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I. TNTRODUCTIOHN

Because of the fundamental importance of aqueous solutions to human
existence and activity, there has been a continuous and general interest in
the study of their ﬁroperties. The study of, in particular, aqueous
Clectro]ytic solutions has been aided hy the development of theoretical
models, ¢.g., by Debye and Hiickel (1923), to explain their behavior. The
existence of these models has given rise to considerable experimental work,
devoted to the testing of the theoretically predic fd valuas of the various
physical properties. This work has resulted in extending the models to more
nearly represent reazlity. It has also resulted in the need for extensive
data in the concentraticn range betwean infinite diluticn and saturation.

The salts of the vare earths form a particularly valvable series of
systems for the study of aquecus elacirolyte soluticns, i that they con-
stitute a series of multivalent elactrolytes, of which the members have -
similar chemical properties. They are also essentially caapletely disso-
ciated in dilute aqueous solutions and are available in signiticant quantity
sad purity,  The jons of the "heavy" rare carths ave typicaily trivaleat in
aquecus solutions., In crystalline solids, the salls with commoi anions
tead to form isostructural series.

The ready availability of kilogram quantilbies of rave sard
vith fmpurity levels of the order of parts per mitlion, has bean made.
possible by techniques daveloped and practiced at the Ames Laboratory. The
cnemical similarity of the rarve earths arises frem ihe nature of the differ-

ences in vheir electronic structures. Tue configurations are such ithal
,

e

olectrons of the A7 subshalls, within which the differesnces occur, are
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extensively shielded by those of thei55 and 5p subshells. Thus, they are
largely exc]uﬁed from participation in chemical bonding.

In reéent years, a cohergnt program.of study carried out at the Ames
Laboratory has resulted in the determination of many of the physical
properties of aqueous rare earth solutions. These properties have been
studied as functions of solute concentration, cation radius, anion valence
type and species, and temperature. In particular, the work on the'thermo—
dynamic properties of the solutions has demonstrated the need for precise
thermodynamic data on the crystalline salts. For example, the calorimelri-
cally determined entropies of the rare earth trichloride hexahydrates must
be available before the entropies of thé catiéns in the aqueous chloride
solutions can be related to one another in a meaningful way. It is desir-
able to establish sucﬁ re]ationshjps because they are useful in the develop-
ment of a better understandiﬁg bf ion—ion_and‘ion—so1vent interactions.
Mbst of the previously available thermodynamic data on these particular
salts, for example, that pUb]fshed by He]lwege, et al. (1961), and by
Pfeffer (1962) are inédequate in two respects.‘ First, the heat capacity
measurements were not extended to room temperature. Second, the dqta above

100% are generally in error by as much as 2%, because of the presence of
occluded moisture in the samples. It was therefore desirable to obtain new
and more precise heat capacity data in the range 5% to 300%K.

A further reason for making heat cépacity measurements in this tempera-
ture range is related to the spectroscopic properties of the rare earth
jons. It is characteristic of these jons, in crystalline solids, that the
total crystal fieid sp]itting.of the ground electronic J level is of the

order of several hundred wave numbers. Provided that the heat capacity of a



~given crystal exhibits no anomalous behavior in the temperature range of
interest, and that thg thermal excitations of the vibrations of the lattice
can be accounted for, the room temperature entropies provide a measure of
that splitting. If other information on the energy level structure of the
jons, in the crystal under study, is available, as from spectra, it is
possible to compare the results of the optical with those of the thermal
measurawents. ’

The samples chosen for this work were the trichloride hexahydrates of
Gd, Tb, Ho, and Lu. The Gd and Lu salts were used to set Upper aind Tower
Hwits on the Tattice contribuiions, neither salt naving a significant

s URTI 140 v3
magnatic centribution above 14°K. &d’

85//2 ground state, which is not split by a crystal field. Interaction

has, to a first approximaticn, an

witn higher J=7/2 statas way, however, result in a non-degenerate ground
. , P X I
state for the fon in the crystal. The ground state of Lu'™ is 'S . The

heat capacity of the corresponding salt contains no magneltic contribution.



II. LITERATURE SURVEY

It is intended that this review be indicative of the relationship

\‘

between the research to be presented here and that alra ﬂdj available in the
Titerature. The alternative, being an exhaustive and critical examination
of the Titerature, would be a project of considerable ambiticn and would

in any case detract from the stated purpose.

In order to suggest the diversity of interests upon which tnis research
has touched, it will be useful to mention some of the reviews and monographs
available. These works serve as guides to the more influential of the
original Titevature in their several areas. Moreover they provide insighls
into the divections taken during the development of their fields.

A sitandard work en the physical proparities of electrolytic solutions
is that of

Harned and Cwen (1943). Another useful hook is that by Rebinson

and Stokes (1955), who ewphasize the transport nroperties of elactrolytes.

<

The preparties of rarve earth ions in aqueous soluticns have been discussed -
by saveral authors, notably Spedding and Abkinson (1959), Keumholz (1964),

aind fmellar, et al. (1968). The spactrascopic preperiies of tha
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vecantly veviaved by D1o?“ ( 268).  Much of tnis work has hean discussad by

< I ealet: W Leaw ~T1- PN JO N oy SeDa i, K R P
larstein {1963), vho has also reviawed work dona on the heat capacities oi

>
:

. wy valile e ~ 3 PR - Iann i, ~ 3 R A Lo yesay
rayve carin salbs up Lo apout 1850, The subject of fow tamperature

calorimabry has been treated by Westrim ef al, (1953)

. The bhock by Uhite

(1268) is a standard refevence on the nractical aspects of Tow temperaturs

work of all types. This brief listing suggesis the scepe of tha material to
. ‘e

ba discussed during the vest of this veview.
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Amqng the most significant early contributors to the deve]opment of
the theory of ionic so]uﬁions were: Arrhenius (1887), who established
the existencé of ions immediately upon the dissolution of electrolytes,
Lewis (1901, ]902) who introduced activities and activity coefficients to
measure deviations from ideality, aﬁd Milner (1912; 1913) who attempted a
first principles calculation of the energy relationships involved in a
distribution of positive and negative ions in a given volume. Of particular
interest with regard to this last mentioned author, is that he implied,
but did not state, that, for 1-1 electrolytes, his energy expression reduced,
at very small concentrations, to a form dependent upon the squére root of
the concentration. This functional dependance upon thé~so]ute concentration
- has been one of the more useful features of the theory of ionic solutions.
In 1923 Debye and Hiickel (1923a, 1923b) introduced the concept of the
“jonic atmosphere" which resulted in simple closed expressiong for the
~ behavior of the mean activity coefficient and related thermodynamic proper-
ties in the 1limit of infinite di]ution. The validity of their devéiopment
as a limiting law, its coﬁceptua] simplicity and its ready adaptabi]ity to
comparison with experiment insured ifs immediate and lasting popularity.
Thus, in comparing the work of Milner with that of Debye and Hickel, Noyes
(1924) noted the relative unavailability of the former's treatment to those
with "---ordinary mathematical training." Further, the appeal of a "mean
distance of closest abproachf in the Debye-Hiickel theory as a concept upon
which to rest intuitive arguments about the behavior of electrolytes is
evident in the paper of La Mer and Goldman (1929). . |

The early development of electrolytic solution theory, extensions and

critiques of the work of Debye and Hiickel, and the theory's later development



up to the mid 1950's have been reviewed by Atkinson (1956). Wuith regard
to the transport propertigs of electrolytes, it is pertinent here %o note
enly that a vé]id limiting law for electrolytic conductance was developed
by Onsager (1927). This work was extended to a more general treatment of
the motion of ions by Onsager and Fuoss (1932).

Subsequent to the appearance of the Debye- Hutk°l theory a great deal
of interest developed in the interpretation of experimental results. Harned
and Cwen (1943) summarized much of this work. They also notad the philoso-
phy that nas legically, though not chronologically, guided the development

fwork in this field. That is, prograss in the understanding of fonic
soluticns requirves consideratica of the effects of the ferces of ativaction
between ions cn all the known propertiés of *he solutions. Dxperimental
veri11caulon ef the predicted values of the varisis propertias, or con-
varsely, lack of verification, promotes further development of the theory.

o .

A prerequisite for the testing of tha cenclusiocns of the thaory is -

s
e

("

axistonce of a class of strong electrolytes wiich are cssentially completely
dissaciatoa at mederata concentraticns.
With the development of a ready supnly (Spedding and Deaave, 1961} of

high nurity vare earth salis, a good example of such a class of elactrolyias

a0 Jua;l°o1b. The predominating variabla across the rara eart
is the ionic radius, which genarally decrcasas with increasing aimnic
aumber.  This leads, as in the case of the heichioride hexanydrates, to
small, reguiar changes in otherwise isostructural crystals. That, plus the
amical properties of ‘Hc trivalent ions in solution, suggesis ine poésiu
sility of obtaining a great deal of data uJ d wide range of physical

propertias, saveral of which might be uﬂ]“’“]/ sensitive to ohe or another



of the approximations built into the theories of the behavior of electro-
lytes. In this context, the rare earths thus constitute a series with

which it is highly desirable to work. Observations of this sort were made
by Spedding, Porter, and Wright (1952a) in the introduction to fhe first of
a series of papers in an extensive program of investigations of the

- properties of aqueous rare earth solutions. This work will be discussed in
fopica] order. Although such separation is artificial in the sense that
there is considerable overlap, it will correlate work that is most obviously
mutually related.

The electrical conductivity of ionic solutions is of interest because,
in sufficiently dilute systems, the ionic conductahce fg related to the
mobility of ions and to’their effective size. Therefore condQctance mea-
surements can be used to study e.g., the extent of hydration of ions. The
above mentioned paper repbrted measurements of equivaient coﬁductances of

eight rare earth chlorides in the concentration range ax107%

to 01N, r°
as a function of rare earth atomic number was approximately constant frbm
La to Nd and decrea;ed'for the rest. The poséibi1ity of a change in hydra-
tion number was cited. Spedding and Yaffe (1952) measured the equivalent
conductances of a series of the bromides with similar results. They

.repohted that the Onsager limiting law was obeyed up to 107°

N. Spedding

and Dye (1954) repeated some of the previous chloride measurements to study
the effect of hydrolysis. Dye and Spedding (1954) applied graphical inte-
~gration techniques to Onsager's theory and, in so doing, extended the agree-
ment with experiment to approximately ]O'ZN. Spedding and Jaffe (1954a,
1954b) studied the equivalent conductances of ten sulfates, eight perch-

lorates, and three nitrates. They obtained poor agreement with theory with



the sulfates and interpreted this in terms of formation of complexes of the
type (MSO4)+ in dilute solutions. Heiser (1958) obtained conductances for
the nitrates of‘some intermediate and neavy rare eartins. He correlated his
- work with that of Jaffe and observed behavior, relative to atomic number,
“similar to that reported for the chlorides. MNelson (1960) measured the
conductances of Th bromide and chloride solutions at concentraticns below

Y PSR 1Ty b '
0.48. The values of A and A” for the bromides were generatly higher than
for the chlorides.. Sacger (1960) extended the conductanca measurements into
the moderate and nigh concentration ranges. le studied tha chlorides of

veral lignt, 1nturmndxdtb, nd heavy vraye earths between 0.06N and sacura-

«F

ion. Except for La and Md, the equivalent conductance was a generaily

decreasing function of atemic nuwber. Further, AN was greater in the middle

Pl
i

of the series than at either end. Comductance studies carried out prior to

the present program included the work of Moyes and Johinson (1803) who

[

stemntad with 1ittle success to interprat the cquivaleni cenaductances of
La nitrate and sulfate as functions of concenbtration. Also, Jonkins and

n
SIeTE 2 .- Y Ay e e o 1oy e ; ek
ok (1950) reported ceaductance measurements on La sudfate balow 2x31077H

3 L4 (] D Und ; - s .y o» . - '!‘ ‘:‘3 B
and a dissaciatien constant of 2,4X10 7 for the equilibirimm Lad0, -+ la =+
1 &

~

Su1 . There was also the work of Jones and Bickford {1934) who campared

the equivalent conductance of La coiiiforida balew 1 molav with the predictions

. - - B K N B N N L o
of Yohilvrausch's Taw and of Onsagar's Lheovy.

PN oSN SR R £ X B S N N O T I Yoyt mn
Activity ceafficients are of intorest becausa they are readily deter-

v

mined theoretically in the Tiwmit of infinita dilution, and wore fundamen-

tally bacause they serve to intermrelate ail of fhe inkeresting partial melal

provaertias. They are necessary for a complebe thermodynamic description of
the system. Transference numbers ave velated to ionic mobitity, but they



are also required for the determination of activity coefficients in dilute
so]uﬁions, i.e. by the measurement of the potentials of concentration cells
with transfercnce. Therefore, these two properties will be discussed
together.

Spedding, Porter, and Wright (1952b) reported transference numbers for
eight chlorides up to O.1N.. The cation transferance numbers vere linear
in the square rodt of the normality, but their Timiting s]dpes differ from

those predicted by the Cnsager theovy. They also veported (1952¢) activity

l \..

coefficients in the same concentration range, and obtained ¢eod agreement
with the predictions of the Bebye-lliickel theory. The transference number
results were in good cgraement with the earliar uorik of Longsworth and

923) on lLa chlorida, Fuvither transferonce numbor and achivity

—
(o}
S |
sy
=
D
Wy
Lt
—

ceefficient vesuits weve published by Spodding and Yaffe (1952) on the
ides, Spedding and Dye (1954) on #he chlcorides, and Spedding and Jaffe

h

{1954h) eon tha perchlorates and nitrates. With “hLuCL to the activity

confiiciants, a remarkable agreement belweer theory and experiment resulied,

in part, from treating the a5t appreacn” as an

axparimentally doterminad parameter which was thon used in The calculation

of v+, Also, Spedding and Dye (1954) veporied dmproved agrecwent between
tha transference numbar results and the predicitisns of theory when the

M

lather were obtalned on the basis of thelir graphical integration approach

(Dya and Spedding, 1954). tHeiser (1958) roperted transfevenca nuwhers and

activity ceefficients for the nitrates of Sm, Ho, &r, and Yo up o Q.2H. le

notaed that v+ as a function of concentration behaved ancmalously for the Ko

wn
i)
fall
[
=t

and suggasted that the cause might be complex formaktion. Melson (1269
t ’ 3

A\ ' ol

wportad these data for Th bromide and chiloride below 0.2}, and noted the
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variations in the limiting transference numbers with atomic number for the
rare earths studied to that time, i.e. most of the chlorides and bromides.
Saegar ( QGQ) reported dcflv1t/ coefficients from 0.1N to saturation for a
nunber of rare earth chlorides representative of the series. In general,
he found good agreement batween his and earlier work by Robinson (1937,
1939), by Mason (1938, 1941), and by Hej§er (1958).> The comparison

with ﬁason's results sugyested discrepancies in the composition of that
author's solutions, i.e. oxychloride formation. Saeger noted that the

fu *

onal dapendence of his activity coefficients on concentration indi-

2

cates increasingly strong fon-solvent interactions at high cohconcraLions.
Othar noteworthy work on the activity coefficients of rare earth chlorides
includes that deoue sarlier oy'Sh&dlovsky_udd Maclnnes (1939) and by
Shedlovsky (1959) on dilute solutinons of La chlovride. Of historical
interest is the work of lall and Harkins (1916) who used the first commer-
ciaily produced ¥hite Double Potentiometer in freezing point studies of
La nitrata solutions.

Moasuvements of partial molal volumes yield infermation ahout the
changes which occur in soluticn volume upen the addition of suinte. They
ara of intevest therefore in the study of fen-solvent intevactions, e:g.,
thae packing of selvent wolecules sbout the solute fons with abiendant
yaduction in eftfective solvent volume. For this reason fhe program under
considevation nas included considerable study of partiat melal yolumes and
rodatad propertigs.

Spadding, Pikal, and Ayers (1966) have recently published the rosults
of investigations of apparevt and pdruia1 mo?hi volimes of the chlorides of

Can

La, Pr, Hd, Sm, Gd, Th, Dy, Ho, Er, and Yb and the nitrates of La, Er, Md,



11

and Yb in the concentration range 2x10™ < m <‘0.2.-.It is indicated that.
at infinite dilution the partial molal voiumes of these systems are additive
propekties of the individual icns, as expacted for completely dissociated
solutes. The Mmiting values of the sclute partial molal vo]uﬁes form two
distinct groups when plotied as a function of atomic number. There is a

. génera1 decrease from La to Nd followed by a strong iﬂcreaseAto Gd, Qith Sm
approxXimately intermediate. After Gd and Tb, there is_again a gradual
decrease. The gradual de raases are interpreted as being due to the
incyeasingly close packing of HZO molecules in the first hydration sphere
about the increasingly small, highly charged rare carth ions. Following
this Tine of thought, the sudden increase in ﬁé? is tha effect of the Ioss
of a water molecule from the First hydration sphare. The fact that the
change 1s not completely discontinuous-is considered to be due to a shifting
equilibrimm betwénn o possib@e coordination numbers. The highar coordina-
Stien numbey is said to be favorad fov the larger ions, with the lower being

-

favorad from Th unward. Atkinson (1955) measurad the compressibilities of

134
[
c"x’

tha chlarides and nitrates of La, Nd, Ee, and Yh in the concentration range

m o< 0.5, e noted that the agrecment betvaen experimantal pavtial molal

volimaas and those caleoulated From theovy, previousiy peoor, was improved hy

apnraximataly 15% when the solution comprossibilibty was considered fin the
thoovy.  Wis apparent wolal comprassibility values reflected a decveased
“tho solution relative ©o the pure solvent dua to the close

packing of tne H?O molecules about the rare earth fons. He aiso suggested

coordination numbers within the rare eartnh series. Housvar Ayers appears to

[] 3 o i)

be tha Tirst to explicitly state thi postulaie. Gildseth (1964) measured
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density as a function of concentration and temperature, in the ranges

0 <m< 3.4 and 20°¢ < T < BQOC, for La and Nd chloride soluticns. He
regortéd partial mo]ai voiumes and expansibilities at various concentrations
and temperatures. Correlation of these results with fhose of Saeger (1960)
indicated that the beﬁavior of'va is consistent with strong orientation of
the H20 dipoles toward the rare-earth ionsf It is expected that HZO mole-
cules beyond the first hydration layer are also beound to the ion and ordefed
to a considerable extent. He further noted that while the expansibility

and compressibility results were consistent with this point of view, those
from conductance and transference number measurements were ambiguous.

A systemmatic investigation of the physical proper£ies of a class of
“electrolytes necessarily includes the obtaining of a large amount of thermal.
data. Spedding and Miller (1952a)'measufed the heat capacities and
enthalpies of solution and dilution of'thg (anhydrous) chlorides of Ce and
Nd. The concentration range of thé df]uﬁion measurements extended up to
0.4 molal. The agreement with the limiting law predictions was to within
experimental error below 0.002 molal. They noted that the heat of solution
to infinite dilution is a measure of the difference betweén the lattice
energy of the crystal and the hydration energy of the ions. Comparisoh of
these data for iwo members of an isostructural series of, say chlorides,
allows a correlation to be drawn between hydration energy and jonic radius.
They also reported (1952b) heats of solution for the hydrated chlorides of
Ce and Nd. They used these data, standard electrode potentials for Ce and
Nd, and the methods of Latimer (1951) to estimate the aqueous entropies of
the‘ions. Spedding and Flynn (1954a, 1954b) measured the heats of solution

of some of the rare earth metals and of the anhydrous chlorides of La, Pr,

’



Ce, Sm, Gd, Er, Y, and Yb. They made similar measurements on the hydrated
chlorides of La, Pr, Sm, Gd, Y, Er, and Yb. The heats of solution of the
hydrates fokmedbtﬁree groﬁps aé a function of atomic number. The results
for the heptahydrates and for the hexahydrates to Gd formed two groups,
while those for the Er and Yb salts formed the third. The autho}s suggested
that the anomalous Er and Yb results were due to a structural change for'
these salts relative té the lighter members of the series. A more likely
explanation stems from Pepp]e;s (1967) observafion that Flynn's calorimeter,
designed for work on the metals, was not sufficient]y sensitive to the
relatively smaller solution enthalpies of'the'hydrates:’ Spedding, Néumaﬁn,
and Eberts.(1959) reported the heat of solution of tﬁg hydrated Nd chioridé
and the heats of dilution below 0.2;m01a1'f0r La, Nd, Er, and Yb chloride
and for La and Yb nitrate solutions.  They found that the measured apparent
molal heat contents of the Tighter chlorides and nitrates agreed with the

'j limiting law predictions but that those of the heavier rare earths did not.
They suggested that this was due to hydrolysis in the extremely dilute
solutions for which pH > 5. Bisbee (1960) measured the heats of solution of
Tm, Lu and anhydrous LuC'I3 in HC1, and of anhydrous Tm and Lu chlorides to
.infinite dilution in water. The non-]iﬁear behavior of the heats of solution
of the chlorides, of this and previous work, as functions of rare eartn
atomic number was due to a variation in the crystal structure of the salts
across the series. Csejka (1961) and DeKock (1965) measured the héats of
dilution of a large number of chlorides representative of the series, and
published their results jointly (Spedding, Csejka, and DeKock, 1966). The
Timiting slopes of the apparent molal heat contents from their data generally

agreed well with the predicted values. The ¢ values from this and previous

N
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work, plotted as functions of atemic number, formed separate groups for the
Tight and heavy rare earths with Sm and Gd results intermediate. This
effect was qualitatively discussed in terms of the functional deﬁendence of
@L on the mean distance of closest approach in the DebyefHﬁckei Timit, A
discrepancy between these results and & ehtained from heat of solution viorl
on tha anhydrous chlorides, suggested a relatively long-lived metal-chloride
cbmp]ex, to the existence of which the heat of solution caiorimetry was
insensitive. This postulate was supported by The much better agreement
found betwaen the g values and those obtained from the heat of solution
viork on the trichloride hexahydrates of Nd and Dy. Spadding and Jones

ts of neat capacity measurem:zats of the chlorides

4
I
i

(1963) published the yvesu
of La, Hd, Fu, Ep, and Yb in the concentration vange 0.1 molal £o sabura-
tion. These values were consistent with a chanye in the first hydration.
spiere coordination nusber across the saries. They noted that factors
cpatatively waimportant in ditute soluticns, sucn as complex fermation,
bacame increasingly impertant to the measured properties at nign concan-
trations, X-ray diffraction measurements, conducted by Brady (1963) on Lr

KN
I

ad the oxistence of censiderable

T'A‘

chleride and icdide solutions, SHGYas
metal-halide fon pairing at concentrations above « 1 molar. Ualtars (1968)
has recently weasured the heat capacitiss, at concentrations above 0.7 molal,
for ine chlorides of Pr, Sm, Eu, Gd, Th, Mo, Tm, and Lu, ©the nitrates »of La,
Md, 6d, FEr, and Lu, and the perchlerates of La, Md, Gd, and Lu, The ippar~
et molal haat capacities formed two series for the chlorides and perch-

Torates. The author commented on the need for wore data on the niiraﬁes.

-

Tor the solutions of

-
[p]
D

eavy rave earths, the solvenl pavtial wolal heat

1
2

canacitias showad a sharp incroase at Jwgn concentraticns, i.e. w? ~ 1.9,
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This was explained qualitatively as being the result of an anion entering
the first hydration sphere of the metal, dislodging a H,0 molecule and
simultaneously reducing the net surface charge density of the hydrated

complex. Each of these processes would contribute to an increase in Cp] by

(6]

increasing the freedom of movement of the hydrated H,0 molecules.  The
chleride so?utioné of Gd, Th, and Ho from Yalter's work vere the source of
the crystals grown for the research to be reported by the present author.
Pepple (1967) has measurad the heats of diluticn of the chloridas of Nd,

Sm, Eu, Gd, By, Evr, Tm, and Lu from infinite dilution to saturation. He has
a}so measured the heats of solution of the hydrated chlorides of La, Py, Nd,
Sm, Du, Gd, Dy, Er, T, Yb, and Lu and tabulated the values of the neats of
sotution and partial wolal excess eatropies of lhese and of ihe cprree'
sponding Th and Ho salis. These Tast values were based on the work of
Dakeck (1965). The heats of solution as functiéns of rara earth atomié‘

—opmber formed two groups rathor than thiree as observed by Spodding and

Flynn {1954a, 1954b). In this more vecent work, the discontinuity occurs
beiween Proand Sm. Following Fu, the values fall on a smoothly increasing

curvae to Lu.

3 P TR N a0 I SR IO ~ iy P Tk T S L Y
Soime othor measucaments of the solution thermal proparties of the rave

i 1 syt Thasa Tactida Fha wioe S Mt ey 1004 TANGL
cartns will ba notad. These faciude tha work of Matignon (1506a, T1906b) on

solution of, ¢.g., the trichloro hydiates of Pr and Nd, and
that of Bommer and Hohwmann {1647) en the heats of solution of a number of

Fhe wetals in HCT.  #athen, Yallace, and Robinson (1943) reporiad some of

s

the first work on the heats of dilution of 3-1 alactrolytes in their study
; . I . e . - ) EXN N N
of La chloride soluticns belew 0.025 molal. They also studied the sulfata

system. Lohr and Cunningham (1951) revorted the standard enthalpies of
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formation of the aqueous La and Pr fons. Their work invelved the use of
rare earths as "stand-ins" during the davolopment of procedures for the
preparation and charaéterization of Am. Lange and Miederer (1956) measured
heats of diluticn of La nitrate solutions, and Sieverts and Gotta (1928)
the heat of solution of La and Pr. Jekel, Criss, and Cobble (1264) have
recantly studiad the temperature dependence of the partial molal heat

> ~ H J 1 3 N » L] oo o~ :’)-\ 3
capacity of dilute solutions of Gd chloride in the range 07C < T < 100°C.

Their rasults arve expected to be only approximate, since they 1n/0lv an

3

estimation of the heat capacity of the anhydrous crystal based on an extra-

polation of the published heat capacity of the tirichlero hexanydrate. Thes

]

latter values {(Hellwege et al., 1961} are incorrack in the temperature range

100%% < T < 200% by as mnuch asAZ%, as wiil be shown in a later section.
Tha trends across the rare ecarth series, observed in a nunber of the

proparties alire ud/ discussed, have also been found in the standard heats of

formation of some chelates. Mackey, Powell, and Spadding (1982) ra

standard entaal pxes, free energies and eatropies of formation for ine rara

earth-EDTA complexes based o cilorimetrically doeterminad haals of reaction.
The enthalpy changes Torim two groups, with the transitivon occurving at

approximately Eu.  Their vesults also showed Lhe censiderable conteibuiion

of the entropy tovm o the stability of tha rare earth complexes. Thus for.

.0

the camlax Gd-EDTA, (-) AF 2 is anprodimately 23 keal/wole and (-) AH? and -
AS? ava of the order of 1.7 keal/mele and 71 cal/mole vespectivaly. Siwilar
measurenants had been veported previously by Betts and Dahlinger (1859) who
detarmined tha enthalpy changes from the temperatuve depandence of the

stability constants. They suggested n Chaﬁge'in ceoprdination nasber of the

matal don with respact to the chelate as a means of explaining the trends in
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their entropy values. Mackey, Powell and Spedding (1962) have argued |
against this interpretation since, e.g., the trends observed in the
énthalpies of formation are essentially independent of the chelating agent.
Edelin De La Praudiere and Staveley (1964) have observed irregular trends
‘across the rare earth series in the héats of formation of the nitrilo-
triacetate complexes. The factors which are importént to complex formation
and to the stability of complexes have been discussed by Grenthe (1964). He
suggested that the large entropies of formation result from a breakdown in
the ordered arrqngement of the H,0 molecules around the hydrated metal ion,
due to the presence of the Tigand. )

The work on solution properties discussed here, especially that of
Spedding and Miller (1952b), and the general interest in rare earth com-
plexes hqve illustrated fhe desirability of having ca]orimetric data on,
e.g., the crysta]]ihe rare earth trichloride hexahydrates. The only high
temperature data presently avai]ab]e ére contained in a series of papers
published by Hellwege and his co-workers (Hellwege et al., 1959, 1961, 1962;
- Pfeffer, 1961a, 1961b, 1962). The temperature ranges covered by these heat
capacities generally exclude room temperature. For the La and Pr crystals
(Heflwege, et al., 1959), the measurements extend up to 280%K, but with
respect to the others the highest temperature reported was 260°K for the
Gd salt (Hellwege et al., 1961).. In general, data were given in the range
1.5% <T 5_220°K. Implicit in this is the presence of an error, in all of
their data, caused by occluded solution in their crystals. In particu]ar;
Hellwege, et al. (1961) noted that the GdC1,°6 H,0 sample contained excess
moisture amounting to ~ 0.2% of the sample weight.

The effect of occluded moisture on the heat capacities of crystalline
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hydrates has been recently studied by Gerstein (1960) in the case of the
ethylsulfates of Tm and Lu:. These results indicated that the errors became

K

significant at temperatures at least above 220%K.  Above this temperature

the excess water manitests itself in a broad bump in the plot of C,as a
funtion of T, extending to approximately the’ice~point. The maximum 1n'this
bump lies as much as several percent, (in CD), above the ftrue“ curve.
Therefore, values obtained by extrapolation of data in this temperature

range will be consistently too large. The data cannot be corrected for this
ervor since the low temperature heat capacity of ﬁhe saturated soluticns are
~generally unknown. Because of the wide interest in the therimodynamic
properties of these rare earth salts, it was considered desirable to redeter-
mine the heat capacitises of a series of trichloro nexahydrates. 1€ s

) 1 s, N o~ f) . - ) MR o e e . > ) 1 . 4 Saos
axpacted that knowledge of 3208’ combined with presently available solution
" N

data (Pepple, 1967), will laad divectiy to the determinaticn of rare earth

jonic entropies.

R JUPRI S oo . oy et LR e b a T T ey el A R TR
1t is characteristic of the rare carth ions in crysialiine solids, that

far thosa elactronic around states For which the deanneracy 1s removed by

for thosa electvonic ground states fov which the deganeracy is removed by

intavaction with a crystalline elactric Tield, ihe total splitiing of the

K »
)

g oy rays Toes 3n s g e e T T I e S S OF e, Ty K5 o ¥ R
components produced by such inforacticn is of fthe order of kT at room

R T T el ratlan So fhat Fhaemal et 4. S A Alamm T pe
tomnevature.  The implication is that thermal data .., magn entropies
as dotovmined from heat capacity measurements; are a measurn of the crystal

field splittings of the rare carth ions. Spectroscopically determined

ground sbate components, for the rarve earin fons in two of the salts of

: k » RO ) am cm e e e e o " > T T R T B S A,
partiaular interest in this prasent study, arve available in tho literatura
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5

Kahle (1956) has published values for the lowes® four levels in the I

8
state of Ho™ in HoC1,°6H,0 observed in absorptien. He noted that at sample
temperatures such that the next higher components would be significantly
populated, the absorption bands bacame tco broad for resolution of the
Tevels. An cpportunity therefore exists to study the contribution to the
entropy from the tharmal population of these levels, and to campare that
obtainad from calorimetry to that ca1cu1atéd from the spectroscopically

determined levels.
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III. EXPERIMENTAL DETAILS

A. Samples

As has been mentioned, the crystalline trichloride hexahydrates of Gd,
Tb, and Ho were prepared from the so]ution§ used by Walters in his solution
heat capacity measurements. The crystals of Lu trichloride hexahydrate were
~grown from a solution prepared by dissolving the metal oxide in an excess
of reagent grade HC1. The oxide was cbtained from the Ames Laboratory's
rare earth separations group. During the preparation of the hydrates, steps
were taken to minimize the effects of hydrolysis, oxychloride formation, and
the occlusion of safurdted solution by the crystals. Prior to the heat
capacity measurements, samples of each of the salts were analyzed chemically,
and emission and mass spectroscopically. |

Gersiein has shown that the heat capacity.of a crystalline hydrate is
sensitive to the presence of excess water in the sample. It was therefore
necessary to give considerable attention to the problem of occlusicn and
absorption of moisture. This problem will be briefly discussed in order to
make the sample preparation procedure more meaningful.

The situation that exists when the hydrate is formed, reversibly, from

the saturated solution is:
RC14+6 H20 (xt1.) + H20_(g) 2 RC1, (satd.). (N

This is a two component, three phase system, for which the equilibrium vapor
pressure is fixed by the temperature. If the system loses water and goes,
reversibly, to a lower hydrate, say the trihydrate, the situation is repre-

sented by:
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RC13'3 Hy0 (xt1.) + 3 Hy0 (g) 2 RC1+6 Hy0 (xt1.) (2)

The equilibrium vapor pressure for this system is also fixed at a given
temperature. Between the extremes represented by equations 1 and 2, the
crystalline hexahydrate co-exists in equilibrium with its vapor. This

equilibrium is represented by:
H20 (of hydration in xtl.) 2 HZO_(g) (3)

At a given temperature; there will be a range of vapor pressures within
which this situation may obtain.:

‘One may observe the vapor pressure as a function of the relative solute
concentration, as in'Figure 1 for the case of R = Gd. These data were
obtained by monitoring the pressure over the solution while pumping water
aWay to a cold-trap. The equilibria represented by equations 1 and 3 are
indicated in the figure. If water in the crystals is allowed to come to
equilibrium with water vapor at a pressure below the vapor pressure of the
saturated solution and above that of the decomposition products, the crys-
tals will contain no excess moisture. Because of the total absence of the
solution phase, the heat capacity will be that of the stoichiometric hexa-
hydrate. The situation which exists in the lowest portion of the curve in
Figure 1 is probably more complex than that represented by equation 2.

Haeseler and Matthes have studied the thermal decomposition of a number
of the rare earth trichloride hexahydrates, in particular, those of Gd, Tb,
and Ho. They found that "in air", these salts were stable with respect to
the next lower hydrates at temperatures at least as high as 50°C. In

atmospheres consisting of air-HC1 mixtures, these temperatures were of the



~Figure 1. Vapor pressure as a function of so'lufce concentration for the R,C]3 - H20 system
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order of 70°-90°C. The stability also tended to increase with rare earth
atomic numbef. The ultimate decomposition products cbserved were the
oxych}orides, which became stable at temperatures of the order of EOOO;
300%¢.  Intermediate were a serjes of tri-, di~-, and mono-hydrates, stable
over various temperature ranges..

Saeger (1960) has determined the equiva]dnce pH at-25°C for the

hydrolysis reaction:
- 1,0 5 R(OH)? + W' (4)
27« M :

He has found 1t to ba of the order of unity for the saturated soluticns of
.V..:,,,_\ ‘y ~ N ..[."! - 'da
the neavy rarve earth chlorides

In order to prepare the crystalline hexahydrates, the chlovide solutions
werae siowly evasorated over a pericd of weeks. During this time, the
1 () ' 1. * L, ' P SR S . KN ‘:"0"
temperaturas and the pH values of the solutions ware maintained at 45°C and

within the range 0.5-1.5 respectively. The crystals, shen Formad, were
allowed ©o remain in contact, at room ﬁemperéture, with the saturated solu-
tions for vericds of the order of a wae Tha crystals weve vemoved by
filtratica, crushed, and placad in desiccators aver Cac12 so?utidns )
srate”.  The concentrations of the Caﬁlz sotuticns weres adjusted,
using the data of Kolthotf and Sandell (1962) so that their equilibrium
SRy prassuras ware within the range such that only water vapor and
hexaliydiate coutd co-exist in equilibriuwm at voom temperature. Tha crystals
viaye ;er@odiua!‘/ crushad to produce increasingly fine powders. This proce-
dure guaranteed move rapid cquili b(u‘ld] 1n the desiccators and 1wu101éd the

iharmal contact of tha samples during the heat capacity measuvemants.

R

Prior to the heatb capacity i measurements, poritions of the samples were
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analyzed chemically as a check on the waters¥of»hydration concentration.
The analyses were performed under the supervision of Robert Bachman of
Analtytical Chemistry Group I. The values of "nf in RC13-n H20 were found
to be: 6.170.7 for R = Gd, 5.9 0.1 for R = Tb, 5.9 0.1 for R = Ho, and
5.9i-0.1 for R = Lu. Othér portions of the'samples were converted to the
oxides and submitted to Analytical Services Group IT for emissien spectro~-
.graphic>and to Aﬁalytica] Group III for mass spectrographic analyses. The

resulis of these determinations are presented in Tables 1 and 2.

Table 1. Results of emission spectroscopic analyses (dmpurities in PPM by

weight

Eloment Gd203 Tb407 H0203 LuKO3
Md - <100
Sm - <100 . <200
Fu <100 - <20
el ' o <200
Ib) . <5030
Dy <50 - - <100 <150
Ho <200 <100 :
Er : : <500 160
Tn . , <200 - <10
Yb i <<b0 ~17
Sc <5
Y <560 <50 <100 <10
Fe <10 .- 50 <50 <30
Al £Q 50 10 10
Ca <10 4 <10 200
Si <i0 <20 ’ A 115
Ta : - <200
My ' ) : - <10
Cu : : ' <10
M : R <10

Cr . . ) R - <10
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Results of mass spectroscopic analyses (impurities in PPM, atomic)

Table 2.

Lu203

Tb4Q7_

Element

39203

Gd03
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Table 2. (Continued)

Element @d,05 Tb,04 ‘Ho,04 Lu,04
Ce 0.6 0.3 1.0 <0.6
Pr 0.6 0.5 2.0 <2.0
Nd 1.2 6.0 2.0 0.7
“Sm 2.0 - 2.0 1.0 <0.4
Eu 0.5 0.4 0.4 <0.08
Gd 106 <20.0 10.0 - <0.2
T N.D. 106 2.0 <0.05
Dy 3.0 2.0 2.0 0.4
Ho <10.0 5.0 106 0.2
Er 2.0 N.D. N.D. 0.8
Tm 3.0 0.2 N.D. 0.2
Yb <20.0 20.0 1.0 1.0
Lu 2.0 <5.0 0.3 100
Hf <0.5 N.D. 2.0
Ta <1.0 0.4 5.0
W <1.0 N.D. N.D.

Re N.D. N.D. N.D.

Os N.D. . - ~ N.D. N.D.

Ir N.D. N.D. N.D.

Pt N.D. N.D. N.D.

Au N.D. N.D. N.D.

Hg N.D. N.D. N.D.

11 N.D. N.D. N.D. |
Ph 1.0 2.0 0.6 3.0
Bi N.D. N.D. N.D.

Th 0.5 " N.D. N.D. 150.0
u N.D. N.D. N.D.

B. Apparatus
The equipment directly associated with the measurement of heat capaci-
ties from liquid helium to room temperatures can be conveniently discussed
in terms of its several constituent parts. Each of these is associated with
a specific function. It is felt, therefore, that descriptions of each of
the ccmponents"énd of their relationships to cne another will also say quite

a bit about the measurement as a whole. The calorimetric apparatus itself
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can be broadly broken down into: the ca1orimeter]

,, the adiabatic shield
control system, the thermomgter and the sample heater, with their associated
wiring and power sources, and the measurement station. This last part

- contains the potentiometef, with which the sample tempekatures and sample
- heating data are measured. It also contains the timiﬁg apparatus which
controls the heat added-tq the sample, and the various standard résiétors,
switches, voltage dividers;'and circuitry which are necessary for the
measurement. Skochdopole (1954) has described many b% the circuits asso-
-ciated with the measuring station. Therefore, only the first three parts
and the potentiometer will be considered. Of these four, three were con-
structed or iﬁstal]ed specifically for use in making the measurements

reported here.

1. Calorimeter |

In_generai, three factors have contributed to a standardization of the
design of 10w temperature cd]orimeters. These are, ffrst, the long and
active history of calorimetry, beginning approximately with the work of
Gaede (1902) and Nernst (1910). Secondly, physical requirements, e.g.
thermal isolation, Timit the number of ways in which a basic design can be
varied. Thirdly, the need for measurements of the highest practicable
precision fram a given laboratory and for the highest attainable degree of
reproducibility among laboratories has resulted in the use of sim%]ar

components and pyocedures by the various workers in the field.

]The term "calorimeter" will be used to describe the mechanical part of
the apparatus taken as a whole. The term "calorimeier can" or simply "can"
will mean the removable component divectly containing the sample.
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The calorimeter designed and built for this problem is of a widely
usgd type described by Vestrum gﬁ_gl: (1968), and pictured in Figure 2 6f
vﬁhgif akticle.v The resemblence to Figure 2 of the present work illustrates
the degree of standardization which exists. Because of the ready avail- |
ability of deéériptive,material in the literature, (see also the monograph
by White (1968)), this discussion will bé Timited to the details of interest
wfth respect. to this pérticu]ar instrument. |
| Figure 2 is a schematic drawing of the adiabatic calorimeter used in
this research. For clarity, the smaller components have not been shown.
The device consists essentially of a vacuum space, within which are con-
tained: a 1iquid nitrogen reservoir (A), a liquid helium reservoir (C),
and economizer (B}, a ff]oating ring" (D), (henceforth called "RING"), an
adiabatic shield (E), a calorimeter can (F), and numerous radiatfcn shields
(G). Each of these components contributes specifically to the thermal
isolation of the can containing the sample under study, and/or to the
cqntro] of its temperature. In partfcular, they are all either gold- or
chromium-plated %o reduce radiative heat traﬁsfer. The liquid inlet and
vent tubes are indicated as lines, as is the cahle supporting the calori-
meter can. The Tiquid transfer lines, electrical lead inlet, and winch are
all located above the top horizontal line in the figure. They are all
similar to the corresponding parts of Westirum's apparatus, except for the
electrical lead inlet.

A bundle of 41 copper leads (B&S Gauge #34) enters the vacuum space .
through a seal consisting df two circular plates, between which are pressed
two rubber "O—rings? in macﬁined grooves. Approximately 2 meters of slack

leads are helically wound in the vacuum space above the nitrogen



Figure 2. Some of the principal featdres of the calorimeter
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reservoir (A). The wires ave thermally grounded to the top and bottom of
(A), having been separated and glued with G.E. /0’] adhesive. Electrical

insulation is provided by S&S weighing paper, which is glued beiween the
wires and the component. Radiation shielding is provided by aluminum foil,
wnich covers the porticn of the wires in contact with the reservoir.
Another 2 meters of slack leads are interposed between (A) and (B). The
function of (B) is to pre-cool thae leads before they come into contact with
the helium reservoir (C). The Teads are thermally ﬂfOUWd“d to ( ) and (C)
in the same manner as to (A).

xcept for that of the vacuum'jackeu and one shield, the entire weight

of the calorimeter is suspended from the inlet and vent tubes of (A). The
strength requivements placed on these lines resuits in consideradbie heat
transfer to the nitrogen tank and makes it necessary to veplenish the liquid

daily. Tha nelium raservoir and all components benzath it, axcapt the can,

are suspended by a nebwork of 15-pound-test, n/1un Tines from (A). Stainless
steel rods were originally used for this purpose, bub their pre agence

T . : . : -1 .
resulbad in a heah Teak of appraximately 0.1 kilocalovies hour ' from (A) io

1

(C). Ashworth and Stzeple (1968) has recently studied the variosus contiibu-

Lions co heat transteor in calorimaters of this by

o4 f‘ h

scme of his suggestions into this apparatus, including the lining of the
inside of the vacuun jacket with aluminum foil has decreased ihe h”an Taak

such that ona Titer of Tiguid helium Tasts approximately 23 hours, This

paeformance is, in view of ihe Taboratory's present capability to racover

)

ine helium, snbtbxamlnr\' but the basic design of the calorimetar can still
be much fmproved in this-vespect. For examnle, thermal contact baiween the
shields {G) and the reservoivs to which they are gounded can be improved as

T

suggns ted by Ashuortn,
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The electrical leads proceed from the bottom of (C) to (D), around
which they wrap approximately 2% times and Lo waich they are thermally
tied. Approximately 12 inches of slack are iﬁiérposed between (€) and (D).
Tﬁe purpose‘df the RING (D), is to pre-warm the leads either %o the
'ﬁemperature of the adiabatic shield (E) or to some other Lemperature at the
opiicn of the experimenter. After leaving the RING, the leads 'go to the
midale of the adiabatic shield (HASH)2 around which they are non-inductively
wound and thermally tied. Figure 3 shows an exploded view of this portion
of the calorimeter in detail. AL ﬁhe bottom of the MASH the bundle of
leads is separated into two parts. Those wires used for thermecouple leads

pass turough a small hole in the MASH, while the rast are

')

atbached with
Tow-thermal-c.m. . solder, (White, 1958), to Copb\r binding posts. These
binding posts, passing thvough the MASH, effectively separate the leads from
one ancther and provida peints of attackment inside the shie]ﬂ for tha
hoater and thermomeier Teads.

From the binding posts, two leads of #38 coppar and one of #356 mangani

go to the sample heatar, wound in helical grooves on the heater/thermomeier
. et P . s LT v L2 el gt e Y ’ ! Ay way oy
shall,  Tne Tatter is showm con the vight in ll'w.@ 3. (See also Figura 7 01

Mosteum's article (1068). Four leads of #38 copper provide lectrical
contact baiweosn the hinding posts and the platinum resistance ftermaneter.
b I - b ° [N} 1

Several inches of stack in the Jead bundle theramaily sepavata tha boater/

)

rom the shiald,  Inside the shell, the Teads are wound

twice arennd and glued to a tube on the shail cover. Approximately two

fhe words MASH, TASH, and BASH will, for convenience, ba used to

spacify the thres parts of the adiabatic shield. Mhile not miversally

acceptad, they ave sufficiently widely racognized to justify their use.
R .



Figure 3. Details of the calorimeter can, adiabatic shield, and heater/
thermoemeter assembly
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.additional inches of slack wire separate the cover from the thermometer.
The heater is furﬁher isé]ated from the outside in that its Teads are non-
inductive]y wra%ped five times around the 0.05 inch brass support posts of
the shell. The heater, #46 Advance, with a resistance of about 300 ohms
is kept in place with formex enamel which has been baked onto the assembly.
Wherever in the heater/thermometer shell asgembly the leads are thermally
tied or are soldered to other wires, they are similarly enameled and baked.

The calorimeter can jtself is made of 0.025 inch thick copper and
consists of a heater/thermometer well, can body, and inner and outer

covers. A removable four-bladed thermal contact fin made of the same
material is inside the can. The inner and outer covers are attached with
bismuth-cadmium eutectic solder (White, 1968, Hansen, 1958). The rather
wide grooves are necessary becéhse of the rapid deterioration of the surface
of the solder at the melting temperature (about 140°C). Thermal contact |
between the cén, the TASH, and ultimately the heljum reservoir, is obtained
by raising the formér with the winch via é suspension Tine made of braided
steel cable from é.strip—chart recorder, a single loop of 15-pound-test
nylon line, and a coiled steel spring between the two. Following the
loading of a sample into the can and sealing of the cover, the air can be
removed and helium introduced via the silver tube shown to the left of the
thermal contact cone. Subsequently the silver tube can be fused shut, as it
is shown. It was found that the best technique for performing this last
operation is to apply to the end of the silver tube, temporarily pinched
shut, the maximum Flame attainab]e»from a hand-held oxygen-propane torch
for the minimum time necessary. This is routiﬁe]y of the érder of one second.

With the exercise of some care this method is consistently successful.
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Three mu1tip]e.junciion thermocouples, consisting of manganin/Au-Fe/
chromel-P/Au-Fe sections are attached betwecen the MASH, TASH, and BASH and
the correspending parts of the can. Manganin was used in preference to
copper beacause their thermal conductivities compare epproximately as 1:400,
at 10%. These thermopiles serve to monitor the ltemperature differences
between the can and shiald and are the sensovs of the adiabatic shield
control system, (either automatic or manual). A similar thermopile monitors
t“e MASH-RING temperature difference. Other thermocouples of the type
Au-(2.1 At.%)Co/Cu enabla one to wmonitor the‘*omperature of the shield with

)

respect to that of the helium reservoir. This last is especially useful
during lTiquid helium transfers.’
Heat is introduced from the shiald control system to the RING, MASH,

n

TASH, and BASH via heaters of 1200, 1000, 3500, and 23300 onms rasistance

()

tos of these rasisiances were determined by the

«r
i

raspaciively. The va
requirvement that all shiald componcnis haal at the same rake Tor the same

e across each rasistor. These rasisiors are non-inductively wound

U‘;

on their "espect1ve components, uinder the main body of leads in the case of
the #ASH. In orday to insure uniform heating or the components, the heators
are ovarvound npear the edges. Another heater of approximabteily 750 chms is
wound Gn the bottom of the helium raservolr and 1s used primarily to malt
solid nitrogen, following a sevies of measuremants dx.lwg which that

material has been used as a refrigerant.

2. Adiabatic shield control

<

Centrol of the temperature of the adiabalic shield relative to That oi

the can way he maintained either mxnrullj, as discussad by Skochdopole
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(]954), or semi-automatically. The semi-automatic system used in this
research consists of four individual confro] channels, one for each of the
shield components,‘inéludingvfhe RING;> Each of the three main channels
contains a Leeds and Northrup fM—]ihe" deviation amplifier (Model #177258),
an "M-Tine" controller (Model #177251), and a Kepco voltage-regulated

D.C. power supply (Model #ABC 200M). The RING channel (Modé] #687293)
contains s;mi]ar components of Honeywell manufacture and has the capability
that the deviation amplifier fzero" may bé of fset by'any desired amount up
to +45 millivolts. The power supply unit in the fourth channel uses a
silicon-controlled rectifier power supply (Model #R7170A). Finally, the
output voltage of the MASH deviation amplifier is monitored with a strip-
chart recorder. This gives a continuous record of the quality of the shield
control throughout the course of a run, since the behavior of the other
components closely follows that of the MASH.

The deviation amplifier is a high-gain, (]06 referred to the input),
Tow-noise D.C. amplifier designed to reliably detect and amplify signals in
the microvolt ranéé, as from the shield-can difference thermopiles. The'
sensitivity of the instruments used here is of the order of +0.2 microvolt.
The lower detection limit imposed bj the presence of extraneous thermal
e.m.f.'s in the thermocouple circuits is probably of the order of 0.1
microvolt. The output voltages from the deviation amplifiers are developed
across the input term%nals of the contrd]lers. Simi]ar]y, the output
voltages of the controllers are deve]oped‘across the input terminals of‘the'
Kepco units, and determine the power developed in the shier heaters.

The coﬁtro]]er units are amplifiers, the feedback circqits of which

are designed to perform various functions such as proportioning and reset
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control. Proportiening control involves effectively, varying the output

of the controller amplifier. When adjusted to a relatively "wide propor-
tional bandf sgtting, the controller's response to an offbalance voltage
from the deviation amplifier is to partially cancel the effect of that
voltage. Therefore, in order for the power supply unit to send a given
current through the shield heater, an even larger offbalance voltage is
required from the deviation amplifier. This results in the temperature
difference between the shield and the can varying over a relatively wide
range. When the.controller is adjusted to a relatively narrow proportional”
band setting, the power supply unit "sees" the full effect of the offbalance.
voltage from the deviation amplifier and accordingly sends a re]at{ve!y
larger current through the heater. The temperature difference then varies
over a much narrower range. Obviously the second condition is preferable.
However, in order for it to exist, the response time of the shield must be

‘ approximateTy equal to that of the control system."For example, at tem-
peratures below about 15%K the relatively low heat capacity of the shield
causes the system to over-react. Even on a narrow proportional band
setting, the control system requires a finite time to respond to a sudden
change in the shield temperature i.e., as on being heated by the control
system. The result is that the shield stréhély.overheats relative to the
can. Similarly at any temperature, if the difference thgrmocoup:es and/or -
heaters are not in sufficiently good thermal contact with their.respéctive
components, the shield behaves sluggishly compared to the control system.
The function of reset control is to gradually attenuate the proportioning
feedback voltage. The length of the atteﬁuation cycle is governed by the

time constant of the reset circuit, which is adjustable.
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Figure 4 is the wiring diagram for the adiabatic shield control
system. Electrical leads from the calorimeter enter at the Tower right of
the figure. Those from the A.C. Tine enter at the Tower left. The differ-
ence thermocouple leads are electrically shielded, as are the leads between
the deviation amplifiers and the controllers. A]i of these shields are
connected at a common point, to & good earth ground. The 1K and 2.5K ..
resistors between the controllers and the Kepco power supplies are necessary
to minimize a fbase" heater current which is inherent in the system. Their-
presence reduces the zero-level power developed in each of the adiabatic
shield heaters from about 5 milliwatts, which is significant, to about
]0“3 microwatts, which is not. The leads between the power supplies and
the heaters are fused at 125 mi}]iamps. Between the RING power supply and
its heater is interposed an isolating transformer. This serves to protect
the silicon controlied rectifier from a possible short circuit at the RING
heater.

In practice, the controller settings are determined by the behavior of
the control system. This in turn, for a properly designed shield assembly,
is']arge]y a function of the temperature fange in wanich measurements are
being made. In the range 4°%K<T<7°K there is a strong tendency for the.
system to over-react as noted‘aﬁove. Quite acceptable contr§1 can be main-.
tained‘however, with "wide" proportional band settings and no reset attenua- -
tion. In the range 70K5I5309K the temperature of the shield follows that
cf the sample both at tﬁe-béginning and at the end of a heating period.
Shie]d control to within #0.5 microvolts is maintained in this range by the
_gradual "narroﬁing" of thé proportionq] band and the addition of reset con-

~ trol with increasing temperature. The poorest control is observed in the



Figure 4. Wiring diagram of the semi-autcmatic adiabatic shield control.
system '
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range 30%<T<80%. This regioﬁ is characterized by the shield temperature
being out ofAstep with that of the can, both at the start and at the end

of a heating period, by about 1 microvolt. The specific behavior is com-
plex and depends upon the controller dial settings, the nature of the
refrigerant in the helium reservoir, the RING-MASH temperature difference,
the sample heating rate, and the thermal conductivity within the calorimeter-
can. This Tast depends ubon the thermal contact between the sample and the
calorimeter can. Within this temperature range, the quality of the contro]v'
may be maintained to well within acceptable limits (i.e., such that the

"hot" and "cold" deviations average to zero over the measurement of a data
point, and remain less than a microvolt in magnitude) by the partial use

of manual control. In the range 80%<T<300%K the best control is observed.
The ;ontro] system accepts relatively "narrow" proportional bands and high
reset attenuation rates. The temperature deviations average to zero to
within 0.2 microvolt. With the thermopiles previously described, the
sensitivity of the system is such that the rate of heat transfer between

the can and the surroundings per unit thermopile offbalance is approximately

10 millijoules minute™! microyo]t-].

3. Thermometer

As originally conceived, the calorimeter wés to have included two
thermometers. The need to minimize the mass of the addenda, relative to
that of the sample, required them to be no heavier totally than a single
thermometer of the type normally used. One of them, a germanium resistor,
would have been useful in the measurement of temperature differences below

15°K. The other was to have been a miniature platinum resistor, to be used
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in the range 1Q°K5T§BOQ°K. At thg time the thefmometers were obtained,
only three examp]és“of thg miniature platinum resistor were available.
These vere all made by the Minco Products Company. Gehring and Gerstein:
(1967) had studied the effect of thermal shocking to 1iquid helium tempera-
tures upon the reproducibility of the resistance of these thermometers at
the triple point of water. On the basis of their results it was felt that,
in spite of a peculiarity in the construction of the thermometers (to be
discussed later) they would be suitable for calorimetry. Accordingly, an
attempt was made to calibrate the Minco thermometer (serial #42) in the
temperature range of interest. -

The Minco thermometer and an L&N platinum thermometer (serial #1549568),
to be used as a standard, were P]aced in machined holes in close proximity
in an approximately one kilogram copper block. Aprizon-T grease was used
to provide thermal contact between the thermometers and the block. This
assembly was suspended in place of the can, inside the adiabatic_shié}d,
and the calorimeter was used as a calibrating device. The calibrating
procedure involved maintaining the temperature drifts at such a value that
any two adjacent temperature measurements did not deviate by more than 10'3
degrees. .Two sets of six consecutive measurements were made of the Minco
temperature, and each set was bracketed by a similar set of measurements‘on' 
the L&N instrument. Each grouping of five sets thus measured constituted a
calibration point. Such points were determined at five degree intervals in
the range 20%<T<90%, and at ten degree intervals thereaftef.

Thé smootﬁnéss of the temperature dependenée of the resistance of a -
thermometer is of majér importance in calorimetry. A differencé function

of the form:
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Froy = (RPT)T /(RPT)T; - (RST)T"/(RST)T' (5)
(R) (R |
~ | PT)T/ (R

PT)T'

was chosen to stﬁdy this property for the Minco instrument. The subscripts
refer to the Minco thermometer (PT), some standard (ST), whose resistante
is known to vary smoothly with temperature, a fixed temperature (T'), such
as 273%K, and some variable femperature (T). The standard was chosen to be
a hypothetical platinum resistor of ideal purity. The resistance ratio for
such a resistor has been determined as a function of temperature by Berry
(1963).

Figure 5 is a plot of F(R) as a function of temperature in the range.
50%%<T<290%K. Each of the dashed curves represents a separate attempt to
characterize the region. The behavior of the Minco thermometer is strongly
discontinuous and non-reproducible over an appreciable portion of the;
temperature range of interest. This behavior is evidently due to the
peculiar nature of the construction of the thermometer.

Such an instrument nbrma1]y consists of a coil of strain-free platinum
wire, wound on a mica form and joined to two electrical leads at each of
its ends. These four leads then extend through a vacuum seal to the outside
of the thermemeter case. The construction of Minco #42 differs in that a
length of Kovar wire connects one end of the platinum to the externaf leads.
Thus, the Kovar 1is effective]y‘a part of the temperaturé-sensing element.
Appreciable strains probably develop within the seal and‘thus result iqvthe ,
unpredictable behavior of the thermometer. Since all of the available |

miniature platinum thermometers had the same design fault, they were useless -
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Figure 5. Difference function for studying the smoothness of the temperature dependence of the Minco
thermometer resistance
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for calorimetry. This made it necessary to eliminate the germanium
resistor also, because of th: size of the oLnor available commercial
platinum units. |

The thermométer actually used for the heat capacity neasurements was
the L& instrument, employed in the Minco calibration. Prior to its being
installed in the heater/thermometer assembly discussed earlier, determina-
tions were made of its water-triple-point resistance. The results of
thesa determinaticns, in terms of tne ratio of tha resistances of 25 and
100 chm standard resistors, were compared to the results from the previous
measuraisent of another N.B.S. ca]ibrat d thermomater. The ratios agreed

to within better than 0.01%. This measurement served as a chock on the

stability of the thevmomater over a pericd of tinie, and as a guarantes that
it had not sufferaed from mechanical or thermmal shock since it had bean

calibratad.

4. Potentiometer

Skochdopola (1954) has 4osvfio? the circuitry which intarconnects

ha a«a;, thair respachive power sources and

a potentiometer. Thearefore, Ethis information

witl not he discussed in datail. A cne or four wmiltiamp curveni, constant
4 a AT A nayet g 1 "‘lb T an i, } ey - ';1 A Fhay e By Slyvam
to tha order of 8 2arn o0, ds sunpligd To Une TRSrinomd by .‘y ciree

Hitlavd hatiaries. The choice of the magnitude of the curvent is at the

cption of tho erGTi,‘ﬂ(xr. The curvrant through the 'nﬂrWPW“x“ and tho
voltaga drop across 1¥ are mo"bured wWith a potenticuieter of a typa suggesied
by Watio (1914a, 1914b) and designed and huilt by the leeds and Horthrup

- . v

Comdany. ‘ Lo
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In general it is desirable for a potentiometric measuring circuit &
have certain characteriSLics such as: (a) the existence of no undetermined
rasistances in the measuring dials, (b) the occurrenca of no change in the
resistance in ser{es with the battery (to within one part in 105) dua to
a change in the dial settings, (c) a constant (to within 0.5%) resistaﬁCe-'
in the galvancmeter circuit, (d) thermal e.m.f.'s in the galvanometer
circuil which are relatively small and insensitive to the measuring dial

settings and (e) a potentiometer resistance which is optimal with respect to

o)

its effect on the galvanometer sensitivity. In tnis work it {s necassary
to measure two different voitages of approximately equal magnitude on a

single set of potentiometer resistors. These voltages may ba, for example,

(‘n'

the notential deop anross the thermometer and that acress a standard

~asisthor in the thermomebar current civeuit. Morecover, These wmeasuraments

ade alternately at half-minute intervals. Cbwiously, ia crder to avoid

e
5]
=

tha greab oppertunity for crrop lHuh]/"d in changing the setiings of auch
of Ffour dials twice a wminute, 1% is desirable to he ablie to use tha single
motion of a dcub?émthrov switch t0 ascompiish the chango. e dasign of
tha White double potentiometer is such that it displays e stated char-
acterisitics nlus several others wiicn, foken togather, make 1 quite wall

suitnod to the purposa at hand. .

Figure 6 11lustrates the development of some of the principal features
of this instrument. Part (a) regresents a stmle potenticmetor clrcuit.
! t ] EX ' ~ £ R P T T S ey ] o . - -
ha syabols stand for the potentismeter batiery (BA), the unknown voltage

{2}, and the stzndard cell (es). Two altarnative ways of arranging the

s are shown in part (b).  In the ar?ann wonk enthe left, the

&

measuying dia

') ~ R . s de ade A LR -~ R T A
hattery cireuit is not affecied by the contact resistance, out the

OAi.
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fec

e
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Figure 6. Scme of the principal features of the White double potentiometer
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thermal e.m.f.'s w%}1 be seen in the galvanometer circuit. In the arrange-
ment on the right, the contacts are in the battery civcuit, vhere the
thermal e.m.f.'s are in series with the re?af1v01/ large battery voltage,
hence negligible. The contact resistance will, however, effect the battery
current. For this reasen, the switches on the right must be of a high
quality relative Lo those on the left. In either arrangement, it is neces-
sary to add compansating resistors so that the resistance in the circuit
containing the contacts ramains constant for un/ dial set ting. These are
showm in part (¢). Also in part (¢), 1t has been indicated how two poteatio-
maters of the type sheoun in part (b) are joined to form a "combination"
potentiometer. A "combination" potontiomater becomes a "doubla" potantic-
mater when provisions are made for: (1) two independent sets of dials upon
wivich the value of iwo independent voitageﬁ may be sat and (2) a way of

suitching the potenticmeter(s) between them. The diagram suggests how

these two requivements ave met. The galvanemeter and ihe potentiomsier(s)

are excnanged uwiv“on tha two voltages to bo measurad by means of a six-pole
cao-thiow mastar switeh, wivich is not shown, The connections joining the

vrs e g paned Y 2T - [P )
measuring dials (L) and L

(€}

salvanometar ave actually vouted through this
e in the Figure,  The cemplexity of tha circuits
15 such that the essential Teaturss fend to hacome Tost in diagrams of

croatar detail. Also, such detail is readily available dia the original

pers by White (1974a, 19Mh) and in the L&H publicaticas concerning the
TR S ST R .‘"i!"?\.‘:‘c;"‘ Cayrm o 'i advantanee wxict €0 - . N
WITOE DOUGITCTOMRLRYS,  JSeveral aavantages exist vor the ok nuantione LLY
arvangement in part (¢). The Tower notenticmaetor may have a hattery circuit

rasistance of the order of 2x107 chms without affecting the galvanometar

)

sensiei vzu The Tower dials t

~

s tend ot to canse vroblems of contact
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resistance. With those dials placed in the battery circuit, thermal

e.m.f.'s are not seen in the galvanometer circuit. The upper.potentiometer,-
across which 99,000 out of 993990 microvolts may be balanced, is then of a
design which is more reliable from the standpoint of the elimination of
contact resistance from the battery circuit. The presence of two potentio-
meters allows one set of resistors to be characterized in terms of the

other set. The entire douhle potentiometer can then be made to be internally
self-consistent. Further, the measurement of two voltages on a single set

of potentiometer resistors allows the errors in the resistors to effectively
cancel in the ratio of the voltages. A practical advantage of this instru-
ment is the simplicity of its design as compared to that of an electronic
voltage measuring device of appyoximate]y the same sensitivity. This
simplicity is important for the relative directness with which difficulties,
wheﬁ they occur, may be located, understood, and' corrected.

Two White double potentiometers were used during the course of this
work. The first, having the L&N serial #777877, eventually became worn out
from the cumulative effects of approximately twenty years service. The
principal problems with this instrument occurred in the master switch. By
the time the heat capacity measurements of the final sample (thé Lu salt)
were begun, it had becone necessary to dismantle and c]eén this switch
prior to each day's-run. At that time, another instrument had become
available. This one, having an L&\ serial #770299 was auto;calibrated and
used to finish the set of heat capacity measuremenis. Auto-calibration is
the procedure whereby the double potentiometer is made internally self-

consistent, as mentioned above.
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C. Procedures

Westrum, et al. (1968) have published a detailed review of current
practice 5n adiabatic Tow-temperature calorimetry. Skochdopole (1954) and
Gerstein (1960) have described the techniques used ih the Ames Laboratory'
during the 1950's. Although procedures often are changed to meet varying
requirements, the measurements in this work were carried out in much the
manner described by these authors. The only significant differences arose
from the use of semi-automatic adiabatic shield control and from the need-
for special care in prepéring the hydrated samples. Each of these topics
has been discussed in an earlier section. Because of the essential
similarity of the present techniques to those of previous authors, some of
what follows is repetitiocus. However, it is felt that a brief description
of the experimental procedures used in this work will contribute to the
continuity of the entire discussion. |

A carefully weighed q&antity of the sample plus a quantity of dry
helium at 2 cm Hg pressure and 298% are sealed into the calorimeter can
and the seal is leak-tested. In the case of a hydrate, the equilibrium.
vapor pressure of water over the sample is measured and adjusted if neces-
sary, prior to the sealing of the can. The can ié inserted into the
ca]oriméter, as describad in the previous sectfbn, and the heater/ther-
mometer assemwbly and thermocouple junctions attached. A1l of the components
within the adiabatic shield, including the electrical leads but excluding
the sample, are considered to be "addenda." In order to avoid measuring
the heat capacity of the addenda for each sample measured, every effort

is made to keep the addenda constant. In practical terms, this means
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[

continuously monitoring the weight o

-

o 1. ]

<

the can, the soldar, the thevmal

contact greese, and eny othdr part of the addenda that might changs &s

result of handling.

The hicat capacity (vide infra) associated with the mean temperature

l \.

©the dntorval [T]g 1,3 is (Mestrum, et al., 1968).

€= ot
I2 ---.-l.l

c

(6)
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For the system consisting of & 'h})x & ]‘]”’ (’l wida, C 15 dotevmined betweon

eny o temperatures by introduzing heat in the form of a measured amount

of clectricat energy anﬁ.observing the vesueltant temperatuie chenge.  Gne
such detevmination constitutes the wmeasurcient of one data point. Dvmang a
detevination, lhe system is thermally iscleted from iis surroundings by
the calorimeter, in particelar the vacuum system, and by the adiebatic
shiald, which is kepnt at the same temperatuve as the surface of the can.

In gerevel, adigbatic conditiens arve not pariectly wmaintained becauvse of:
(1) the existence of temperative gradfents along the leads and along the

shield and can surfaces, (2) extrancous thermal e.m.f.'s in inL shiield

control LH“YAO(OUJxL circuits, which result in non-zero temperature

differences between the can and the shield, (3) self-heating of the t

moncter, which is essentially constant over a series of samples and
therefore a part of the addendz, and (4) heat introduced to the can
winch 1inc5 a constant in the same sense. These fimperfections appear

regular variations in the sknple temperature with time. (hcse tempe

\"L

"drifis" are measured and are used in the determination of T] and ng

"initial" and "final" temperatures atl cho mioqle of thg heating periocd.
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Specifically, the voltage drops across the thermometer and across a stan-
dard resistor in seriesbwith it are observed typita1]y fﬁr S1X m{nhtes
prior to the introduction of heat, and again for six mfnutes after the
return of the system to a steédy state, following heating. The "final".
drift of a given daté point is the "initial" drift of the following point.
Temperéture differences are observed to the order of 0.001 degree, while
temperatures may be known to 0.01 degree.

The electrical energy introduced to the system during a heating period
is measured by observing the voltage drop across a known fraction of a
" vesistor in parallel with the sample heater and the voltage drop across a
known resistor in series with the heater. It has been shown (Skochdopole,
1954) that heating measurements need be made only during the three minutes
bracketing the center of the héﬁting period. That is, comparisons have
been made between the heat input vé]ues determined from power measurements
made over the central portion of the heating period and those determined
from measurements made over the entire period. These comparisons have
shown that the foﬁner method results in an accuracy in determining the heat
input which is at least an order of magnitude better than our ability to -
measure AT.

Calculation of the heat introduced to the system and of the initial
and final temperatures of a heating period, for which the raw data are the
voltage measurements and the known resistance values, are made on the IBM
360 computer. The program for performing these calculations was written
in 1963 by M. K. Rhyne of the Ames Laboratory Computer Services Group. As
an example of the data treatment, the computer converts the thermométer

voltage and resistance data to temperatures and least-squares fits the



temperatura-time points for a given temperature drift to a straignt Tine.
If the mean deviation of the data from the line is greater than that which
would Tead to an error in AT of one half the expected exparimental error,

the machine may least-squares fit the drift as a functicn of temperature to

o
(]

two drifis on either side of the drift in question. The performance of
this Tast cperation is at the discretion of the experimenter. The tempera—
v '

tures at the midpoint of a heating pericd are determined on the basis of

the dnitial and Final drifts and the time between midpoints. The "mean"

—
[£%]
o
e
{3

capaci ty (equation 6) of the sample at a givan temperature is then
calculated fram the measured heat input and tamperature changa, the pre-
viously dutermined addenda heat capacity, and the known weicht, carrected
tn vacuum, of the sample.

To the exteni that the heat capacity is linear in temperature over a

sufficiently small tawperature interval, the mean heat Cu;&(l by i

[

anproxi-

mataly equal to the tiue heat capacity:

Dol

L ody o tim Qo
" T Gty AT»OAT)p (7)

Kparimental conditions provide a
specified,) Methods exisi
(Mestrum, ef al., 1962) for tha corvection of the mezn heat capacitics for
the "curyature” effect, and are Troguantly applied, aspacially in ragicns
BN N ~'! l o I N TN £l At mqinm s P Syl A
OF paianively vapti t.nwrc inotnd S0 OF tne fean Capaciny as a runcuioi
of tawperature. Cne of Tha criteria for choosing a given sample heating
currant, prior to the start of a run, is tha desired valve of AT. For

regions of the heat capaciiy curve in which there is no anomalous behavior,
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and for which Cp varies sufficiently slowly with temperature, AT is
routinely chosen to be of the ordér of 10% or less of T. For the present
measurements, AT was seldom larger than 15 degrees at the highest tempera-
tures reported.

The computer-generated heat capacities are plotted as a function of
temperature on one meter wide graph paper and the smoothed éurve values are
obtained from a spline-fit curve. Graphica] tests are routinely applied
to the data to determine whether curvature corrections are necessary.‘ In.
this work it was always the case that such corrections were not necessary.
The smoothed curve typically fitted the data to within x0.1% in the range
50%K<T<230%K. Above 230%K there were usually a number of experimental
points deviating from the smoothed curve by +0.15% or more. The precision
below 30°K will be discussed in connection with the benzoic acid results.
The thermodynamic functions, equations 8, 9, and 10 were obtained by

computerized graphical integration of the smoothed curve results.

0 T
St = jOCp/T dr , | (8)
WOk = fTo ar (9)
T 0 oP
=0 .0 0 ,0
F7 - Hy  HY - Hy (10)
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IV. RESULTS

A. Heat Capacities
1. Addenda

The calorimeter can used in these measurements weighed approximately
134 grams. The Bi/Cd solder and the Ag exchange gas port added another 3
grahs. The heater/thermometer assembly weighed approximately 16 grams.
Thus the weight of the addenda was of the order of 153 grams, exclusive of
thermal contact grease, bolts, wires, and adhesive. The average Samb]é..'
weights were of the order of 100 grams. The addenda contributed somewhat
more than one third of the total heat capacity at 300°K. The can and the
heater/thermometer shell were gold-plated.

Table 3 lists the smoothed. curve values o} Q/AT as a function of T for
the addenda. These values were determined from two sets of measurements -
made over the entire temperature range. The precision over both sets of
measUreﬁents was 20.1% of Q/AT, except as previously noted. Thelprecision
of the‘data within a single set of measurements was of the order of several
hundredths of a parcent. This difference between the precision of the
individﬁa] data sets and the over-all precision is possibly due to the
anomaltous behavior of the heat capacity of Apiezon-T grease in the tempera-
ture region above ZOOOK, (Westrum et al., 1967): The addenda contained
~approximately 70'm11119rams of this material, as noted above. The differ-
ence was found to be not related to the magnitude of the sample heating
current, the behayipr of the adiabatic shié]d control, variations in the
cleanliness of thé'ﬁeasuring circuit switches, or variations in the addenda,

aside from the grease. The reproducibility of the thefmdmeter is such as
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" Table 3. Experimental values of Q/AT for the addenda (joules deg.“])

7(°K) Q/AT , 1% /AT
0 0.000 K 45 12.081
1 0.002 . 46 12.649
2 0.004 47 13.228
3 0.008 - 43 13.805
4 0.016 49 14,387
5 0.027 50 14.965
6 0.044 51 - 15.542
7 0.067 52 16.124
8 0.097 53 16.704
9 0.136 : 54 17.280
10 0.182 55 17.855
11 0.237 : 56 18.422
12 0.300 57 18.990
13 0.375 58 19.556
14 0.465 59 20.116
15 0.569 . 60 20.675
16 0.688 61 21.230
17 1 0.821 - 62 21.778
18 0.971 63 22.321
19 1.137 54 22.858
20 1.325 o 65 23,392
21 1.535 , 66 23.916
22 1.763 67 24,424
23 2.016 ‘ 58 24,932
24 2.288 | , 69 25,422
25 2.533 70 25,908
26 2.904 71 25.381
27 3.242 72 25.851
283 3,607 73 27.317
29 3.962 ‘ 74 27.784
30 2,381 75 23.250
3 2, 800 76 28.705 -
22 5.242 ' 77 29.160
33 5.6983 .78 29,6083
24 6.169 79 30.053
35 6.650 20 30. 484
36 7.148 A 8] 30.918
37 7.652 ' 82 31.346
33 8.190 3 31.765
39 8.721 o 8/ 32.174
19 9.270 ‘ | a5 32.576 .
41 9.817 - 35 32.970
12 10.3/5 - | 87 33,355
43 10,926 - AR ! 33,737

Al 11.509 e 59 34,700
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Table 3. (Continued)

T(%) Q/AT (%) /AT

90 34.459 185 - 51.77%
91 34,803 190 - 52,175
92 35.147 195 52.549
93 35.433 200 52.909
94 35.808 205 - 53,257
95 - 36.133 210 53.583
96 - 36.448 215 - 53.889
97 36.762 220 54.186
98 37.074 225 54.467
99 37.380 230 54.741
100 37.679 235 54,997
105 39.117 240 55.245
110 . 40.450 245 55.489
115 41.664 - 250 55.727
120 42.799 255 55.952
125 43,348 260 56.168
130 44,821 ’ 265 56.380
135 45,725 270 56.584
140 46.560 275 56.778
145 47.324 280 55.959
150 . 43,026 : 285 57,137
55 . 43,685 290 57.307
30 19,293 295 57.465
1b5 49.853 300 - 57.618
170 50,390 305 57.762
175 54.890 310 57.902
120 © 57,348 315 53.029
to ba unrelatad to chsarved effact. Multiple measurements of the heat

capacity of a given sampie have confirmed fhe ganeral 0.1% repreducibility

2, Benrzoic acid

The heat capacity of about 0.43 moles of 1949 Calorimetry Conference

standard uanzoic acid was measured as a check on the operatiocn of the
;

calorimetor. The experimental values of Q/AT and of Q/4AR are Tisted in
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. Table 4. The columns labeled "Block Number," so-called by local convention,
list the numbers of the original data sheets. |

A bump due to a discontinuity in the thermometer table had been
observed in the heat capacity of the addenda at about 10%. The results
of the benzoic acid measurements were used as a guide, because of a higher.
density of data points in this temperature region, to the smoothihg.of'the
thermometer table. Essentially the process consisted of varying both the
magnitude and the slope of the tabulated resistance-temperature function in
such a way as to remove the calculated bumps in the benzoic acid and
addenda heat capacities.

Figure 7 is the plot of a difference function between the benzoic acid
data reported here and those reported by Ginnings and Furukawa (1953) and
by Clay and Staveley (1966). fﬁe latter authors claim a %1% accuracy in
their results over the temperature range from 10% to 80% using germanium
thermometry. The precision of the present measurements is as indicated in
the figure. Below about 56°K the precision detericrates rapidly with
decreasing temper%ture because of the decreasing sensitivity of the platinum
thermometer. At 20, 12, 10 and 5K the precision is of the order of %0.5,

2, 5 and *20% respectively.

3. GdCl3-6H20

The crystals were prepared as discussed in the prévious chapter.
Prior to the Toading of the can, the crystals were crushed so that all of
a representative sampling would pass on 80 mesh sieve and 50% would pass a
100 mesh sieve (0.18 and 0.15 mm respectively). This procedure was also -

applied to the other three salts. The quantity of GdC]3-6HéO upon which
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Table 4. Experimental values of Q/AT for benzoic acid (joules deg;"l)

i 0, o ; ‘ . ,
Block no. 1ave( K) Q Q/AT AR Q/AR Rave
394 6,181 0.385 0.261 - - -
411 6.236 0.073 0.250 - - ' -
412 6.557 0.097 0.328 - - -
413 6.901 0.139 0.379 - - -
414 7.402 0.247 0.443 - - -
395 7.478 0.488 0.462 - : - -
415 7.883 0.247 0.559 - - .=
416 8.300 0.247 0.644 - - -
396 8.437 0.643 0.697 - - -
417 8.638 0.256 0.779 - -
418 8.978 0.276 0.849 BT - =
397 9.272 0.733 0.970 - - -
419 9.281 0.294 0.950 - - -
420 9.580 0.303 1.035 - - -
421 9,847 0.315 1.139 - - -
398 9.99 0.850 1.229 - - -
422 10.112 0.339 1.216 . - - -
423 10.401 0.412 1.303 - - -
a24 10.702 0.443 1.418 - - -~
399 10.717 1.092 1.448 ° 0.0023 423,185 0.0224
425 11.049 0.535 1.554  0.0015 382.353 0.0236
426 11.442 0.659 1.656 0.0011 621.698 (0.0249
100 11.531 1.498 1.762  0.0030 491,148 0.0251
az7 11.890 0.951 1.864  0.0020 463,602 0.0264
401 12.417 1.936 - 2.163  0.0041 475,676 0.0287
428 12. 465 1.353 2.145  0.0029 471.429 0,0239
402 13.434 3.179 2.874  0.0064 495 171 0.0340
403 14,944 5.173 3,405 0.0122 424,018 0.5447
404 16,434 65.258 4,292  0.0156 107.795 0.0536
A05 17.984 2.615 5.264  0.0228 377.851 ¢.0778
420 19.668 - 3.185 5.413  0.0089 359,887 (.1038
405 19.732 12.047 56.459  0.0328 383,542 0.1080
421 21,288 20,904 - 7.609  0.,0607 344, 495 (.1385
407 21,724 16.843 7,946  0.G493 341,643 0.1474
438 24,009 23.8501 9.755  0.0730 3725.726 0.2066
432 21.068 27.582 9,800 0,0845 326.414 0.2111
433 27.016 37.935 12.299  0.1293 315.607 0.3134
434 30.490 59.686 19,435 0.1925 310.057. © (0.4898
435 34,131 . 64,557 18.889  0,2076 310.96¢ 0.66938
A35 - 37.528 74,785 22.153 0.232¢ 321.799 0.86937
437 41,131 98,125 25.612  9.3009 326.105 1.1606
438 45,265 131.325 29.573 0.385h8 340,397 1.5033
382 49,313 97.551 33.392 ¢ 0.2564 357.053 1.8665
383 52.535 134,274 36,320 0,361 371.347 ?.1754
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Table 4. (Continued)

8lock no. T.. (%) Q /AT AR /AR R

.5479 401.402
.5839 423.480

385 © 57,120 '219.928 40.334 2
3
6254 453,941 3.
4
5
[

386 62.559 247.270 44.954
387 68.234 283.895 49.279
388 74.409 353.223 53.628
357 81.188 301.267 58..183
358 86.516 336.066 61.503
359 92.379 404.576 64.698
360 99.342 522.660 68.166
301 103.266 735.573 72.283
362 119.598 G62.347 77.081

L7241 487.810
5742 524.673
6059 555,481
6935 - 583,383 6.4774
L8461 617.728 7.2474
1157 £59.293 8.2286
3582 708.546 §.4657

363 131.737  953.554 31,726 2728 757.035 10:7812
354 143.260 264,63 85.730 .2065 799.528 12,0208
365 1561.601 480.326 83,431 5797 628.680  12.9140

367 157.364 539.012 90.34b
368 163.750 623.741 92.319
369 172.709 1051.1€0 94.391
370 184,371 1201.896 95.207
371 196.769 1276.132  101.820
440 206.845 1355,591 104,320
372 210.304 1527.695  105.273
447 220.722 1595.364 103,052
373 224,562 1528.516 109,098
442 235.241 1697.377  111.911

.6293 856,528  13.5253
L1222 270.591 14,2071
L1694 898.995 15.1533
2850 935,328 16.3809
L3116 972.958 17.6792
<3517 1062.879 18,7286
5076 1013.330  19.0838
BHES 1044926 20,1691
JART9 1055.678 20,5863
L4698 1036.799  21.6578

rmad et et ] voami vl ed oo el el b o eeeed od eoaf ed d eed D (T D e e W = DO S O OO OO

374 238.342 529.544 112,841 L3943 1188,099 21,9877
413 249.957 1753.065  115.899 .bh44 1131.025 23,1793
376 254,441 527,324 117,085 . 3343 1144.663  23.5339
445 254,847 1755.627 112,743 L4256 173,861 24.7019
377 237,202 - 1526.403  120.415 2923 131,152 24,8525
419 279,282 17514.239 123,238 LA643 1214.209  26.1604
378 279.203 1526, 118 123.782 2522 218,709 26,2245
379 232,026 533,882 126.773 2248 1252.383  27.4635
A £293.277 1754,935  126.973 .3531 1255,228 27,5399
350 303 129.377 L1811 1287,653  28.6593

L9062 1531.081

peasuraiments ware made was 0.2203 molas.,

B O TR T T, . D ANETS o cmry Tt 4 S [
Tho oxperimental valuos of /AT for Gub]v'uﬁzo are Jisted in Table 5.
D ~J

. L A RS 1 T PR B N R R ST DU U F R
The smo phod curve heat capaciTias an d the calculated the :’:ﬁ!}.’.!._‘/l‘.um TCoTUnG-
s

Lieas are listed in Tables 9 and 10, Table 9 contuins only fthe lathice
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Figure 7. Difference function relating the present and some previously published benzoic acid heat
capacities ' S
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Table 5. Experimental values Qf Q/AT for GdC]3~6H20 (joules deg."])

Block no. Tave(oK) Q/AT
439 4.,8706 0.1134
503 5.1611 g.1223
504 6.4354 0.2196
491 7.2192 0.3118
505 7.5877 0.3638
492 8.0691 0.4373
506 8.5203 0.5162
493 8.7449 0.5923
507 9.2995 0.6854
494 9.3686 0.7079
495 10.0026 0.5842
508 10.0801 (.9058
497 10,7435 1.0445
509 10,8519 1.0572
498 11.6022 1.2758
510 171.6895 1.2847
511 12.4&22 1.5796
489 : i2.648 1.6177
512 " 13,2476 1,&393
500 | 13,8497 2.1240
513 14,1407 2.72386
501, 15,2973 - 2.7535
514 15,4297 2.3275
515 17.1538 3.7012
524 17.8442 1.,03822
516 18.5806 - 4,5277

525 | 19.6798 5. 1842
517 - 19,9475 5.3593
526 21,521 5.4244
518 21,7465 5.5735
527 23,5582 , 7.9423
520 23,6806 8.0254
h28 . 25.404] 9,4242
521 75.5673 9.5502
529 27,1147 10.8921
he2 - 27.6115 11.3357
430 29,2521 12.8582
541 : 79.4779 13.0815
531 . 31.7341 15,3609
542 32,3966 15.9822
532 31,6415 18.3519
543 35,4672 19,2420
533 37.7150 21.7158
544 . 38.4559+ 22.5322
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Block no.

1

ave

(°k)

/AT

40.
H. 4364
43,
14,
46.
7110
rav
52.
53.

53,

41

13

19

2]

JJ.
56.
58,
61.
65.

N~

58.
/1.
.9178

71

78.
82,
.1924
92.
2634
102.
L7291
Til.
L3607
121,
L1464
133.
1474
144,
L3275
L0613

L5530

56
g6
109
121

131

152
155
153

165,
175.
178.
137,
L4716
2222
6173
2581

5233

191
199
205

209,
220

3577
5020

6551

7703

4673
1580
3279
4614
7442
9624
4050
1650
3525

7433

0808
4385

4151
0440
6564
SRR

hha
3543
P

4130

1349

127,
5302
1720
6172

25
28
32

34
o
35

39

39
45
43
52

.2385
25.

8930

L1337
29.

5970
0677

.3273
5840
33.
39.

6595
2475
6316

. 7969
43.

4965

9727

.6940
.6994
L9473
2648
4583
L3051
25485
.5845
A617
306
5502

L1289
L35

L0190

an
L3694

2.6147

L8305

L9759
.3708

RS 0]
. 3,(_),’8

L5h8h

L3142
5520
2885
3538
0271
L2781

L0813

134.0602

~1n
L3429
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Table S.v (Continued)

Block no. T (%) Q/AT

458 229.7331 ' 141.8882
453 233.1807 142.8525
459 2443041 146.1097
454 247.3823 146.9542
460 258.9868 . 150.7583
455 261.7669 , 150.8106
461 213.2742 154.0647
456 275.7859 154, 4482
462 28/.2031 157.6248
454 301.3355 - 161.0463

centributions., Table 10 contains the contributions from the latiice and

s e . g +3
from an approximation to tha crystal field split ground state of the Gd

[
\.r

SN

fon in this crystal. Tne topic will be discussed in another section.

Figure 8 shows the smoothed curve heat cavacity. To within the scale of

L y “J
1

{qurae, the shape of the curve is characteristic of the four s: aples

studied,

A, i)(T3 6H20

]

In order to minimize the uncertainty in the determination of the

. .
macnatic contivibi

(.. {.

ition to the heat capacity, it is desirable to keep the

~

pumber of molas of sample constant cver a saries of sannles.

1

ne quantity
1Uul3 3420 used matched that of thevur""“ﬂt, sample Zo within less than
30“4 moles.
A standard practice during the heat capaciity measuvements of the

toa . nb [ S T P S S B i i d o o0 Y
hydrated sampias was tine examination of the tomperature ragion avove 2007°K

for a "water bump" such as that chserved by Gevstein {31960). This



Figure 8. Smoothed curve heat éapacity of GdCl3-6H20
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- procedure served as a check on the major constituent analysis, that is,

on the concentration of the waters of hydration. It has been found that
the heat capacity ié éensitive to quantities.of éXpés§ water that consti-
tute several hundredths of a percent of the sample wejght. ‘

Table 6 lists the experimental values of Q/AT for TbCl56H,0. Table.
11 contains the smoothed curve heat capacities and the thermodynamic func-

tions.

5. H0C13-6H20 '

The quantity of this sample used in the heat capacity measurements

was 0.2910 moles.

Tables 7 and 12 Tist the experimental and the smoothed curve values
for Q/AT and Cp respectively. In the temperature region below SOOK there
Qas genera]]y good agreement between these results and those of Pfeffer
(1961a). Figure 9 shows the heat capacity data be]ow 20%. Some deviation
between the present values and those of Pfeffer are evident below 10%K.

In particular, the difference is of the order of my experimental error at
6°K. There are several reasons to expect Pfeffer's data to be the more-
reliable in this temperature region. First, the heat capacity below 100%K
is quite insensitive to the occluded water in his crjsta]é._ Second, while
the sensitivity of a platinum thermometer is relatively low at temperatures
of the order of 10°K, that of a carbon thermometer such as used by Pfeffer,

is relatively high. Thus his AT values below 10% are probably more

accurate than mine.
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Table 6. Experimental values of Q/AT for TbC]s‘GHZO (joules deg.'y)'

_ " .
Block no. | rave( K) Q/AT

630 4,3883 0.6122°
673 4.5177 0.54513
631 4.6520 0.5592
674 1.7088 0.6792
675 4.,9770 0.7452
632 5.0139 0.7152
676 5.4244 0.7265
633 5.7112 0.7194
677 6.0942 0.7104
609 6.4422 -1.28332
610 5.5671 0.8481_
611 5.9011 0.7723
678 7.0129 0.7841
612 7.3910 0.8511
635 7.8833 0.8280
613 8.0897 0.8531
679 8.2041 0.9129
614 8.8508 0.9887
636 9.2278 1.0767
630 9.5019 1.1565
615 9.6461 1.1918
637 10.5219 1.3560
617 10.5547 1.3746
631 10.9372 1.4489
618 . 17.5530 1.6428
638 11.6947 1.56652
619 12.5472 1.9663
540 12.9429 2.1403
520 13.6932 24681
541 14.5570 2.8737
621 15.1828 3.1915
642 16.6378 3.9842
522 16.6709 4.0035
6523 13.2692 1.9608
643 13,3437 53202
624 19,9433 6.0713
645 20.2951 65.3115
525 21.5709 7.2477
646 ' 22,2187 7.7363
526 23.4211 8.7147
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, Block no.

Q/AT

647
627
643
628

" 649
655
650

556

651
652
658
653
659
£66
€6
667
6062
¢58
659
663
070
64
671

564

539 |

565
530
566
592
567
523
543
594
569
570
295
571
597

K72

568
574
599
575
500

24,
25.
27.
28,

30
32

35

43

TN

[ROIR AN
n/

AT,

: ]Gu.

173.

5825
6125
4799
1598

L9101
.8676
34,
L7290
39,

8314
1721

3.6623
.5986
L0231
L6577
L8253
377

. 8555
1.1232
2 5501
71.6077
L0649
L2341
L2685
L1144
LB355
0.7539
L0058
58,3203
3.4703
f,ﬂ771
}.2223
,3677
17,7205
L7554
C,]795
5.4187
”,f975
.0273
L8487

L3526

1279
4741

f' E
3] ”)6

Y 15"\0.

3766

10.5
12.
12
15,
17.
9.
20,

29
30.
34,
35,
40,

43."
V73

A6

11,)1

e f'

57,

9.6637

687
2479

.8857
5942

6212
7508
7336

.5867
. 7420

3339
8444
7583
4056
1653

7735

3501
L6765

1102

2.1820
4.1295
/.7859
.0964
),2882
1.,8223
5.918;
L9155
.1441
34, 8151
.?B'ﬁl‘
.05/3
,1219
3y, 3527
0. 85457

0741

06,3225
(598
1.7340
.6034
L8535
7269

21,5100

3535



Table 6. (Continued)

Block no. (%) Q/AT

577 , l°0 2457 | 126.0710

601 85.3618 128.1064
578 l91 3097 - 130.3341
602 196.9456 132.1666
579 202.9331 134.0711
603 209.4063 136.1560
580 215.1342 . 138.0117
604 223.9135 140.6145
581 228.8054 141.8919
683 234.8792 143.9372
606 239.0796 165.2073
582 243.8414 146.1432
684 249.8458 143.1163
607 253.9391 149.2893
583 258.4392 150.3124

655 254,4746 , 152.6079
585 272.5034 153.,9804
680 278, 6248 155.7130
586 » 236,4124 157.5419
587 300.1¢72 169.9753

Table 7. Experimantal values of Q/AT for HDCIJ'EH?O (Joules deg."1)

3lock no. T (%K) /AT

772 4.5107 2,1349°
173 &, 5683, .(1/%
774 5.0103 ./'o/

7h2 ' 5,284 .3409%
775 : 5.3542 L5055
753 ' 5.4457 .9498
754 5.53341 - L1373

.——-‘.__:C)...ac,._..'.._'

776 : 5.95%2 ,01031
730 5.0607 - 0.23634°
731

5.1593 | 1.4577




Table 7. (Cpntinued)

76

’ ) o

Block no. ‘ Tave( K) Q/AT
755 6.1699 1.5438
732 6.4803 1.8093
777 6.6273 1.6988
733 5.9136 1.7501
756 6.9501 1.8068
778 7.3745 1.9114
734 7.4443 1.8355
757 7.9591 1.9986
735 8.0873 2.0769
179 8.2666 2.1355
736 3.8752. 2.2636
758 9.1845 2.3522
780 9.3560 2.2457
737 9.7784 2.5468
731 10.6914 2.5764
759 10.7607 2.5243
738 10.9234 2.6284
739 12.2514 2.9668
760 12.6179 3.0731
740 13.6957 3.4294
617 14,4140 32.5990
741 15.1851 4,0280
763 15.7732 4.2907
742 16,7049 4,7124-
764 17.0633 4.,8502
743 18.2946 5.5248
765 18.6519. 5.7206
744 20.0629 6.5514
7G6 20,9651 7.1277
745 22.1052 7.8940
767 23.7064 9.0760
7406 24,5427 9.7172
758 26,2211 11.0850
74 27.2793 11.9751
748 30,0287 14,5301
783 31.3070 15,7750
770 31.6684 15.1294
749 37.6382 17.1221
784 31,0231 3.5651
750 35,1539 - 19.7626
735 37.2707 22.0620
795 40.72614 25.3791
786 41.0939 26.3335
796 472, 3470. 28.4250
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Table 7. '(Continued)

. ; ) '
Block no. . rave( K) . Q/AT

704 254.8687 148.8181
726 265.6401 151.6689
705 272.6963 - 163.4328
727 282.1611 ' 155.8262
706 ' 291.0903 158.1034
728 298.2510 159.8611
707 305.8774 161.7753

6. LuCly-6i1,0

Tables 8 and 13 Tist the experimental and smoothed curve resuits for
this salt. The sample was changed several times bacause of known or
suspectad contamination. n;j the third sample contributed o the resulis
prasentod heve. This sanple consisted of 0.2905 moles of LuC1336H20.

Several unusual difficuitias were encountered during the measurement
of tha heai capacity of this salt. The cae iavelving the potentiometer
has baen discussed in an earlier seckion. In addition to, but independent

this problem, the heat capacity a:sntaVﬁJ ancmaleous behavior in the

tamparvature region above 275K, The anama?y took the form of a sharply
Anfiand Niemy 1n 1) | T I " PR Ny P P ) O;/ 1.
dofinad nump in The heal capacity curve, \.AL paing o from avout 2797°K to

e . 0p o ampOy 5. ..
peyvand 285 %. The heat capacity in the ragion 2407K to 3007K is shown in

Figure 10.

Taitial measurements with the third sample, invelving AT's larg
N B R A n Y ~A AN £ t%ﬂ -~ Ty v/ Sl ,,3~, ~ d ey causn R
comparad o L2 T2mDar ahure 1 anga o1 2 anomaiy, .a'u- SSEed L@ cause ¢o

bo excess water. In accordance with the procadure devaloped by Gerstein

(1950) for handling such a situation, some water was pumped from the



Figure 9. Heat capacity of HoC14:6H,0 in the temperature region below 20%
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Figure 10. Heat capacity of.LuC]3-6H20»1’n the temperature region of the anomaly -
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crystals, in the can, in an attempt to reduce the size of the bump.
Gerstein found.that he was able to remove 100 milligrams of water and
lower the enthalpy under his "water bump" by about 30 joules. The removal
of 25 milligrams of material in the present case éaused no significant
cnange in the heat capacity. The data points in Figure 10 designated 3-A
were meaéured before, and those“désignated 3-8 Were'measuredbafter the
pumping.

Further heat capacity measurements, made in order to resolve the
shape of the bump, plus chemicai analysis of the sample (previously men-
tioned), established that the bump was most likely not due to occluded
vater. Additional steps taken to find the cause will be discussed in a
later secfion. |

The enthalpy under the buﬁb was estimated to be 13.8+1 joules. This
value was obtained from the data of one heating period that covered tempera-
tures ranging from 4 degrees below to 8 degrees above the bump. The area
under a smooth curve; extrapolated through the region from the lower
temperature data,-ﬁas subtracted from the measured Q-value of this single
heating period. Tne uncertainty in the enthalpy is due to the difficulty
involved in making the extrapoiation accurately. The entropy involved in

1 1

the anomaly is less than 0.3 joules mole 'deg.”.’.

B. Magnetic Heat Capacities
~ The rare earth jons in the Tb and Ho salts studied in this work have ’

~ground electronic states which are non-degenerate in the crystalline

ZS+1L

electric fields within which the ions are'éituated. The nominally J

ground states may split into as many as (2J+1) sipgly degenerate levels.
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Table 8. Experimental values of Q/AT for Lu613-6H20 (joules deg.—l)

\ 0
Block no. | Tave( K) CQ/AT

885
886
887
888
889
690
891
892

.2159
L4621
7276
.0198
2143
.4708
L7769
.0986

.0845
.0709
.0674
. 1402
. 1254
.2045
2237
.2288

393 L4323 .3094
804 .7509 . 3660
595 L1213 . 4262

896
897

5721
L1278
883 .8174
359 6360
201 11.5802
9072 12,6872
%03 . 14.0378

5109
6220
.7933
L0676
L1792
.5589
0738

— .
DWW NNSTOYOYOY OV Gt

905, 14,5514 2847
. 506 15.9493 8979

WNNIN e (O ODTS O OODODOoODOOO00O

807 17.6101 Li321
S03 19.5287 . 8450
509 21,7785 6.2456
910 24,1671 .25669
911 -~ 26

2

o

[»)

~d

3.6983 L9795

S

913 23,3487 12.2908
914 32,2585 15.0579
915 35,5043 18,3820
216 ' 39,0331 ' 22,1330
917 " 42,8585 20,2791
513 £5.9228 30,8392
927 A7.7921 : ~31.8L83
573 52.0093 37,5425
029 53.43686 43,8530
930 : 64,8185 - 50,5539
G431 20736 57.8177
932 20,1665 55.2855
§35 . . 34,5073 ‘ 59,1958
933 - aR. 7551 : 72,7243
936 92,3206 : 75.5388
937 101.0256 ' 81,8635
acd 106.4452 " 85,6115
938 - 108.06245 86,5437

a5 117.4087 92.7289
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Table 8. (COHLIHU d)
- 0
Block no. ]ave( K) Q/AT
862 287.2227 154.6843
952 288.3303 156.1404
343 288.4087 - 155.7385
350 238.8579 156.2715
953 292.5088 157.0636
331 294.3296 157.5647
882 296.,0745 157.6556
883 298.7080 157.9259
Tabla 9. Lattice contributien to fhe - h? rmodynamic functions of Gl 13-6H?O

for T<149K {Jjoules mole” ‘deq

mole ‘Il_,

= 371, 59 um )

T(°K)

-0 0,0y - 00
CLaTrice St =ty /T ~(Fy-Hgl /T
1.300 0.001 0.000 0,000 0.000
2,000 0.012 D.004 0.003 0.001
3.000 0,640 0.013 0.010 0.003
1.060 0.095 0.032 0.024 0.008
5.000 0.210 0.065 0049 0.016
5.000 0.410 0.170 2.092 0.023
7.0 0.500 0.201 0,154 0,047
2.000 1.100 0.317 0.244 0.073
9.000 1.620 0. 475 0.357 0.108
1.000 2.255 0.578 0.523 0.155
11,000 2.950 0.527 0.713 0.213
12000 3.835 1.222 0.937 0,285
12.600 1.795 1.565 1,15 0.370
14.000 5,360 1,659 1,450 0,459
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Table 10. Lattice plus magnetic contributions to the-thermodynamic func-
tions of GdC]3-6HZO (joules mo]e‘]deg."], mole wt. = 371.69 gm.)

o} 0 0,0 0 ,,0
T(7K) Cp St (HT—HO)/T —(FT—HO)/T
0.040 0.007 0.001 0.001 0.000
0.080 0.748 0.144 0.123 0.021
0.120 . 2.532 0.776 0.621 0.154
0.160 4.122 1.733 - 1.308 0.426
0.200 5.206 2.779 1.987 0.791
0.240 5.843 3.790 2.582 1.208
0.280 6.134 4.717 3.073 1.644
0.320 6.170 5.541 3.460 2.081
0.360 6.031 6.261 3.754 2.506
0.400 5.780 6.884 3.970 2.914
0.440 5.466 7.420 4.121 3.299
0.480 5.124 7.881 4.219 3.603
0.520 4.775 8.273 4,275 4,003
0.560 4.434 8.619 4.298 4.321
0.600 4.110 8.914 4.297 4.617
0.600 4.110 8.914 4.297 4.617
0.800 2.812 © 9.905 4.076 5.829
1.000 1.986 10.437 3.734 6.703
1.400 1.100 10.946 3.092 7.854
1.800 0.720 11.172 2.603 8.569
2.200 0.480 11.290 2.236 9.054
2.600 0.360 11.361 1.957 9.404
3.000 0.290 11.407 1.739 9.668
3.400 - 0.250 11.441 1.566 9.875
3.800 0.240 11.468 1.427 10.041-
4.200 0.240 11.492 1.314 10.178
4.600 0.260 11.514 1.221 10.293
5.000 0.300 11.538 1.146 10.392
6.000 0.470 11.607 1.018 10.588
7.000 0.740 11.699 0.959 _ 10.740
8.000 1.140 11.823 0.956 10.867
9.000 1.660 11.986 1.004 10.982
10.000 2.280 12.191 1.099 11.092
11.000 3.010 12.443 1.239 11.203
12.000 3.840 12.739 1.420 11.319
13.000 4.800 13.084 1.643 - 11,447
14.000 5.860 : 13.477 1.905 11.572
15.000 7.050 13.922 2.208 11.714
16.000 8.310 14.416 2.550 - 11.867
17.000 9.640 14.960 2.928 12.033
18.000 11.040 15.551 3.340 12.211
19.000 12.520 16.188 3.784 12.404

20.000 14.040 16.868 4.258 12.610
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Table 11. Thermodynamic functions of ThC1,-6H,0 (joules mo]e‘1deg."],

mole wt. = 373.36 gm.) 372
0 0 0,0 0,0
T(°K) , 57 (HD-HQ)/T ~(F2-HQ)/T
1.000 0.200 0.140 ' 0.087 0.053
2.000- 0.500 0.348 0.202 0.147
3.000 1.400 0.633 0.378 0.255
4,000 2.180 1.171 0.756 0.415
5.000 2.350 1.680 - 1.061 0.619
6.000 - 2.320 2.111 ‘1.278 0.833
7.000 2.400 2.471 1.430 1.041
3.000 2.640 2.806 1.565 1.241-
9.000 3.040 3.139 1.706 1.434
10.000 3.570 3.486 1.864 1.621
11.000 4,250 3.857 2.049 1.807
12.000 5.070 4,260 2.266 1.995
13.000 6.130 4.707 2.521 2.186
14.000 7.360 5.206 2.822 2.383
15.000 8.700 5.759 3.169 2.590
16.000 10.120 6.365 3.559 2.306
17.000 11.600 B 7.023 3.988 3.035
18.000 : 13.170 7.730 4,454 3.276
19.000 14.810 §.486 4,956 3.530
20.000 16.490 9.288 5.490 3.798
22.000 20.030 11.025 6.651 4.374
24,000 23.760 ' 12.927 7.921 5.007
26.000 27.530 14.978 9.284 5.694
28.000 - 31.450 17.160 10.725 6.434
30.000 35.500 19.465 - 12.239 7.226
32.000 39.570 21.885 13.819 8.066
34,600 34.660 24,318 15.366 8.952
36.000 47.730 26.841 16.968 9.873
38.000 51.860 29.533 18.696 10.837
40,000 56.000 32.298 20.458 11.840
45,000 66.290 39.439 24.979 ’ 14.509
50.000 , 76.580 : 47.004 ’ 29.624 17.381
55.000 85.650 54,782 34,357 20.426
60.6C0 ¢5.060 62.728 39.109 . 23.619
65.000 105.280 70.782 43.846 26.936
70.000 114.120 78.912 48.554 30.358
75.000 122.790 87.084 53.216 . 33.867
80.000 131.360 95.283 57.833 .. .~ 37.450
90.000 147.470 111.703 . 66.915 44,788
100.000 162.050 128.005 - - 75.709 52.296
110.000 175.810 144..101 84.189 59.912
120.000 189.080 159,971 92.380 . 67.591

120.000 _ 201.780 - 175.611 100.311 75.300
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Table 11. (Continued)

0 . 0 0 ,,0
T(7K) Cp ST (HT HO)/T —(FT-HO)/T
140.000 213.900 191.012 107.995 83.016
150.000 225.510 206.169 115.447 90.723
160.000 236.630 221.081 122.675 98.405
170.000 - 247.280 235.747 129.693 - 106.054
180.000 257.530 250,173 136.512 113.661
190.000 267.380 264.363 143.142 121.220
200.000 276.620 278.315 149.588 128.727
210.000 285.410 292.026 155.848 136.178
220.000 293.900 305.500 161.931 143.569
230.000 302.180 318.747 167.849 150.898
240.000 310.320 331.780 173.616 158.164
250.000 318.340 344,611 179.245 165.366
260.000 326.210 357.250 184.747 172.503
270.000 333.850 369.706 190.129 - 179.577
273.157 336.230 373.570 191.790 181.740
280.000 341.320 381.982 195.396 186.587
290.000 348.650 394,087 200.554 193.534
298.150 354.490 - 403.840 204,690 199.150
-300.000 355.760 406.027 205.609 200.418

Table 12. Tnermodynam1c funct1ons of HoCl. 6H20 (joules mo!e"]deg.f],
mole wt. = 379.37 gnm. )

o . 0o 0 0,0
T(K) Cp | ‘ ST (H qo)/T —(FT—HO)/T
1.000 0.120 0.087 0.053 0.033
2.000 0.540 0.258 0.162 0.097
3.000 2.290 0.785 0.561 0.225
4.000 3.950 1.696 1.222 0.474
5.000 4,800 2.674 1.857 0.817
6.C00 5.430 3.612 2.407 1.205
7.000 6.100 4.504 2.891 1.613
8.000 6.670 5.356 3.328 2.028
9.000 7.220 6.174 3.730 2.444
10.000 7.770 6.963 4.106 2.856
11.000 8.330 7.730 4,465 3.265
12.000 3.930 8.430 4.812 3.668
13.000 9.680 9.223 5.1%6 - 4.067
14.000 10.570 9.972 5.511 4.462
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Table 12.

) 0 0,0 0,0
T("K) Cp St (HT-HO)/T -(FT-HO)/T
15.000 11.560 10.735 5.881 4,854
16.000 12.650 11.516 6.269 5.246
17.000 13.840 12.318 6.679 5.639
18.000 - 15.100 13.144 7.112 6.032
19.000 16.430 13.996 7.567 6.429
20.000 17.840 14.874 8.044 6.829
22.000 20.840 16.712 9.069 7.643
24.000 24.090 18.663 10.184 8.480
26.000 27.500 20.725 11.384 9.342
28.000 31.070 22.893 12.661 10.231
30.000 34.770 25.162 14.011 11.151
32.000 38.590 27.527 15.427 12.100
34,000 42.510 29,984 16.905 13.079
36.000 46.480 32.526 18.437 14.088
38.000 ~ 50.450 35.145 20.018 15.127
40.000 54.420 37.834 21.639 16.195
45.600" 64.400 44,819 25.835 18.984
50.000 74.320 52.119 30.18¢2 21.931
55.000 84.070 59.661 34,645 25.016
60.000 93.600 67.386 39.162 28.224
65.000 102.780 75.245 43.707 31.538
70.000 111.540 83.182 48,239 34.943
75.000 120.100 91.171 52.746 38.425
£0.000 128.470 99.190 57.218 41.972
S0.000 144,220 115.246 66.024 49,222

100.000 "158.820 131.208 74.584 56.624
110.000 172.460 146,987 82.864 64.123
120.000 185.780 162.568 90.889 71.679
130.000 198.470 177.945 38.681 79.263
140.000 210.640 193,100 106.246 86.854
150.0600 222.300 203,034 113.598 94,437
160.000 233.340 222.737 120.740 101.997
170.000 243.870 237.201 127.675 109.526
180.000 254.010 251.428 134.413 117.015
190.000 . 263.840 265.426 140.967 124,459
200.000 273.280 279.200 147.348 131.852
210.000 282.230 292,752 153.559 139.192
220.000 290.800 306.079 159.603 146.476
230.000 299.210 319.191 165.490 153.701
240.000 307.410 332.099 171.234 160.866
250,000 315.3290 344,811 176.841 167.970
260,000 323.070- 357.331 182.318 175.012

000 330.620 369.665 187.671 181.994

270.
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Table 12. (Continued)

] 0 o ,0 o ,0
%) ¢, 52 (H2-H)/T ~(F3-Hg)/T
273.150 332.970 373.490 189.320 184.150
280.000 - 338.080 381.823 192.909 188.914
290.000 345.500 393.816 198.043 195.773
298.150 351.600 403.510 202.140 201.300
300.000 353.000 405.655 203.083 202.572

Table 13. Thermodynamic functions of LuCl,-6H,0 (joules mo]e“]deg._]

mole wt. = 389.41 gm.) - S °
70 . - 0 0o ,,0 ~0 ;0
F(°K) c, s (H2-HO) /T ~(FO-HO)/T
1.000 0.001 - 0.000 - 0.000 0.000
2.000 0.012 0.004 0.003 0.001
3.000 0.030 0.013 0.010 0.003
4.000 0.068 0.026 0.018 0.007
5.000 0.155 0.048 0.035 0.013 -
6.000 0.340 0.092 0.069 0.022
7.000 0.62 0.164 0.127 0.037
8.000 ©1.040 0.273 0.214 0.059
9.000 " 1.550 0.424 0.334 0.091
10.000 2.140 0.618 0.484 0.134
11.000 2.820 0.853 0.665 0.188
12.000 3.600 1.131 0.876 0.255
13.000 4.420 1.453 1.119 0.334
14.000- 5. 460 1.820 1.394 0.427
15.000 6.530 2.233 1.700 0.533
16.000 7.680 2.691 2.038 0.654
17.000 3.920 3.194 2.405 0.788
18.000 10.220 3,741 2.804 0.937
19.000 11.570 4.329 3.229 1.100
20.000 12.980 4.958 3.681 1.277
22.000 15.950 6.333 4660 1.673
24.000 19.120 7.855 5.732 2.123
26.000 22.390 9.515 6.887 2.627
28.000 25.770 11.293 8.115 3.182
30.000 29.270 13.193 . 9.407 3.786
32.000 32.910 15.198 10,762 4.436
12.174 5.130°

34.000 36.640 17.305
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Table 13. (Continued)

0 0 0 Oy, ,+ - 0,0
T(°) C, ST (HE-H)/T  -(FP-HO)/T
36.000 40.390 19.505 13.638 ~ 5.868
38.000 44.170 21.790 15,145 6.645
40.000 47.910 24,151 16.690 7.461
45.000 57.320  30.336 20.680 9.656
50.000 66.810 36.864 24.816 12,047
55.000 76.110 43.670 29.059 14611
60.000 85.200 50.684 33.360 17.324
65.000 94.130 57.859 ©37.694 20.165
70.000 102.750 65.151 42.034 23.117
75.000 111.200 72,529 46.364 26165
80.000 119.420 79.970 50.675 29.295
90.000 - 135.160 94.954 59.197 35,757

100.000 149.740 109.956 67.529 42.427
110.000 163.620 124,882 75.637 49.245
120.000 177.150 139.702 83.535 56.167.
130..000 190.030 154.397 91.238 63.159
140.000 202.220 168.930 98.734 70.196
150..000 213.910 " 183.282  106.025 77.257
160.000 225.290 197.453 113.125 84.328
170.000 236.250 211.441 120.047 91.395
180.000 246.800 225.245 126.796 - 98.448
190..000 256.890 238.862 133.382 105.481
200.000 266.420 252.283 139.797 112.486
210.000 275.550 265.504 146.045 119.459
220.000 284.500 278.530 152.136 126.394
230.000 293.230 291.369 158.08] 133.288
240.000 301.820 304.031 163.892 140.139
250.000 310.120 316.521 169.576 146.945
260.000 318.110  328.840 175.136 153.704
270.000 325.610 340.990 180.574 160.416
272,000 326.900 343.398 181.645 161.753
273.150 327.610 344.770 182.250 162.510
© 274.000 328.250 345.798 - 182.710 - 163.087
276.000 330.000 348.191 183.771 164.420
277.000 331.190 349.386 184.301 165.085
278.000 332.700 - 350.582 184.832 165.750
279.000 334.870 351.780 185.365 166,415
280.000 338.600 . 352,984 185.905 167.079
280.500 341,700 353.591 186.180 - 167.411
281.000 345.800 354.202 186.460 - 167,742
281.500 352.000 354.822 186.748 168.074
282.000 378.800 355.464 187.058 168.406
282.500 359. 400 356.117 187.380 168.737

283.000 346.350 256.740 187.671 169.069



“Table 13. (Continued)

0 0 140 ;0 (010
F(7K) C S, \HT"HO)/T -(F T IO)/Y

=
—

283,500
284.000
284,500
285,000
285.300
286.000
268.000
220.000
292.000
294.000
£96.000
298.000
298.150
300.600

38.700 357.344 187.943 169.400
7.250 357.939 188.207 169.732
36.750 358,531 ‘ 138.469 170.063
36.650 359.122 188.729 ‘ 170.394
36.850 359,712 138,988 170.725
37.450 360.302 189.247 171.055
39.910 362.661 190.284 172,378
42.020 365.021 191.323 173.698
343,450 367.377 192.351 175.076
M, 3 725 193.392 176.333
44.95 5/2.06] ' 194,414 177.647
45,300 374.385 195.426 178.969
45,320 374,540 ]95 570 179.060
45.500 376.696 ' 196.426 180.270
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the series. The symbols o and B represent the numbers of moles of the
magnetic salt and of the Lu salt respectively. The importance of main-
taining o~B is seen in the third term, in that the heat capacity of the

addenda tends to cancel from the calculations. AC was determined

lattice
for each of the magnetic salts by a linear interpolation between the Gd and

Lu data{“ Implicit in this'procedure is the assumption that (C —Cv) is

. _ R
constant between these ‘two salts. ‘Figures 1]_and‘12‘show'thexmagnetic heat

capacities of the Tb and Ho salts.

C. Solution Entropies
Equation 12 descrihes the process: the crystalline solid at the
temperature and pressure in question, in equilibrium with the solute in the

saturated solution.

RC]S-GHZO(S) > RCI3(sat'd) (12)

Here the solute in solution is considered to be the hydrated species. For
this equilibrium, the free energy change is zero. The entropy change can

‘then be calculated from the enthalpy change, which is given by:
A = H,{sat'd) - H; (13)
-2 2
Hera the superscipt (+) denotes the pure solid component 2, i.e., the
solute. This equation can be rewritten as:

- : -0 . ‘
AH = Hz(sat'd) - l‘lz' -' H2 + H2 .’ (]4)
or,

AH}ﬁviz(sat'd) - ié - fk (15)



Figure 11. Magnetic heat capacity of TbC13-6H20



Cy ( JOULES /MOLE °K)

[p]

(8]

97

| T

& CALORIMETRIC Cy
o SPECTROSCCPIC Cy

I
TR

|o®

[ ~t-L UL
20 40

60 80 100
T(°K)

200 300



Figure 12. Magnetic heat capacity of~HoC13-6H20
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Both terms on the right hand side of equation 15 are available from solution
calorimetry (Pepple, 1967; DeKock, 1965). Similarly the entropy change is
given hy:

AS.? Sz(sat‘d) - S, | (16)
or,
= 134 N ¥ o .
AS = [bz(sat'd) - SZ] - S, + 52 (17)

Here S? = S%, the absolute entvepy of the crystal, as determined from the
T S .
presenl measurements, and [S?(saﬁ’d) - 52] is the partial molal excess
I

entropy as determined from solution calovimetiry (Popo? 967; DeXock,
1665 ) Then, since
A = TAS : : (18)
it follews from equations 15 uﬂd 17 ihat
i ~1. - - ¥ 5

Sy = T (L (sat'd) - Lé] - [S,(satid) - S,1 + Sy (19)

The values of S? for tha salts studizd here are listed in Table 14, 1In

principle, tha partial wmolal entropy of rave earth fon can be chiained
13 il Hinc Thn i T the soT: o eyt l ”::\]1' ATy Oy ~OM
QY sunLracting tha centributions to the solute parLial meladr 2NLYopRy Trom
the chloride ions and the water molpcules in fhe hydraticn sphave. Tnis
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obtained by DeKock (1965) and by Pepple (1967). The Tast column gives the
. - T ¢
entropies from equation 19. The approach used here to obtain 52 will be

discussed further in another section.

Table 14. Standard state entropies (calories mole"]deg—], T = 298.150K)
- - , = T X =X
Salt 59 Ly(sat'd) L TS (sat'd) - S, Sy
Gd013-6H?0 97.17 15,577 9,112 11,102 - 80.61°
TbCT3-6H20 96.52 16,2560 9,556 11,870 79.19
HoC13'6H20 96.44 16,720 10,426 | 11,590 _ 78.68
LuC13'6H20 39.52 17,726 1],851 10,944 72.55
a ol
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V. DISCUSSION

| A. Heat Capacities

Previously published heat capacity measurements on several of the salts
studied here have already been mentioned. In particular, Hellwege et al.
(1961) and Pfeffer (1961a, 1962) have made measurements on the Gd and on
the Ho and Lu salts respectively. Figure 13're]ates the present and | |
previous.resu]ts for the Gd and Ho salts. The bumps above 100%K were caqsed.
by the presence of 6cc1uded vater 1ﬁ the crystals used by the latter authors
(see the discussion uﬁdef “Sample"). The maximum magnitudes of these
"water bumps" is of the order of 2%.0f.the heat capacity e.g., in the case
of the Gd salt. Below 100%K, the heat capacity results tend to be insensi-
tive to the presence of occludad water. The irregularity in the_fange
110%<T<150% is difficult to explain on the basis of the available informa-
tion. ﬂowever, the discontinuity in Pfeffer's values at 104°K’suggests
the possibility of a discontinuity in his thermometer table. Thne differ-
ence function in thé case of the Lu sa]tvis similar to the curves shown.
The behavior of thé Lu curve is not nearly as striking however, because the
water bump becomes cobvicus conly above 200%K, near the highest femperatures
reported. . The tieat capacity of the Th salt has not heen previously
reported. |

The anomalous behavior of the heat capacity of the Lu salt has been
briefly discussed in an earlier section. It was shown there that cccluded
water was most likely not the cause of the bump. Another possible expiana— :
tion was the occurrence of a structural change in the crystal at about

280%K. Considerable evidence exists that all of the salts studied here are



Figure 13. Difference function relating the present and some previously published GdC]3-6H20 and

HoC]S<6H20 heat capacities
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sostructural.  Thus Marezio, et al. (1961) and Belskii and Struchkov

(1965) have determined the structures of the Gd and Eu salts respectively,
and have feund them to be completely analogous. Graeber, et al. (1966}
have published the latiice constants of the sa1fs of the members of the
series from Sm through Tm. The Tatter authors found that, in accordance
with the Tanthanide contraction, the unit cell volumes decrease approxi-
mately Vinearly across the serics.

In order %o invéstigabc the possibility of a structure change in the
Lu salt, two sets of x-ray photographs were cbtained. The first set con-

~

sisted of powder photographs of the Ho and the Lu salts. Comparisor

=
o
-
o
(’5

ms indicated that these two salts ave isostructural at room témperature.
The second set consisted of two precessicn photographs of a single crystal
of LuCly+8H,0 at two different tewperatures. Figure 14 shows these photo-
graphs. The sample was at reom temperature for the excosgre in part (a),
and at ahout 2207K ¢
impased. To the extent that the spots rapresant dimensionleass polnts, the
phobographs giva 2 mv”P'ﬂg of the reciprocal latijce. Each ﬁain? in the
rociprocal Tattice corvesponds o a set of planes ia the latlice of the

st - ot I A ORI Y U W SRR O ST S SN I TR JOV [ B
crvsial, Thus fhe comparison in pavt (¢} indicatas ithat the crystal is

e 1 .t . Sy el 2 B P b, -~ 4 R poas ot eI N - oy .
deosbructunl with vospect to the size and shape of the wit cell o each
sidn of the heat capacity ancmaly. Further comparisen of the shotogenapbs,

: at et Lo i s ey il 3T et oty K PN S S
wiich the exposure times were nobt identical, suggasts fram ne velalive

intensitias that there is probably no minor shift in the positions of the

. ST S T T R - RN R N e
heavier atoms that could be veadily associated with the anomaly.
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Magnetic Heat Capacities

Evidence exists (Levy, 1964; Duffy et al., 1963; and Hellwege et al.,

1961) that the
field to the extent of about 1 wave number.
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Figure 15 shows the heatl capacity of GdC]3~6H20 below TOOK, The
Schottky heat capacity term and Hellwege's data agree to within several
percent at temperatures. for wnich the Tattice term is relatively small.
Moreover, the Schottky term also agrees well with the estimate of the
magnetic contribution given by Levy (1964). This agreement suggests that
the lattice term, obtained by subtracting the Schottky term from the
measured heat capacity, is reliable to at least within the precision of my
data balow 15°K.

The magnetic contributions to the heal capacities of the Ho and Tb
salts ware compaved with the cptical spectroscopic results of Kahle (1956)
and DI"?“ (1068), Tha energy levels publishad by these authors
are shown i Figure 15, Figure 12 shows the magnetic heat capacity of

5420 as a function of temperature, plotied for convenience on a

o
P
.
-~

Togarithmic scale. The triangles represent the calorimetrically determined
resulis.  The error bars are associated with those points and reprasent

. ) . . , BN
the vaw heat capacity data.  Above about 207K, the

RO Sy Ml P PR TP A S EABNN) PR SN NPT ) .8

uncertainties iavolved in tho subbtyaction of the lattice centribubion
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major difference bedwann the calorimeteic and the spectroscopic heat
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capacities as is shown in Figure 11, Again the triangles rveprasent the

calorimatric data. The healt capacity vesulis vequirve the existence of
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Figure 15. Heat capacity of GdC33'6H20 in the temperature region below 10%



Cp (JOULES/MOLE °K)

ol
w

)
(]

s

o

L o papas B Tyt oty B A

o et il

-y

e

] I ] 1 ] |

A BLOCK NUMBER 489—493
0 BLOCK NUMBER 503-508
Vv  HELLWEGE, ET AL. (1961)
_ CLATTICE
—~— Cuagnzrics LEVY(1S84)
HELLWEGE ET AL.(I961)

———— CscroTTxY

NN EREERN

LLL



112

low-lying levels within approximately 8 wave numbers of the ground state
The results of Dieke (1968), from the fluorescgncé snectrum, have

the lowest level at about 35 wave numbers. No estimate of the precision of
these particular spectroscopic results has been given. However, the width
of the Towest energy fluorescenca band is such that quite possibly the
spactirograph failed to resolve a relatively low intensity emissicn peak.

The existenca of such a low-Tying level would vequive that a higher energy
1evé1 had been improperly assigned. TFigure 16 shows that there is scme
uncertaiinty indicated in, for example, the level at 83.8 wave nusbers, as
wall as in several of the others.

The dashad cuvve in Figure 11 correspends to a Schottky term (equation

12) dnvelving two levels., The paramebers 1 and‘E] viare chosen under the
ssumpbion that the lowest femperatuce heat capacity point renresents a

Tocal mudinum 1 the magnelic heat capaci

capacify data beliow 5% for the Th salt, this approximaiica was used ©o
extrapniate Cn to 07¢ far the caleulation of the tharmodynamic functions.,

i o
As tho magnatic entrony is essentially Tfully developed at 300%K, the
validity of ihis apprnﬁcﬁ can ke approximatieiy coecked,  The magnitude of
tha entrouny a1so gorves as a check on the approximatisn Uo the TatLico Con-
tribution., A comparison of the magnatic entropies of the Ho and Th salts

PRI 0 oy O O R N
at 0K stgds thal f

..... NP S m - - N A A A A K O TR S N 5 "y 3P T R R
cation for making such a compariscn, in fhat the crysial fizld potentials
for each case might reasonably be expected to be of the same order of

magnitude. The comparison doas suggest that §f the megnatic entropy for

the Th salt is in erver, it is probably Tow by several percent. In tnis



Figure 16. Ground state crystal field sb]i'tl:i_ng's from optical spectra
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. L Y .
event, the error introduced in the total entropy ST at room temperature is
of the ovrder of 0.25%. More certain conclusions must await the avail-

ahility of heat capacity data for the Tb salt below 59K.

C. Solution Entropies
Extensive investigations of the thermcdynamic and transpert properties
of aqueous rare earth salt solutions ﬁave baen ccnducted in the Ames
Labovratory over approximately the last twenty~years. From these investiga-
tions it has becn observed that many soluticn properties, such as ¢3, o>

and ¢ vary ivregularly as functions of rare earth atomic number. The

cp?
behavior of these properties is usually interprated in terms of the

expectad intevactions belween the water molecules and the rave 2avth iens.

It has baen pestulated that a vare earth ien, being strongly hydrated, and

v ~

having a cevtain numer of water molecules in its first hydration sphere,

>

may exist in equ{librium with similar jons which have either a largar ov
smaller hydration sphare coordination numbar. As tha fonic radius decreases
with increasing atomic number, past a certain critical value, the aquilib-
vium concentration shifts in favor of the species having the smaller
coordination number. Thus, the radius of tha fivst hydratica spheve

decreases with that of the rare carth fen until the wulually vapulsive

intavachions among the water molacules causa tha lewor hydrabion number 40
waaeasetl Tha mora r"\ y Wla ¢ Faakion Tha chist on Tthe e l:" Pty figi] 'i‘
Fagresene ne nore qe IU‘J i@ Stehgdien. e saire o oene aqit fbriu a8

- ~ . : ! - - -~ YN s P - ¥ T
usually considered to take place gradually batwoen Md and Th,

Amoitg The properties which, for the rave eartns, are non-linear in
R . P,
atomic number is (52 - 52), the partial melal excess entropy of the solute

{DeKock, 1965; Penple, 1867). 0On the basis of the above postulate, the
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~general decrease in (S2 - Sgﬁ wWith increase in atomic number has been
interpreted as being the result of the ordering effect of the ions on the
water moleculeé. The 1ons‘exhibit an increasing influence on the orienta-
tions of the surrcunding water molecules.as their charge densities increase.
As the relative concentration of the lower hydrated speciés increases

i.e., at a given total solute concentration, 52 increases. This can be

L

related to an expected increase in the freedom of motion of the solvent
that results from there being a greater average number of water molecules
outside the first hydration sphere.

There is a hasic difficulty involved in making comparisecns among the
values‘of relative proparties [such as (§2 )] of different chemical
systems. It is that differences ameng the standard state values of
thermodynamic properties may be significant in the comparison of relative
properties. In the present case it might be desirable to conpare the

~magnebic contributions %o S, for say, the ddd and even atomic nunbered

rave carths. In the case of relative sdrbla] molal eatrepies, the absolute

o, .

values of the solutes are available from the thivrd Jaw entropy of the salt

and the evx°«1nj resilts of measurements of solution thermodynamic proper-
sies.  Mhen heat capacity results of the +ype présented here become avail-
ahte for more members of the series, 1t will Le possiblie to maka more

meaningiul comparisois ameng the partial welal entropies, since their

H g8 BN ‘O ad . .. . 1 CN | JON PR
values will be relative to 5T§i=0, taken as zero, by the third law.

pas

B

The calculation of S

o

- o N 3 oo £ B T, '
tad hera involvas a different appreacn

.\J
vl
!
Ho)
(%3]
[}
=

frem that used by Hinchay and Cobble (1970), and.so a direct comparison of

the values obtained in each case is not very meaningful, The latter

authors estimatad the entropies of the crystals, primarily from the heat
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capacity measurements of Hellwege et al. (1961) and of Pfeffer (1961a,
1961b, and 1962). These measurements have been shown to be in error by as
much as 2%, due to occluded water. The estimated entropies differ from

the present values by as much as 3 or 4% as in the case of the Gd salt.
Hinchey and Cobble did not have the presently available solution calorimetry
results and so they approached the problem of calculating §g via the |
calculation of the standard state free energy change for the process

represented by equation 12, i.e., by means of the solubility product.
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