same temperature, the controller was
adjusted by use of the bridge to give the recorded emf.
When one series of experiments was completed for a given
temperature, the furnace current was changed to give a
different temperature and the whole procedure repeated.

The above described controller-system was not put
into operation until after the second ice calorimeter had
been constructed. Practically all the data to be reported
were obtained from the samples which were sealed in gquartz
bulbs by the use of the first model of ice calorimeter.

For these, the furnace was controlled by the variaecs which
were connected directly to the voltage regulator. The
furnace temperature drifted from day to day, but was suf-
ficiently steady during the course of an experiment so that
the recorded emf of the thermocouple could be used as a
measure of the temperature of the sample. The thermocouple
was calibrated by comparing its emf with the temperature
read on a platinum resistance thermometer placed in the
core of the furnace so that its tlp rested between the
sample and the thermocouple. The temperature of the sample
was estimated, in the temperature range of 0°C to 4500C,
from the thermocouple callbration formula

(180)  t°C = (€ x103)/[5.5785 4 0.7452x107t(1403.68 - t)
in which _§ 1is the emf of the thermocouple in millivolts.
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Besults

The data on the heat contents for commerclial quartz,
tantalum, and neodymium metal are summarized in Tables 21,
22, and 23. The data for quartz are represented as a
function of the temperature, £0C, by the following equationss
(181) Aﬂg = 2.718x10"3t - 1.676x10-6t2- 1.793110.10t3
in grams mercury/gram quartz, and as

aBS = 0,1773t » 0,1093x10732 - 0,0109x1075¢3
in cal/gram when the calibration factor 65.234 cal/gram of
mercury 1is applied; _egg is the change in heat content
between 0OC and tOC. The molar heat capacity is given by
(182) Cpt = 19.65 4 13.13x1073t- 1,970x2076¢2
in cal/mole ©C. The above equations are valid in the
temperature range from 0°C to 400°C,

The data for tantalum are represented by the equations
(183) Aag . 5.oosx10"l*t v 6.185x1070¢2
in grams mercury/gram tantalum, and as

Aﬂg ® 3,265x10"2te h.o3hx10“6t2
in cal/gram tantalum, and as
(184) Cpd = 5,906 & 1.460x1073t
in cal/mole °C for the temperature range of 0°C to 400°C,
The values of the heat capacities, calculated from Equations
(182) and (184), checked well with those calculated from
equations given by Kelley (77). The measurements on the
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TABLE 21
Heat Content Data for Quarts
(to (quartz) (quartz)
51.6 0.9029 o%%oa Q‘QUA%O 0,8798 041450
gg.g i.gggo 0.0231 ‘i.ggg; 04169
946 1.722 0o Ok 3t 1.6790 03738
100,.6 147963 0,0458 1.7508% 0,2886
103, 1.8538 e 0660 1.7878 0.29%
WA 1:8390 0.0666 1,8304 0.301
1&5'3 1,8929 00672 1,82 0,3010
14, .68%2 0.,0654% 2461 0. 317
14%6.1 247287 0. 0660 2.6627 0.4+390
146, 2.6650 0.0661 2,5989 O 4284
146, 2,7 s& 0.0663 2,6380 04349
Ak oBR mE aEg
196.9 3,762k :0896 672'8' 046058
197.2 3,7909 04089 3.7012 046102
205,5 E' gZE 0.132 a 76%7 0.6206
%9,9 o6 0.,1097 o.gh9a
5,1658 0.1208 5.0h50 0.8317
263.7 5,2299 041209 5,1090 0,8k22
299,2 549250 041377 57673 0.,9541
300.0 SeO472 0.1381 5,8091 0.9577
308.1 6.180% 0.1519 6,038 0.9955
311.1 6.337 042035 6.133 1,0112
311,2 6,206 0.2035 6.0033 0.9897
3525 742190 Osl631 70559 1.1632
35346 7+2026 0.1636 740390 1,160
530g 71988 0.1637 740351 1.,1598
09, 846473 042707 843766 1.3809
Yok, 2 9,0227 0.2807 847420 10412
L25,2 9,0700 0.2813 8.7687 1.4489
N g.g 9.3231 04,2045 9,1186 1.5032
3. 93830 02073 9.1757 1.5127

(=AW 48 in grams of mercuryj =4y is in grams of
mercury per gram quarts)
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TABLE 22
Heat Content Data for Tantalum

$0C - AW - AW - AW - AW - AW
(total) P u : (Ta) (Ta)
5446 1.3569 0.02 1.1776 0.1549 0.02918
9,2 2.3122 o.ohzg 2.,0792 041906 0.03590
oL ,8 2.3818 0,042 2,0950 0,2442 0.04600
47,2 3.8327 0.0665 3.3469 0,4193 0.07899
147.2 3.8499 0.,0666 3.3480 0.4353 0.,08200
iNELC 38539 0.0670 3.3673 0.4196 0.,07904%
187.9 57293 0.,1221 3,847 1,7625 0.,09746*
190.2 5¢7502 0.1228 3.8971 1.7302 0.09568*
196.8 5o 26k 0.0896 «5982 0,576 041086
197.1 5.3009 0.0897 4,6049 0,6063 0.1142
2& N 6.558%5 041095 5.7228 0,7262 0.1368
240,0 6.5709 061097 5.7324 0,.7288 0.1373
282.4% 8.8889 0.184%2 6.,0659 2.6388 O.159%
298.9 8.358% 061375 7.3330 0.8679 0.163%
30040 8,3531 0.,1380 7.3840 0,8311 0.1566
301.5 8.14016 0.1388 7.4269 0.,8359 0.1575
ash.a 10,1288 O¢16k% 8.9676 00,9969 0.1875
13.6 13.5778 0.27 9.4509 3,8535 0.2131*
417.4 13.,7984% 0.2760 9.5552 3.9672 0.2194»
420, 13,9097 0,2781 9.6400 33,9916 0.2207%
422, 12.482& oi§796 11.0256 1.1812 0.,2225
§gcgg
88.9 2,1301 0.853% 1.2466 0.04475
90.7 2.1789 0.9021 1.2768 0.0458%
90.7 2.2035 0.9021 1.301% 0.04672
90,7 2.1796 0.9021 1.2768  0.,04536
99.3 243990 0.,9879 1.4111 0.05066
99. 2.3850 0.9879 1,3971 0.0501%
201, 4,8132 1.9883 2.8249 0.101%

*second 1la sample in quartz bulb
(-dw is in grams Hg/gram Ta)



TABLE 23
Heat Content Data for Neodymium

£°C - AW - AW -aW - AW - AW ant ABY/t%C
(Pt) (quart (Ta) (Nd)

3.8 0.5091 0.0106 4) 32§3c °013§te 0.1378 1.08 0.04535

2 * - L ] » L J * - L)

52.8 1.1518 0.,0236 0.728 0.0857 0.31k42 2.46 o.ohézg
4,5 2.1061 0.0u24 1.336 0.1543 0.5730 4,48 0.04743
194.8 « 5641+ 0.0886 2.9100 0.321 1.2440 9.73 0.04%996
195.6 %,5873 0,0890 2.9228 0.3231 1.2524 9.80 0.05010
196.1 4,5879 0.0892 2.9307 0.3239 1.2441 9.7% 0.04965
229.6 5.14982 0.1048 3.4929 0.3809 1.5196 11.89 0.05178
24842 5.9275 0.1136 3.8107 O.4125 1.5907 12.45 0.05016
252.3 -0L52 0.1155 3.8828 0.4196 1.6273 12.73 0.05046
302.9 7.3078 0.13%4 4,7801 0.5068 1.881% 14,72 0.04860
302.9 7.3531 0.1395 L, 7804 04,5069 1.9263 15.07 0.04976
303.0 7.3421 0.139 4,782 0.5070 1.9133 14,97 0.04940
334,.3 8.1689 0.1 5.355 0.561k 2.097 16.41 0.04909
334%.9 8.1666 0.1547 53661 0.5624 2.083 16.30 0.04868
357.8 8.7738 0.1657 5.7975 0.6027 2.2079 17.28 o.oh8&0
359.2 8.8624% 0.1664 5.8223 0.6050 2.2687 17.75 0.,04943
Second Calorimet
99.3 3.6396 1.4730 T 0.3317 1.8349 4,718 0.04753

( Aﬁg is in cal/gram Nd)

89T
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first sample of tantalum gave a large spread in the values
of the mean heat capacity due to the fact that more than 85
per cent of the total heat was carried into the calorimeter
by the quartzj even for the second tantalum sample in whiech
the weight ratlio of tantalum sample in which the welght
ratio of tantalum to quartz was increased to nearly three
to one, the quantity of heat due to the quartz was 70 per
cent of the total measured heat. About the same conditions
held for the measurements on neodymiumj however, the spread
in the values of the mean specific heat was not nearly so
great as for the first tantalum sample since the neodymium
sample in the quartz bulb contributed only about 20 to 25
per cent of the total heat. The data on neodymium show a
decrease in the mean specific heat in the temperature range
of 250°C to 35060; however, 1t was impossible to check
these measurements with the second and larger sample of
metal by the use of the second model of the lce calorimeter
since the calorimeter and furnace were urgently needed for
other purposes. The measurements were therefore terminated

after the single value at about 100°C had been measured.
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Discussion

The amount of heat contributed by the platinum discs
and sample containers for each experiment was calculated
from the equations for the heat content of platinum rela-
tive to 09C as given by Jaeger and Rosenbohm (78) who
report measuring over a 1000 values of the high-tempera-
ture heat content of platinum. The heat capacity of neo-
dymium metal in the temperature range 300°C to 600°C has
been reported by Jaeger, Bottema, and Rosenbohm (79).

They describe the difficultlies that they have enconuntered
in attempting to measure the specific heat of some of the
rare earth metals in which hysteresis effects occur at the
temperature at which an allotropie change takes place.
Their values of the mean specifie heat of neodymium have
been corrected so that the lower limit of the temperature
is zero degrees centigrade. This was done by calculating,
from the data given 1n Table 23, the change in heat content
per gram of metal from 0°C to the reported final tempera-
ture o: each of their experiments and by adding it to their
reported valueg of the change in heat content. The amounts
added were all near one calorie per gram. The values of
the mean specific heat, _égﬁ[&, of neodymium are plotted
in Figure 273 the values from 0°C to 250°C are taken from
Table 23, and the data given by Jaeger, Bottema, and Rosen-
bohm. The equations which represent the combined data for
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neodymium metal from 0°C to 400°C are
(185)  AHD = 0.OMMOLt + 2.445x107°t> « 1,064x10™0t3
in cal/gram neodymium, and ‘

in cal/gram atom-deg.c;
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SUMMARY AND CONCLUSIONS

Summary

l. The heats of solution and dilution of the anhydrous
chlorides of cerium and neodymium in aqueous solutions have
been measured for concentrations up to 0.35 and 0.40 molal,
respectivelys the accuracy of all measurements was within
0.1 per cent, Treatment of the data by the chord method
of analysis showed that, within the limits of experimental
error, the limiting slope given by the Debye-Hilckel
equation was approached. Similar agreement with the Debye-
Hllekel theory had been reported for data on the activity
coefficients of these two electrolytes as recently de-
termined at the Ames Laboratory (k). The data for the
heats of solution at 25°C for cerium chloride are repre=-

sented by

(133) Qy ® 34,010 - 6,925w%/2 4 8,485m - 5,201m3/2

in cal/mole with an average deviation of 10 cal/mole.
The data for the heats of solution at 259C for neodymium
chloride are represented by

(134) Qq = 37,200 - 6,925m1/2 4 8,953m - 5,460m3/2

in cal/mole with an average deviation of 14 cal/mole.

2+ The heat capaclties of aqueous solutions of the
chlorides of cerium and neodymium have been determined from

measurements of the change in heat capacities of the Tew
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actions accompanying the solution of the anhydrous chlorides.
The average accuracy of the derived values of the relative
apparent molal heat capacity was ebout 10 per cent while

the accuracy of the measurements of the total heat capaci-
ty of the calorimeter and its contents was within 0,1 per
cent. The equations which represent the data for the rela=
tive apparent molal heat capacities at 25°C up to concen-
trations of about 0.30 molal ares

(135) gy = 128 u?
in cal/mole®C for cerium chloride, and
(136) g7 = 131 n?

in cal/mole®C for neodymium chloride. The data for the

change in the molar heat capacities at 25°C for the re-

actions accompanying the solution of the anhydrous chlorides

are represented by

(187) ACpy = =362.3 + 128m®

in cal/mole®C for cerium chloride, and

(188) ACpy ® -320.3 + 13lu?

in cal/mole®C for neodymium chloride¢ These data are in

better agreement with the unrevised value of the limiting

Debye~Huckel slope, as given by Harned and Owen (3), than

wlth the revised value based on a revision of the equation

relating the dlelectric constant of water to the temperature.
3+« The heats of solution of the metals and anhydrous

chlorides of cerium and neodymium in aqueous hydrochlorie
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acid solutions have been measured. The heats of formation
at 25°C of the anhydrous chlorides were calculated from
the data obtained and were found to be =250,580 ¢ 10
cal/mole for anhydrous cerium chloride and -24l,080 g 20
cal/mole for anhydrous neodymium chloride. The entropies
of the two chlorides were calculated (54) to be 34.5 e.u.
for cerium chloride and 34,6 e.u. for neodymium chloridee.
Hence the free energy of formation was calculated to be
«232,900 cal/mole for cerium chloride and =266,400
cal/mole for neodymium chloride. In addition, the heats
of solution of the anhydrous chlorides were found to be
lower in hydrochloriec acid solutions than they were for
water solutions. The heats of solution of neodymlum
chloride were decreased more than those of cerium chloride
at the same concentration.

4. The heats of solution of the hydrated chlorides
of cerium and neodymium in aqueous solutions have been
measured. From the data obtained, the heats of hydration
at 25°C were calculated to be -27,060 s cal/mole for
CeCl3+7H,0 and -27,800 ¢ 50 cal/mole for NACly+6H,0,

The heats of formation at 25°C were calculated to be
-755,820 4 10 cal/mole for 09013-7H20 and -681,790 & 20
cal/mole for N6013-6Hé0. The entropies (54%) and the free
energies of formation at 25°C were calculated to be 101 e.u.

and ~-641,620 cal/mole for CeCly+7H,0, and 92 e.u. and
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«581,520 cal/mole for Nd013‘6Hé0.

S« The heats of solution and dilution of oxalic acid
hydrate in aqueous solutions have been measured over a limited
range of concentrations in order to determine the effects of
the dilutions which occurred during the precipitation of the
rare earth oxalates. The thermal date leading to the calcue-
lation of the heat of formation of oxalic acid hydrate were
reviewed, and a more accurate value of its heat formation at
25°C was calculated to be -340,020 cal/mole. The heat of
formation at 259C of anhydrous oxalic acid was calculated to
be =197,030 cal/molej the heat of hydration at 259°C was calcu-
lated to be ~6,360 cal/mole.

6. The heats of precipitation of the oxalates of cerium
and neodymium in aqueous solutions of oxalic acid have been
measured. From these data, the heats of formation at 25°C
were calculated to be «1,545.6 & 0.2 keals/mole for
Cep(Co0y)309H20 and ~1,607.2 ¢ 0.2 keals/mole for Nd,(Cp0)q
*10Ho0, The entropies (54) and the free energies of formation
at 259C were calculated to be 155 e.u. and -1,343.6 cal/mole
for Cep(C01)3.9Hp0, and 165 e.u. and =1,391.6 cal/mole for
Ndp(C20y,)3010H0. From the data given in (1) above, the heats
of formation at 250C of the ions were calculated to be -16k4,760
cal/mole for Ce*t* and -161,350 cal/mole for Nd***, By the
use of literature values for the standard free energy changes
of the solubility reactions of the two oxalates (57) the
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standard free energies of formation at 25°C of the two ions
were calculated to be 158,770 cal/mole for Ce?** and
=153,150 cal/mole for Nd***. Hence, the standard electrode

potentials are given by

(189) Ce(s) = ce“f + 3e”, E° = 2,2949 + 0,0005
and )
(190)  Rd(s) = Na*** « 3e , EC = 2,2139 ¢ 0.0006

7. The heats of‘solution and dilution of potassium
chloride in aqueous solution have been measured, The
values were corrected to infinite dilution by use of the
relative apparent molal heat contents of potassium chloride,
as given by Harned and Owen (3), to give 4,144 & 3 cal/mole
for the heat of solution at infinite dilution., A review
of literature values for the same quantity showed agree~
ment with the above value obtained by the use of the present
methods.

8. The heat capacity of tantalum metal has been
measured in the temperature range from 0°C to 4259C; the
data are presented by
(184) CpS = 5.906 + 1.460x1073t
in cal/mole®C. —

9+ The heat capacity of neodymium metal has been
measured in the temperature range from 0°C to about 2500C,
When these data were combined with data from the literature
{79) for higher temperatures, the equation which represents
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the combined data up to 400°C is
(186)  Cpt = 6.479 + 7.056x1073¢ « k.463x1076¢2
in cal/mole®C, ) )

Conclusions and Comments

1. For solutions of the chlorides of cerium and neo-
dymium more concentrated than about 0,05 molal, the relative
apparent molal and partial molal heat contents of cerium
chloride were found to be higher than those of neodymium
chloride. A tentative explanation can be made on the basis
that a second coordination may become possible as the rare
earth ions become larger with decreasing atomic number and

that an equilibrium may be set up between the two hydrated
lon-species which have different coordination numbers (4);

a shift in the equilibrium between the different species in
the direction of the hydrated ion of lower coordination
number, as the concentration increases, should be accompanied
by an increase in the observed heat contentg of cerium
chloride 6ver those of neodymium chloride. This additional
increase in the heat contents could be attributed partly to
a decrease in the dlstance of closest approach of the ions
ag the equilibrium shifts and partly to the change in heat
content of the equilibrium reaction., HOwever, at the pre~
sent time, insufficient data are avallable for any definite
conclusions to be madej the data which would be most useful

for correlation with the thermal properties of the rare
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earth ions in solution ares (1) additional crystallographic
data on the hydrated salts from which more information con-
cerning the coordination numbers of the hydrated ions
would be obtained; (2) accurate data on the densities of
solutions of the salts as a function of temperaturej and (3)
further extension of the measurements on the thermal
properties of the solutions of other salts of the rare
earths such as those presented in this thesis. Such data
would aid in making a critical analysis of the present
theories of electrolytic solutions as well as in bringing
light to bear on the factors which cause the properties of
one rare earth ion to differ from those of another.

2+ The heats of solution of the anhydrous chlorides
of the rare earths lncrease with increasing atomic number
(38); this phenomenon could be due to any increase in the
energy of hydration of the rare erth ions through the for-
mation of either larger or more thermodynemically stable
solvated lons as the rare earth ions decrease in size with
increasing atomic number. Data on the compressibilities
of the erystalline salts of the rare earths, along with
crystallographic data, would permit an accurate calcu-
lation of the lattice energies (80). The combination of
such calculations with the heats of solution at infinite
dilution of the rare earth salts would give much of the

information necessary for a detalled study of the factors
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involved in the hydration energles of ions,

3. The equation for the relative partlial molal heat
capacity of an electrolyte, as given by the extended Debye-
Huckel theory (3), gives the partial molal heat capacity
as dependent on a sensitive function with temperature of
the dielectric constant of water and on the volume ex-
pansion of the solution. Therefore a correlation of accurate
date on the heat capacities and volume expansions for so-
lutions of a complete series of rare earth salts should pro=-
vide the basis for a study of the dielectric properties of

electrolytic solutionse.
| k., The effects of hydrochloric acid on the heats of
solution of the anhydrous chlorides were determined in
this work only for the purpose of facilitating an accurate
calculation of the desired heats of formation. However, a
more complete and independent set of data on the effects
of other electrolytes on the thermal properties of the
rare earth salts would aid in the development and extension
of the thermodynamics of strong electrolytes. In addition,
if the data are obtained for solutions to high ionie
strength, the factors affecting assoclation might be deter-
mined.

5. A more accurate determination of the standard free
energies of formation of the compounds and ions of cerium

and neodymium will only be possible after sufficient experi-
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mental data are available for a more accurate caleculation
of the entropies of the solid compounds. The measurements
of the heat capacities of a group of solid compounds of the
rare earths, together with a careful thermochemical study
of the reversible reactions of these compounds such as the
solubllity reactions of the two oxalates which were chosen
for this work, 1s required in order to place the chemistry
of the other rare earths on a firm thermodynamic basis,

6. The calorimetric apparatus, described in this
thesls, was applied successfully to a great variety of
thermal measurements in initlating the studles on the
thermal properties of the rare earth metals, salts, and
aqueous solutions of the salts. For speclalized studies
of a given individual thermal property, another type of
calorimeter might have been preferred. An adiabatic calo-
rimeter employing differential methods of measurement, for
example, would be best suited for the measurement of heats
of dilution only; and speclally designed twin-calorimeters
would give some improvement on the accuracy with which the
partial molal heat capacities of the electrolytes could be
measured. However, the consistency of the measured values
of the changes in the heat capaclities of the reactions which
occurred in the described isothermal calorimeter showed
that the calorimetric apparatus and methods of treating the

data involved no systematic errors.
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7. The precise measurements of some of the thermal
propertles of the metals and compounds of cerium and neo=-
dymium and their aqueous solutions, presented in this
thesis, are of real significance in furnishing the data
which are useful in applying the laws of thermodynamics to
these substances. The data were obtained as a part of an
extenslive program for the accumulation of accurate data on
the physical and chemical properties of all the rare earth
metals and salts in progress at the Ames Laboratoryj it is
hoped, when this program is completed, that such data will
furnish a background for a better understanding of the
nature of the forces operating in solids and in aqueous

solutions.
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