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I .  INTRODUCTION 

Because  of  the  fundamental  importance  of  aqueous  solut ions  to  human 

exis tence and activity, there has been a continuous and general interest in 

the  s tudy of  the i r  proper t ies .  The s tudy of ,  in  par t icular ,  aqueous  

e lec t rolyt ic  solut ions  has  been a ided by the  development  of  theoret ica l  

models ,  e .g . ,  by Debye and Huckel  (1923) ,  to  expla in  the i r  behavior .  The 

exis tence  of  these  models  has  g iven r i se  to  considerable  exper imenta l  work,  

devoted to  the  tes t ing of  the  theoret ica l ly  predic ted  values  of  the  var ious  

physical  proper t ies .  This  work has  resul ted  in  extending the  models  to  more  

nearly  represent  rea l i ty .  I t  has  a lso  resul ted  in  the  need for  extensive  

data  in  the  concentra t ion range between inf in i te  d i lu t ion and sa tura t ion.  

The salts of  the  rare  ear ths  form a  par t icular ly  valuable  ser ies  of  

. - :ys terns  for  the .s tudy of  aqueous  e lec t rolyte  solut ions ,  in  that  they con

s t i tu te  a  ser ies  of  mul t ivalent  e lec t rolytes ,  of  which the  mei i ihars  have • 

similar chemical properties. They are also essentially completely disso

ciated in  d i lu te  aqueous  solut ions  and are  avai lable  in  s ignif icant  quant i ty  

and pur i ty .  The ions  of  the  "heavy" rare  ear ths  are  typical ly  t r i  valent  in  

aqueous  solut ions . .  In  crys ta l l ine  sol ids ,  the  sa l t s  wi th  common anions  

tend to form isostructural series. 

The ready avai labi l i ty  of  k i logram quant i t ies  of  rare  ear th  salts, 

with  impuri ty  levels  of  the  order  of  par ts  per  mi l l ion,  has  been made 

poss ible  by techniques  developed and pract iced a t  the  Ames Laboratory .  The 

chemical  s imi lar i ty  of  the  rare  ear ths  ar ises  f rom the  nature  of  the  d i f fer 

ences  in  the i r  e lec t ronic  s t ructures .  Ti ie  conf igurat ions  are  such that  the  

e lec t rons  of  the  4f  subshel ls ,  v / i th in  which the  d i f ferences  occur ,  a re  
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extensively shielded by those of the 5s and 5p subshells. Thus, they are 

largely excluded from participation in chemical bonding. 

In recent years, a coherent 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 calorimetri

cally determined entropies of the rare earth trichloride hexahydrates must 

be available before the entropies of the cations in the aqueous chloride 

solutions can be related to one another in a meaningful way. It is desir

able to establish such relationships because they are useful in the develop

ment of a better understanding of ion-ion and ion-solvent interactions. 

Most of the previously available thermodynamic data on these particular 

salts, for example, that published by Hellwege, et (1961), and by 

Pfeffer (1962) are inadequate in two respects. First, the heat capacity 

measurements were not extended to room temperature. Second, the data above 

100°K 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°K to 300°K. 

A further reason for making heat capacity measurements in this tempera

ture range is related to the spectroscopic properties of the rare earth 

ions. It is characteristic of these ions, in crystalline solids, that the 

total crystal field splitting of the ground electronic 0 level is of the 

order of several hundred wave numbers. Provided that the heat capacity of a 
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given crys ta l  exhibi ts  no anomalous  behavior  in  the  temperature  range of  

in teres t ,  and tha t  the  thermal  exci ta t ions  of  the  v ibra t ions  of  the  la t t ice  

can be  accounted for ,  the  room temperature  ent ropies  provide  a  measure  of  

tha t  spl i t t ing .  I f  o ther  informat ion on the  energy level  s t ructure  of  the  

ions ,  in  the  crys ta l  under  s tudy,  i s  avai lable ,  as  from spect ra ,  i t  i s  

poss ible  to  compare  the  resul ts  of  the  opt ica l  wi th  those  of  the  thermal  

measurements .  

The samples  chosen for  th is  work were  the  t r ichlor ide  hexahydrates  of  

Gd,  Tb,  Ho,  and Lu.  The Gd and Lu sa l t s  were  used to  se t  upper  and lower  

l imi ts  on the  la t t ice  contr ibut ions ,  ne i ther  sa l t  having a  s ignif icant  

magnetic  contr ibut ion above 14°K.  Gd^^ has,  to  a  f i rs t  approximat ion,  an  
O 
Sy.g  ground s ta te ,  which i s  not spl i t  by a  crys ta l  f ie ld .  In teract ion 

with higher J=7/2 states may, however, result in a non-degenerate ground 

s ta te  for  the  ion in  the  crys ta l .  The ground s ta te  of  Lu '^  i s  ' s^ .  The 

heat  capaci ty  of  the  corresponding sa l t  conta ins  no magnet ic  contr ibut ion.  
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I I .  LITERATURE SURVEY 

I t  i s  in tended that  th is  review be indicat ive  of  the  re la t ionship  

between the  research to  be  presented here  and that  a l ready avai lable  in  the  

l i te ra ture .  The a l ternat ive ,  being an exhaust ive  and cr i t ica l  examinat ion 

of  the  l i te ra ture ,  would be  a  project  of  considerable  ambi t ion and would 

in  any case  detract  f rom the  s ta ted  purpose .  

In  order  to suggest  the  diversity of  in teres ts  upon which th is  research 

has  touched,  i t  wi l l  be  useful  to  ment ion some of  the  reviews and monographs  

avai lable .  These  works  serve  as  guides  to  the  mora  inf luent ia l  of  the  

or ig inal  l i te ra ture  in  their  severa l  areas .  Moreover  they provide  ins ights  

in to  the  d i rec t ions  taken dur ing the  development  of  their  f ie lds .  

A s tandard work on the  physical  proper t ies  of  e lec t rolyt ic  solut ions  

i s  that  of  Named and Owen (1943) .  Another  useful  book i s  that  by Robinson 

and Stokes  (1955) ,  who emphasize  the  t ranspor t  proper t ies  of  e lec t rolytes .  

The proper t ies  of  rare  ear th  ions  in  aqueous  solut ions  have been d iscussed • 

by  severa l  authors ,  notably  Spedding and Atkinson (1959) ,  Krumholz  (1964) ,  

and Noel  1er ,  e j :  (1958) .  The spect roscopic  proper t ies  of  the  rare  ear th  

ions  have been the  subject  of  a  great  deal  of  research,  which has  been 

recently reviewed by Dieke (1968). Much of this work has been discussed by 

Cers te in  (19G0) ,  who has  a lso  reviewed work none on the  heat  capaci t ies  of  

rare  ear th  sa l t s  up to  about  1950.  The subject  of  low temperature  

ca lor imetry  has  been t rea ted by Westrum ^.  (1968) .  The book by White  

(1968)  i s  a  s tandard reference  on the  pract ica l  aspects  of  low temperature  

work of  a l l  types .  This br ief  l i s t ing suggests  the scope of  the  mater ia l  to 
' ' 

be discussed dur ing the  res t  of  th is  review.  
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Among the most significant early contributors to the development of 

the theory of ionic solutions were: Arrhenius (1887), who established 

the existence of ions immediately upon the dissolution of electrolytes, 

Lewis (1901, 1907) who introduced activities and activity coefficients to 

measure deviations from ideality, and 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 square root of 

the concentration. This functional dependence upon the solute concentration 

has been one of the more useful features of the theory of ionic solutions. 

In 1923 Debye and Huclcel (1923a, 1923b) introduced the concept of the 

"ionic atmosphere" which resulted in simple closed expressions for the 

behavior of the mean activity coefficient and related thermodynamic proper

ties in the limit of infinite dilution. The validity of their development 

as a limiting law, its conceptual simplicity and its ready adaptability to 

comparison with experiment insured its immediate and lasting popularity. 

Thus, in comparing the work of Milner with that of Debye and Huckel, 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 approach" in the Debye-Huckel 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 Huckel, and the theory's later development 
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up to  the  mid 1950 's  have been reviewed by Atkinson (1956) .  Vl i th  regard  

to  the  transport  proper t ies  of  elect rolytes ,  i t  i s  per t inent  here  to  note  

only  that  a  val id  l imi t ing law for  e lec t rolyt ic  conductance  was  developed 

by Onsager  (1927) .  This  work was extended to  a  more  genera l  treatment  of  

the  motion of  ions  by Onsager  and Fuoss  (1932) .  

Subsequent  to  the  appearance of  the  Oebye-Hiickel  theory a  great deal  

of  in teres t  developed in  the  in terpre ta t ion of  exper imenta l  resul ts ,  Harned 

and Cv/en (1943)  summarized much of  th is  work.  They a lso  noted the  phi loso

phy tha t  has  logical ly ,  though not  chronological ly ,  guided the  development  

of  work in  this  f ie ld .  That  i s ,  progress  in  the  unders tanding of  ionic  

solut ions  requires  considerat ion of  the  ef fec ts  of  the  forces  of  a t t rac t ion 

between ions  on al l  t l ie  known proper t ies  of  the  solut ions .  Exper imenta l  

ver i f ica t ion of  the  predic ted  values  of  the  various  proper t ies ,  or  con

versely, lack of verification, promotes further development of the theory. 

A prerequis i te  for  the  tes t ing of  the  conclus ions  of  the  theory i s  the  

exis tence  of  a  c lass  of  s t rong e lec t rolytes  which are  essent ia l ly  complete ly  

dissociated at moderate concentrations. 

Wi th  the  development  of  a  ready supply  (Spedding and Daarie ,  1961)  of  " 

h igh pur i ty  rare  ear th  sa l t s ,  a  good example  of  such a  c lass  of  e lec t rolytes  

became avai lable .  The predominat ing var iable  across  the  rare  ear th  ser ies  

i s  the  ionic  radius ,  v;hic 'n  genera l ly  decreases  vf i th  increas ing a tomic  

This  leads ,  as  in  the  case  of  the  t r ichlor ide  hexahydrates ,  to  

small, regular  changes  In  o therwise  i sos t ructura l  crys ta ls .  That ,  plus  the  

chemical  proper t ies  of  the  t r i  valent  ions  in  solut ion,  suggests  the  poss i 

b i l i ty  of  obta ining a  great  deal  of  data  on a  wide range of  physical  

proper t ies ,  severa l  of  which might  be  uniquely  sens i t ive  to  one or  another  
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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 the 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 

topical 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 conductance is related to the 

mobility of ions and to their effective size. Therefore conductance mea

surements can be used to study e.g., the extent of hydration of ions. The 

above mentioned paper reported measurements of equivalent conductances of 

eight rare earth chlorides in the concentration range 4x10"^ to 0.1N. A° 

as a function of rare earth atomic number was approximately constant from 

La to Nd and decreased for the rest. The possibility 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 

reported that the Onsager limiting law was obeyed up to 10" 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 10" N. Spedding and Jaffe (1954a, 

1954b) studied the equivalent conductances of ten sulfates, eight perch-

1 orates, and three nitrates. They obtained poor agreement with theory with 
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the  sul fa tes  and in terpre ted th is  in  terms of  format ion of  complexes  of  the  

type (MSO^j^) '  in  d i lu te  solut ions .  Meiser  (1958)  obta ined conductances  for  

the  n i t ra tes  of  some in termedia te  and heavy,  rare  ear ths .  He corre la ted  his  

work with  that  of  Jaf fe  and observed behavior ,  re la t ive  to  a tomic  number ,  

.  s imi lar  to  that  repor ted  for  the  chlor ides .  Nelson (1960)  measured the  

conductances  of  Tb bromide and chlor ide  solut ions  a t  concentra t ions  below 

0 ,4N.  The values  of  A and for  t i ie  bromides  were  general ly  higher  than 

for  the  chlorides .  Saoger  (1960)  extended the  conductance  measurements  in to  

the  moderate  and high concentra t ion ranges .  He s tudied the  chlor ides  of  

severa l  l ight ,  in termedia te ,  and heavy rare  ear ths  between 0 .05M and sa tura

t ion.  Except  for  l .a  and Md,  the  equivalent  conductance  was  a  genera l ly  

decreas ing funct ion of  a t i .mic  number .  Further,  AA was  greater  in  the  middle  

of  the  ser ies  than a t  e i ther  end.  Conductance  s tudios  carr ied  out  pr ior  to  

the  present  program included the  work of  Moyes  and Johnson (1909)  who 

a t tempted wi th  l i t t le  success  to  in terpre t  the  equivalent  conductances  of  

La n i t ra te  and sulfate  as  funct ions  of  concentra t ion.  Also ,  Jenkins  and 

Monk'(1950) reported conductance measurements on La sulfate below 2xlO""N 

and a  d issocia t ion constant  of  2 .4x10"^ for  the  equi l ibr ium LaSoJ > La '^  i-

SOj"' .  There  was  a lso  the  work of  Jones  and Bickford  (1934)  who compared 

the  equivalent  conductance  of  La chlor ide  below 1  molar  wi th  the  predic t ions  

of  Kohlrausch 's  law and of  Onsager ' s  theory.  

Act iv i ty  coeff ic ients  are  of  in teres t  because  they are  readi ly  deter-

mined theoret ica l ly  in  the  l imi t  of  i r . f in i  ce  d i lu t ion,  and more  fundamen

tally because they serve to interrelate all of the interesting partial molal 

proper t ies .  They are  necessary  for  a  complete  thermodynamic descr ip t ion of  

the  sys tem.  Transference  numbers  a re  re la ted  to  ionic  mobi l i ty ,  but  they 
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are  a lso  required for  the  determinat ion of  ac t iv i ty  coeff ic ients  in  d i lu te  

solut ions ,  i . e .  by the  measurement  of  the  potent ia ls  of  concentra t ion ce l ls  

v/ i th  t ransference .  Therefore ,  these- two proper t ies  wi l l  be  d iscussed 

together .  

Spedding,  Porter, and Wright  (1952b)  repor ted  t ransference  numbers  for  

e ight  chlor ides  up to  O.IM.  The ca t ion t ransference  numbers  were  l inear  

in  the  square  root  of  the  normal i ty ,  but  the i r  l imi t ing s lopes  d i f fer  f rom 

those  predic ted  by the  Onsager  theory.  They a lso  repor ted  (1952c)  ac t iv i ty  

coeff ic ients  in  the  same concentra t ion range,  and obta ined good agreement  

wi th  the  predic t ions  of  the  Debye-Hilckel  theory.  The t ransference  number  

resul ts  were  in  good agreement  wi th  the  ear l ier  work of  l .ongsworth  and 

Naclnnss  (1933)  on La chlor ide ,  fur ther  t ransference  number  and ac t iv i ty  

coeff ic ient  resul ts  were  publ ished by Spedding and YafTe (1952)  on the  

bromides ,  Spedding and Dye (1954)  on the  chlor ides ,  and Spedding and Jaffe  

. (1954b)  on the  perchlora tes  and nitrates .  Wi respect  to  the  ac t iv i ty  

coeff ic ients ,  a  remarkable  agreement  between theory and exper iment  resul ted ,  

in  par t ,  f rom t rea t ing the  "mean d is tance  of  c loses t  approach ' '  as  an 

exper imenta l ly  determined parameter  which was  then used in  the  ca lcula t ion 

of  yK Also,  Spedding and Dye (1954)  repor ted  improved agreement  between 

the  t ransference  number  resul ts  and the  predic t ions  of  theory when the  

la t ter  were  obta ined on the  bas is  of  their  graphical  in tegra t ion approach 

(Dye and Spedding,  1954) .  l le iser  (1953)  repor ted  t rans  Tererxe  numbers  and 

ac t iv i ty  coeff ic ients  for  the  n i t ra tes  of  Sni ,  Ho,  Er ,  and Yb up to  0 .2N.  He 

noted that  as  a  funct ion of  concentra t ion behaved anomalously  for  the  Ho 

sa l t  and suggested that  the  cause  might  be  complex format ion.  Nelson (1960)  

repor ted  these  data  for  Tb bromide and chlor ide  below 0 .2N,  and noted the  
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var ia t ions  in  the  l imi t ing t ransference  numbers  wi th  a tomic  number  for  the  

rare earths studied to that time, i.e. most of the chlorides and bromides. 

Saeger  ( i960)  repor ted  ac t iv i ty  coeff ic ients  f rom 0 .1  M to  sa tura t ion for  a  

number  of  rare  ear th  chlor ides  representa t ive  of  the  series .  In  genera l ,  

he found good agreement between his and earlier work by Robinson (1937, 

1939) ,  by Mason (1938,  1941},  and by Heiser  (1958) .  The compar ison 

wi th  Mason 's  resul ts  suggested discrepancies  in  the  composi t ion of  tha t  

author ' s  so lut ions ,  i .e .  oxychlor ide  format ion.  Saeger  noted that  the  

funct ional  dependence of  his  act iv i ty  coeff ic ients  on concentra t ion indi 

cates  increas ingly  s t rong ion-solvent  in teract ions  a t  high concentra t ions .  

Other noteworthy work on the activity coefficients of rare earth chlorides 

inc ludes  that  done ear l ier  by Shcdlovsky and Maclnnes  (1939)  and by 

•Shedlovsky (1950)  on d i lu te  solut ions  of  La chlor ide .  Of  h is tor ica l  

in teres t  i s  the  work of  Hal l  and i l . r rk ins  (1916)  who used the  f i rs t  ccmmer-

cial ly  produced White  Double  Potent iometer  in  f reezing point  s tudies  of  

La nitrate solutions. 

Measurements  of  par t ia l  molal  volumes y ie ld  infor i i ' a t ion about  the  

changes  which occur  in  solut ion volume upon the  addi t ion of  so lute .  They 

are  of  in teres t  therefore  in  the  study of  ion-solvent  in teract ions , '  e .g . ,  . 

t l ie  packing of  solvent  molecules  about  the  solute  ions  wi th  a t tendant  

reduct ion in  ef fect ive  solvent  volume.  For  th is  reason the  program under  

cci ' iSiderat ion has  included considerable  s tudy of  par t ia l  molal  volumes and 

related proper t ies .  • .  

Speeding,  P ikal ,  and Ayers  (1965)  have recent ly  publ ished the  resul ts  

of  inves t igat ions  of  apparent  and par t ia l  mol 'a l  volumes of  the  chlor ides  of  

La,  Pr ,  f lu ,  Sm, Gd,  Tb,  Dy,  Ho,  Er ,  and Yb and the  n i t ra tes  of  La,  Er ,  Nd,  
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and Yb in  the  concentra t ion range 2x10".  < m < 0 .2 .  I t  i s  indicated that  

a t  inf in i te  di lu t ion the  par t ia l  molal  volumes of  these  sys tems are  addi t ive  

proper t ies  of  the  individual  ions ,  as  expected for  complete ly  d issocia ted  

solutes .  The l imi t ing values  of  the  solute  par t ia l  molal  volumes form two 

d is t inct  groups  when p lo t ted  as  a  funct ion of  a tomic  number .  There  i s  a  

genera l  decrease  f rom La to  Nd fo l lowed by a  s t rong increase  to  Gd,  wi th  Sm 

approximately  in termedia te .  Af ter  Gd and Tb,  there  i s  again  a  gradual  

decrease .  The gradual  decreases  are  interpreted as  being due to  the  

increas ingly  c lose  packing of  11^0 molecules  in  the  f i rs t  hydrat ion sphere  

about  the  increas ingly  smal l ,  h ighly  charged rare  ear th  ions .  Fol lowing 

th is  l ine  of  thought ,  the  sudden increase  in  i s  the  ef fect  of  the  loss  

of  a  water  molecule  f rom the  f i rs t  hydrat ion sphere .  The fac t  that  the  

change i s  not  complete ly  d iscont inuous- is  considered to  be due to  a  shi f t ing 

equi l ibr ium between two poss ible  coordinat ion numbers .  The h igher  coordina

t ion number  i s  sa id  to  be favored for  the  larger  ions ,  wi th  th .e  lower  being 

favored from Tb onward. Atkinson (1956) measured the compressibilities of 

the  chlor ides  and n i t ra tes  of  La,  Nd,  1-r ,  and Yb in  the  concentra t ion range 

m < 0.5 .  ! le  noted that  the  agreement  between experimental  par t ia l  molal  

volumes and those  ca lcula ted  from theory,  previously  poor ,  was  improved by 

approximately  15% when the  solut ion comprcss ibi1iLy was considered in  the  

theory.  Mis apparent  molal  compress ibi l i ty  values  ref lec ted a  decreased 

compress ibiI i ty  of  the  solut ion re la t ive  to  the  pure  solvent  due to  the  c lose  

packing or  the  M^O molecules  about  the  rare  ear th  io i is .  He a lso  suggested 

the  poss ible  exis tence  of  an  equi l ibr ium between two f i rs t  hydrat ion sphere  . .  

coordinat ion numbers  wi th in  the  rare  ear th  ser ies .  However  Ayers  appears  to  

be  the  f i rs t  to  expl ic i t ly  s ta te  th is  postula te .  Gi ldseth  (1964)  measured 
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density as a function of concentration and temperature, in the ranges 

0 < m < 3.4 and 20°C < T < 80°C, for La and Nd chloride solutions. He 

reported partial molal volumes and expansibilities at various concentrations 

and temperatures. Correlation of these results with those of Saeger (1960) 

indicated that the behavior of V-j is consistent with strong orientation of 

the HgO dipoles toward the rare earth ions. It is expected that HgO mole

cules beyond the first hydration layer are also bound to the ion and ordered 

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 systeminatic investigation of the physical properties of a class of 

electrolytes necessarily includes the obtaining of a large amount of thermal 

data. Spedding and Miller (1952a) measured the heat capacities and 

enthalpies of solution and dilution of the (anhydrous) chlorides of Ce and 

Nd. The concentration range of the dilution 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 between the lattice 

energy of the crystal and the hydration energy of the ions. Comparison of 

these data for two members of an isostructural series of, say chlorides, 

allows a correlation to be drawn between hydration energy and ionic 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, 
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Ce, Sm, 6d, 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 formed three groups as 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 authors suggested 

that the anomalous Er and Yb results were due to a structural change for 

these salts relative to the lighter members of the series. A more likely 

explanation stems from Pepple's (1967) observation that Flynn's calorimeter, 

designed for work on the metals, was not sufficiently sensitive to the 

relatively smaller solution enthalpies of the hydrates. Spedding, Naumann, 

and Eberts (1959) reported the heat of solution of the hydrated Nd chloride 

and the heats of dilution below O.Z.molal for La, Nd, Er, and Yb chloride 

and for La and Yb nitrate solutions. They found that the measured apparent 

molal heat contents of the lighter chlorides and nitrates agreed with the 

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 (1950) measured the heats of solution of 

Tm, Lu and anhydrous LuCl^ in HCl, and of anhydrous Tm and Lu chlorides to 

infinite dilution in water. The non-linear behavior of the heats of solution 

of the chlorides, of this and previous work, as functions of rare earth 

atomic number was due to a variation in the crystal structure of the salts 

across the series. Csejka (1961) and DeKock (1965) measured the heats of 

dilution of a large number of chlorides representative of the series, and 

published their results jointly (Spedding, Csejka, and DeKock, 1965). The 

limiting slopes of the apparent molal heat contents from their data generally 

agreed well with the predicted values. The values from this and previous 
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work, plot ted  as  functions of  a tomic  number ,  formed separa te  groups  for  the  

l ight  and heavy rare  ear ths  wi th  Sni  and G.d resul ts  in termedia te .  This  

e f fec t  was  qual i ta t ively  discussed in  terms of  the  funct ional  dependence of  

0^  on the  mean d is tance  of  c loses t  approach in  the  Debye-Hllckel  l imi t .  A 

d iscrepancy between these  resul ts  and <i>|^  ob ta ined f rom heat  of  solut ion work 

on the  anhydrous  chlor ides ,  suggested a  re la t ively  long- l ived meta l -chlor ide  

complex,  to  the  exis tence  of  which the  heat  of  solut ion calor imetry  was  

insensi t ive .  This  pos tula te  was  suppor ted by the  much be t ter  agreement  

found between the values and those obtained from the heat of solution 

work on the  t r ichlor ide  hexahydrates  of  Nd and Dy.  Spedding and Jones  

(19GG) publ ished the  resul ts  of  heat  capaci ty  measurements  of  the  chlor ides  

of  La,  Nd,  [ -u ,  Er ,  and Yb in  the  concentra t ion range 0,1  molal  to  sa tura

t ion.  These  values  were  consis tent  wi th  a  c ' lauge in  the  f i rs t  hydrat ion 

sphere  coordinat ion number  across  the  ser ies .  They noted that  fac tors  

re la t ively  unimportant  in  d i lu te  solut ions ,  such as  complex format ion,  

became increas ingly  important  to  the  measured proper t ies  a t  high concen

trations. X-ray diffraction measurements, conducted by Brady (1960) on Er 

chlor ide  and iodide  solut ions ,  suggested the  exis tence  of  considerable  

me Cal-hal i  de  i  on pai r ing a t  concentra t ions  above -  1  molar .  Wal ters  (1968)  

has recent ly  measured the  heat  capaci t ies ,  a t  concentrat ions  above 0 .1  molal ,  

for  the  chlorides  of  Pr ,  Sm,  Ei( ,  Rd,  Tb,  Ho,  Tm,  and Lu,  che  n i t ra tes  oT La,  

N(l ,  Gd,  E) ' ,  and Lu,  and the  perchlora tes  of  La,  Nd,  Gd,  and Lu,  The appar

ent  molal  heat  capaci t ies  formed two ser ies  for  the  chlor ides  and perch

lora tes  ,  The author  commented on the  need for  more  data  on the  n i t ra tes .  

For the solutions of the heavy rare earths, the solvent partial molal heat 

capacities showed a sharp increase at high concentrations, i.e. m® ~ 1.9. 
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This  was  expla ined qual i ta t ively  as  being the  resul t  of  an  anion enter ing 

the  f i rs t  hydrat ion sphere  of  the  meta l^  d is lodging a  H^O molecule  and 

s imul taneously  reducing the  net  surface  charge  densi ty  of  the  hydrafced 

complex.  Each of  these  processes  would  contr ibute  to  an increase  in  by 

increas ing the  f reedom of  movement  of  the  hydrated HgO molecules .  The 

chlor ide  solut ions  of  Gd,  Tb,  and Ho f rom Wal ter ' s  work were  the  source  of  

the  crys ta ls  grown for  the  research to  be  repor ted  by the  present  author .  

Pepple  (1967)  has  measured the  heats  of  d i lu t ion of  the  chlor ides  of  Nd,  

Sm, F.u, Gd, Dy, Er, Tm, and Lu from infinite dilution to saturation. He has 

also  measured the  heats  of  solut ion of  the  hydrated chlor ides  of  La,  Pr ,  Nd,  

Sin ,  Du,  Gd,  Dy,  Er ,  Tin ,  Yb,  and Lu and tabula ted  the  values  of  the  heats  of  

solut ion and par t ia l  inola l  excess  ent ropies  of  these  and of  the  corre-  , 

• spending Tb and Mo sa l t s .  These  las t  values  were  based on the  work of  

DeKock (1965) .  Tne heats  of  solut ion as  funct ions  of  rare  ear th  a tomic  

number  formed two groups  ra ther  than three  as  observed by Spedding and 

Flynn (1954a,  1954b) .  In  th is  more  recent  v/ork ,  the  d iscont inui ty  occurs  

between Pr  and Sm. Fol lowing Eu,  the  values  fa l l  on a  smoothly  increas ing 

curve  to  Lu.  

Some o ther  ineasiireii-ents  of  the  solution thermal  proper t ies  of  ' the  rare  

earths  wil l  be  noted.  These  include the  work oF Mat ignon (1306a,  1906b)  on 

the  heats  of  solut ion of ,  e .g . ,  the  t r ichloro  hydrates  of  Pr and Nd,  and 

that  of  Bommer and Hohmann (194! )  on the  heats  of  solut ion of  a number  of  

the  metals  in  i iCl .  Nathan,  Wal lace ,  and Robinson (1943)  repor ted  some of  

the  f i rs t  work on the  heats  of  d i lu t ion of  3 -1  elect rolytes  in  the i r  s tudy 

of  La chlor ide  solut ions  below 0 .025 molal .  They a lso  s tudied the  sul fa te  

sys tem.  Lohr  and Cunningham (1951)  repor ted  the  s tandard enthalpies  of  
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format ion of  the  aqueous  La and Pr  ions .  Their  work involved the  use  of  

rare  ear ths  as  "s tand- ins"  dur ing the  development  of  procedures  for  the  

prepara t ion and character iza t ion of  Am, Lange and Miederer  (1956)  measured 

heats of dilution of La nitrate solutions, and Si everts and Gotta (1928) 

the  heat  of  solut ion of  La and Pr .  Jekel ,  Criss ,  and Cobble  (1964)  have 

recent ly  s tudied the  temperature  dependence of  the  par t ia l  rnola l  heat  

capacity of dilute solutions of 6d chloride in tiie range U^C < T < 100°C. 

Their  resul ts  are  expected to  be only  approximate ,  s ince  they involve  an 

es t imat ion of  the  heat  capaci ty  of  the  anhydrous  crys ta l  based on an ext ra

pola t ion of  the  publ ished heat  capaci ty  of  the  t r ichloro  hexahydrate .  These  

la t ter  values  (Hol lwege et  ,  1961)  are  incorrect  in  the  temperature range 

100°K < T < 300°K by as  much as  2%, aj  v/ i l l  be  shewn in  a  la ter  sect ion.  

The t rends  across  the  rare  ear th  series, observed in  a  number of  the 

proper t ies  a l ready discussed,  have a lso  been found in  the  s tandard heats  of  

format ion of  some chela tes .  Mackey,  Pov/e l l ,  and Spedding (1962)  repor ted  

s tandard enthalpies ,  f ree  energies  and ent ropies  of  format ion for  the  rare  

ear th-cDTA complexes  based on ca lor imetr ica l ly  determined heats  of  react ion.  

The enthalpy changes  form tv/q  groups ,  v / i th  the  t rans i t ion occurr ing a t  

approximately  Eu.  Their  resul ts  a lso  showed the  considerable  contr ibut ion 

of  the  ent ropy term to  the  s tabi l i ty  of  the  rare  ear th  complexes .  Thus  for .  

the  complex Gd-EDTA, ( - )  i s  approximately  23 kcal /mole  and (-• )  and 

AS? are  of  the  order  of  1.7  kcal /mole  and 71 ci l /mole  respect ively .  Similar  

measurements  had been repor ted  previously  by Beets  and Dahl inger  (1959)  who 

determined the  enthalpy changes  f rom the  temperature  dependence of  the  

s tabi l i ty  constants .  They suggested a  change in  coordinat ion t imber  of  the  

meta l  ion  wi th  respect  to  the  chela te  as  a  means  of  expla ining the  t rends  in  
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their entropy values, Mackey, Powell and Speclding (1962) have argued 

against this interpretation since, e.g., the trends observed in the 

enthalpies 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 heats of formation of the nitrilo-

triacetate complexes. The factors which are important to complex formation 

and to the stability of complexes have been discussed by Grenthe (1954). He 

suggested that the large entropies of formation result from a breakdown in 

the ordered arrangement of the HgO molecules around the hydrated metal ion, 

due to the presence of the ligand. 

The work on solution properties discussed here, especially that of 

Spedding and Miller (1952b), and the general interest in rare earth com

plexes have illustrated the desirability of having calorimetric data on, 

e.g., the crystalline rare earth trichloride hexahydrates. The only high 

temperature data presently available are contained in a series of papers 

published by Hellwege and his co-workers (Hellwege et , 1959, 1951 , 1962; 

Pfeffer, 1961a, 1951b, 1962). The temperature ranges covered by these heat 

capacities generally exclude room temperature. For the La and Pr crystals 

(Hellwege, et , 1959), the measurements extend up to 280®K, but with 

respect to the others the highest temperature reported was 250°K for the 

6d salt (Hellwege et , 1961). In general, data were given in the range 

1.5°K_< T £ 220°K. Implicit in this is the presence of an error, in all of 

their data, caused by occluded solution in their crystals. In particular, 

Hellwege, e^ (1961) noted that the GdCl^'ô H^O 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 recent ly  s tudied by Gers te in  (1960)  in  the  case  of  the  

e thylsul fa tes  of  Tm and Lu;.  These  resul ts  indicated that  the  er rors  became 

s ignif icant  a t  temperatures  at  leas t  above 220°K.  Above th is  temperature  

the  excess  water manifes ts  i t se l f  in  a  broad bump in  the  p lot  of  as  a  

funt ion of  T, extending to  approximately  the  ice-point .  The maximum in  th is  

bump l ies  as  much as  severa l  percent ,  ( in  C ) ,  above the  " t rue"  curve .  

Therefore ,  values  obta ined by ext rapola t ion of  data in  th is  temperature  

range wi l l  be  consis tent ly  too large .  The data  cannot  be  corrected for  th is  

er ror  s ince  Che lov;  temperature  heat  capaci ty  of  the  sa tura ted solut ions  are  

genera l ly  unknown.  Because  of  the  wide in teres t  in  t l ie  thermodynamic 

proper t ies .of  these  rare  ear th  sa l t s ,  i t  was considered des i rable  to  redeter

mine the  heat  capaci t ies  of  a  ser ies  of  t r ichloro  hexahydrates .  ï t  i s  

expected that  knowledge of  S^og,  combined wi th  present ly  avai lable  solut ion 

data  (Pepple ,  1967) ,  wi l l  lead d i rec t ly  to  the  determinat ion of  rare  ear th  

ionic  ent ropies .  

I t  i s  character is t ic  of  the  rare  ear th  ions  in  crystalline sol ids ,  tha t  

for  those  e lec t ronic  ground s ta tes  for  which the  degeneracy i s  removed by 

in teract ion wi th  a  crys ta l l ine  e lec t r ic  f ie ld ,  the  to ta l  sp l i t t ing  of  the  

components  produced by such in teract ion i s  of  the  order  of  kT at  room 

temperature .  The impl ica t ion i s  that  thermal  data  i .e . ,  magnet ic  ent ropies  

as determined from heat capacity measurements, are a measure of the crystal 

f ie ld  sj i l i  i : t ings  of  the  rare  ear t î i  ions .  Spect rescopical ly  determined 

ground state  ccmpoitents ,  for  the  rare  ear th  ions  in  two of  the  sa l t s  of  

part icular  in teres t  in  th is  present  s tudy,  are  avai lable  in  the  l i te ra ture .  

Dieke (1958)  have tabula ted  values  for  the  th i r teen levels  in  t l ie  Fg 

rtûte of Tb' in TbCl.'G HgO, determined from tha fluorescence spectrum. 
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Kahle  (1956)  has publ ished values  for  the  lowest  four  levels  in  the  ^Ig  

"i"3 
s ta te  of  Ho in  HoClg-GH^O observed in  absorpt ion.  He noted that  a t  sample 

temperatures  such that  the  next  higher components  would  be  s ignif icant ly  

popula ted,  the  absorpt ion bands  became too broad for  resolut ion of  the  

levels .  An oppor tuni ty  therefore  exis ts  to  s tudy the  contr ibut ion to  the  

ent ropy from the  thermal  popula t ion of  these  levels ,  and to  compare  tha t  

obta ined f rom calor in ie t ry  to  that  ca lcula ted  f rom the  spect roscopical ly  

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 solutions 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 HCl. The oxide was obtained 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 saturated solution by the crystals. Prior to the heat 

capacity measurements, samples of each of the salts were analyzed chemically, 

and emission and mass spectroscopically. 

Gerstein 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 occlusion 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: 

RClg'G HgO (xtl.) + HgO (g) j RCI3 (satd.) (1) 

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: 



www.manaraa.com

21 

RClg'S HgO (xtl.) + 3 HgO (g) + RCl^-G H^O (xtl.) (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; 

HgO (of hydration in xtl.) -> HgO (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 = 6d. 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-HCl mixtures, these temperatures were of the 
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Figure 1. Vapor pressure as a function of solute concentration for the RCI3 - HgO system 
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order  of  70°-9Q°C.  The s tabi l i ty  also tended to  increase with rare  ear th  

atomic number.  The ul t imate  decomposi t ion products  observed v/e  re  the 

oxychlorides, which became stable at temperatures of the order of 200°-

300°C. Intermediate  were a  ser ies  of  t r i - ,  di~,  and mono-hydrates ,  s table  

over  var ious temperature  ranges.  

Saeger  (1960)  has  determined the equivalance pH at 25°C for  the 

hydrolysis  react ion:  

-!- HgO + H"" (4) 

He has  found i t  to  be of  the order  of  uni ty  for  the saturated solut ions of  

the heavy rare  ear th  chlor ides .  

In  order  to  prepare the crystal l ine hexahydrates^ the chlor ide solut ions 

were slowly evaporated over  a  per iod of  weeks.  During this  t ime,  the 

temperatures  and the pl l  values  of  the solut ions were maintained a t  46^0 and 

within the range 0.5-1.5 respect ively.  The crystals ,  when formed,  were 

allowed to remain in contact, at room temperature, with the saturated solu

t ions for  per iods of  the order  of  a  week.  Tî ie  crystals  were removed by 

f i l t ra t ion,  crushed,  and placed in  desiccators  over  CaCl^ solut ions to  

"equi l ibrate" .  The concentrat ions of  the CaCl^ solut ions were adjusted,  

using the data  of  Kolthoff  and Sandel l  (1952)  so that  their  equi l ibr ium 

vapor  pressures  ware within the range such that  only water  vapor  and 

hex- ' lydrate  could co-exis t  in  equi l ibr ium at  room temperature.  The crystals  

v/e  re  per iodical ly  crushed to  produce increasingly f ine powders .  This  proce

dure guaranteed more rapid equi l ibrat ion i i i  the  desiccators  and improved the 

thermal  contact  of  the samples  during the heat  capaci ty  measurements .  

Pr ior  to  the heat  capaci ty  measurements ,  por t ions of  the samples  were 
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analyzed chemical ly  as  a  check on the v/aters-of--hydrat ion concentrat ion.  

The analyses  wore performed under the  supervis ion of  Robert  Bachman of  

Analyt ical  Chemistry Group I .  The values  of  "n" in  RCl^-n H^O were found 

to  be:  6 .1-  0.1 for  R 5  Gd, .5 .9-  0 .1  for  R e  Tb,  5 .9-  0.1 for  R e  Ho,  and 

-I-
5.9—0.1 for  ,R = Lu. Other  port ions of  the samples  were converted to  the 

oxides  and submit ted to  Analyt ical  Services  Group I I  for  emission spectro

graph!  c  and to  Analyt ical  Group I I I  for  mass spectrograph!c analyses .  The 

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

Table 1 ,  Resul ts  of  emission spectroscopic  analyses  ( impuri t ies  in  PPM by 
wei  ght  

Element  GdpOg Tb^Oy Ho^Og Lu^O.^ 

Nd <100 
Sm <100 <200 
Eu <100 . <20 
Gd ' <200 
Tb <500 
Dy <50 <100 <150 
Ho <200 <100 
Er <500 160 
Tm . <200 <10 
Yb «50 ^17 
Sc <5 
Y <500 <50 <100 <10 

Fe <10 60 <50 <30 
A1 GO 50 10 10 
Ca <10 40 <10 200 
Si <10 <20 ' 40 145 
Ta <200 
Mg • <10 
Cu <10 
Ni • <10 
Cr <10 
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Table 2. Results of mass spectroscopic analyses (impurities in PPM, atomic) 

Element GdgOg Tb^Oy HogO^ LUgOg 

Be 0.5 2.0 0.7 
B 0.8 2.0 1.0 
F 7.5 9.0 5.0 
Na 6.5 2.0 5.0 
A1 3.5 4.0 7.0 
Si 45.0 30.0 40.0 
P 0.45 . 1.0 0.8 
S <2.0 <4.0 <0.7 
Cl 45.0 300.0 150.0 40.0 
K 1.5 4.0 0.6 0.4 
Ca 30.0 30.0 6.0 200.0 
So <1.0 <1.0 N.D. 1.0 
Ti <1.0 <1.0 <1.0 
V 0.25 <1.0 0.5 <0.3 
Cr 0.65 0.5 0.2 0.5 
Mn 0.35 0.5 Interference 0.4 
Fe 1.6 0.5 0.1 0.8 
Co 0.008 0.9 0.01 0.1 
Mi 0.27 . 0.3 0.1 
Cu 0.75 1.0 0.4 2.0 
Zn 10.05 0.5 0.2 2.0 
Ga <0.03 <0.1 <0.02 
Ge N.D. N.D. N.D. ' 
As <0.06 N.D. N.D. 
Se N.D. N.D. <0.2 
Br • N.D. N.D. <0.2 
Rb N.D. N.D. N.D. 
Sr N.D. N.D. N.D. 
Y 9.0 400.0 5.0 0.5 
Zr 0.7 N.D. <1.0 
Nb <3.0 <5.0 <1.0 -

Mo N.D. N.D. N.D. 
Ru 0.3 N.D. N.D. 
Rh N.D. N.D. N.D. 
Pd . N.D. N.D. N.D. 
Ag 0.02 N.D. 0.2 
Cd N.D. N.D. N.D. 
In N.D. N.D. N.D. 
Sn N.D. N.D. 0.7 
Sb N.D. N.D. N.D. 
Te N.D. N.D. N.D. 
I N.D. N.D. N.D. 
Cs N.D. N.D. 0.01 
Ba 0.25 0.6 0.1 
La 0.35 4.0 1.0 0.2 
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Table 2. (Continued) 

Element Tb**? . ^°2^3 ^"2^3 

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 
Tb M.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 IfO 

loG Lu 2.0 <5.0 0.3 
IfO 

loG 
Hf <0.5 N.D. 2.0 
Ta <1.0 0.4 6.0 
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. 
tl N.D. N.D. N.D. 
Pb 1.0 2.0 0.5 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 v/ith 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 components and of their relationships to one 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 calorimeterthe adiabatic shield 

control system, the thermometer and the sample heater, with their associated 

wiring and power sources, and the measurement station. This last part 

contains the potentiometer, with which the sample temperatures and sample 

heating data are measured. It also contains the timing apparatus which 

controls the heat added to the sample, and the various standard resistors, 

switches, voltage dividers, and circuitry which are necessary for the 

measurement. Skochdopole (1954) has described many of 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 installed specifically for use in making the measurements 

reported here. 

1. Calorimeter 

In general, three factors have contributed to a standardization of the 

design of low temperature calorimeters. These are, first, 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, limit the number of ways in which a basic design can be 

varied. Thirdly, the need for measurements of the highest practicable 

precision from a given laboratory and for the highest attainable degree of 

reproducibility among laboratories has resulted in the use of similar 

components and procedures 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 "calorimeter can" or simply "can" 
will mean the removable component directly containing the sample. 
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The calorimeter designed and built for this problem is of a widely 

used type described by Westrum e^ (1968)> and pictured in Figure 2 of 

their article. The resemblence to Figure 2 of the present work illustrates 

the degree of standardization which exists. Because of the ready avail

ability of descriptive material in the literature, (see also the monograph 

by White (1968)), this discussion will be limited to the details of interest 

with respect, to this particular 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 liquid nitrogen reservoir (A), a liquid helium reservoir (C), 

and economizer (B), a "floating ring" (D), (henceforth called "RING"), an 

adiabatic shield (E), a calorimeter can (F), and numerous radiation shields 

(G). Each of these components contributes specifically to the thermal 

isolation of the can containing the sample under study, and/or to the 

control of its temperature. In particular, they are all either gold- or 

chromium-plated to reduce radiative heat transfer. The liquid inlet and 

vent tubes are indicated as lines, as is the cable supporting the calori

meter can. The liquid 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 Westruni's apparatus, except for the 

electrical lead inlet. 

A bundle of 41 copper leads (BSS Gauge #34) enters the vacuum space 

through a seal consisting of two circular plates, between which are pressed 

two rubber "0-rings" in machined grooves. Approximately 2 meters of slack 

leads are helically wound in the vacuum space above the nitrogen 
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reservoir  (A).  The vn ' res  are thermally grounded to  the top and bot tom of  

(A)j  having been separated and glued with G.E.  7031 adhesive.  Electr ical  

insulat ion is  provided by S&S weighing paper,  v/hich i s  glued between the 

wires  and the component.  Radiat ion shielding is  provided by aluminum foi l ,  

which covers  the port ion of  the wires  in  contact  with the reservoir .  

Another  2  meters  of  slack leads are  interposed between (A) and (B).  The 

funct ion of  (B) i s  to  pro-cool  the leads before  they come into contact  with 

the hel ium reservoir  (C) .  The leads are  thermally grounded to  (B) and (C) 

in  the same manner  as  to  (A).  

Except  for  that  of  the vacuum jacket  and one shield^ the ent i re  weight  

of the calorimeter is suspended from the inlet and vent tubes of (A). The 

st rength requirements  placed on these l inos resul ts  in  considerable  heat  

transfer to  the ni t rogen tank and makes i t  necessary to  replenish the  l iquid 

dai ly .  The hel ium reservoir  and a l l  components  beneath i t ,  except  the can,  

are  suspended by a  network of  1!5-pound-test  nylon l ines  from (A).  Stainless  

s teel  rods were or iginal ly  used for  this  purpose,  but  their  presence 

res  I.I  1  ted in  a  heat  leak of  approximately 0 .1  ki localor ies  hour '" '  f rom (A) to  

(C).  Ashworth and Steeple  (1958)  has  recent ly  s tudied the var ious contr ibu

t ions to  ' leat  t rans  fer  in  calor imeters  of  th is  type.  The incorporat ion of  

some of  his  suggest ions into this  apparatus ,  including the l ining of  the 

inside of  the vacuum jacket  with aluminum foi l  has  decreased the heat  leak 

such that  one l i ter  of  l iquid hel ium las ts  approximately 23 hours .  This  .  

performance i s ,  in  view of  the laboratory 's  present  capabil i ty  to  recover  

the hel ium, satisfactory;  but  the basic  design of  the calorimeter can s t i l l  

be much improved in  this-respect .  For  example,  thermal  contact  between the 

shields  (G) and the reservoirs  to  which they are gounded can be improved as  

sungc: :  ted by Ashworth.  
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The e lectr ical  leads proceed from the  bot tom of  (C) to  (O),  around 

which they wrap approximately t imes and to  v/hich they are  thermally 

t ied.  Approximately 12 inches of  s lack are  interposed between (C) and (D).  

The purpose of  the RING (D),  i s  to  pre-warm the leads e i ther  to  the 

temperature  of  the adiabat ic  shield (E)  or  to  some other  temperature  a t  the 

opt ion of  the experimenter .  After  leaving the RING, the  leads go to the  
p 

middle of  the adiabat ic  shield (MASH) around which they are  non-induct ively 

wound and thermally t ied.  Figure 3  shows an exploded view of  this  port ion 

of  the calor imeter  in  detai l .  At  the bot tom of  the MASH the  bundle  of  

leads is  separated into two par ts .  Those wires  used for  thermocouple  leads 

pass  throuyh a small  hole  in  the MASH, whi le  the res t  are  at tached with 

low-thermal-e .m.f .  solder ,  (WIri to ,  1938) ,  to  copper  binding posts .  These 

binding posts, passing through the MASH, effectively separate the leads from 

one another  and provide points  of  a t tachment  inside the shield for  the 

heater  and thermometer  leads.  

From the binding posts ,  tv/o loads of  #38 copper  and one of  #36 manganin 

go to  the sample heater ,  wound in  hel ical  grooves on t r ;o  heater / thermometer  

shel l .  The la t ter  is  s ' lown on the r ight  in  Figure 3 .  (See a lso Figure 7 of  

Westrum's  ar t ic le  (1?68) .  Four  leads of  #38 copper  provide e lectr ical  

contact  between the binding posts  and the plat inum resis tance t l ierniometer .  

Several  Inches of  s lack in  the lead bundle  thermally separate  the heater /  • 

t ! iermvii :e ter  shel l  frcxi  the  shield.  Inside the shel l ,  the leads are  wound 

twice around and glued to  a  tube on the shel l  cover .  Approximately two 

^ 'The words MASH, TASII ,  and BASH wi l l ,  for  convenience,  be used to 
specify tiie three parts of the adiabatic shield, h'hile not universally 
accepted,  they are  suff ic ient ly  widely recognized to  just i fy  their  use.  
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additional inches of slack wire separate the cover from the thermometer. 

The heater is further isolated from the outside in that its leads are non-

inductively wrapped 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 assembly the leads are thermally 

tied or are soldered to other wires, they are similarly enameled and baked. 

The calorimeter can itself 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 because of the rapid deterioration of the surface 

of the solder at the melting temperature (about 140°C). Thermal contact 

between the can, the TASH, and ultimately the helium reservoir, is obtained 

by raising the former with the winch via a suspension line made of braided 

steel cable from a 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 attainable from a hand-held oxygen-propane torch 

for the minimum time necessary. This is routinely of the order of one second. 

With the exercise of some care this method is consistently successful. 
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Three mult iple  junct ion thermocouples ,  consis t ing of  manganin/Au-Fe/  

chromel-P/Au-Fe sect ions are  at tached between the MASH, TASH, and BASH and 

the corresponding par ts  of  the can.  Manganin was used in  preference to  

copper  because their  thermal  conduct ivi t ies  compare approximately as  1:400,  

a t  10°K. These thermopiles  serve to  monitor  the temperature  differences 

between the can and shield and are  the sensors  of  the adiabat ic  shield 

control  system, (e i ther  automatic  or  manual) .  A s imilar  thermopile  monitors  

the MASH-RING temperature  difference.  Other  thermocouples  of  the type 

Au-(2.1 At.%)Co/Cu enable  one to  monitor  the temperature  of  the shield with 

respect  to  that  of  the hel ium reservoir .  This  las t  is  especial ly  useful  

during l iquid hel ium t ransfers . '  

Heat is  introduced from the shield control  system to  the RING, MASH, 

TASli ,  and BASH via  heaters  of  1200,  1000,  3500,  and 3900 ohms res is tance '  

respect ively.  The ratios  of  these res is tances  were determined by the 

requiremeni;  that  a l l  shield components  heat  a t  the same ra te  for  the same 

vol tage across  each res is tor .  These res is tors  are  non-induct ively wound 

on their  respect ive components ,  under  the main body of  leads in the case of  

the MASH. In  order  to  insure uniform heat ing of  the components ,  the  heaters  

are  overwound near  the edges.  Another heater of  approximately 7 ' jO ohms i s  

wound on the  bot tom of  the hel ium reservoir  and is  used pr imari ly  to  melt  

sol id  ni t rogen,  fol lowing a  ser ies  of  measurements  during which that  

mater ia l  has  been used as  a  refr igerant .  

2 .  Adiabat ic  shield control  

Control  of  the temperature  of  the;  adiabat ic  shield re la t ive to that of  

t l ie  can may be maintained e i ther  manual ly ,  as discussed by Skocl idopole  



www.manaraa.com

38 

(1954), or semi-automatically. The semi-automatic system used in this 

research consists of four individual control channels, one for each of the 

shield components, including the RING. Each of the three main channels 

contains a Leeds and Northrup "M-line" deviation amplifier (Model #177258), 

an "M-line" controller (Model #177251), and a Kepco voltage-regulated 

D.C. power supply (Model #ABC 200M). The RING channel (Model #687293) 

contains similar components of Honeywell manufacture and has the capability 

that the deviation amplifier "zero" may be offset by any desired amount up 

to +45 millivolts. The pov^er 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, (10^ referred to the input), 

low-noise D.C. amplifier designed to reliably detect and amplify signals in 

the microvolt range, 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 by 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 terminals of the controllers. Similarly, the output 

voltages of the controllers are developed across the input terminals of-the 

Kepco units, and determine the power developed in the shield heaters. 

The controller units are amplifiers, the feedback circuits of which 

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

of the controller amplifier. When adjusted to a relatively "wide propor

tional band" setting, 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 relatively 

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 

approximately 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 strongly overheats relative to the 

can. Similarly at any temperature, if the difference thermocouples and/or 

heaters are not in sufficiently good thermal contact with their respective 

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 attenuation 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 lower right of 

the figure. Those from the A,C. line enter at the lower left. The differ

ence thermocouple leads are electrically shielded, as are the leads between 

the deviation amplifiers and the controllers. All of these shields are 

connected at a common point, to a good earth ground. The IK and 2.5K 

resistors between the controllers and the Kepco power supplies are necessary 

to minimize a "base" heater current which is inherent in the system. Their 

presence reduces the zero-level pov/er developed in each of the adiabatic 

shield heaters from about 5 milliwatts, which is significant, to about 

-3 
10" microwatts, which is not. The leads between the power supplies and 

the heaters are fused at 125 milliamps. Between the RING pov/er supply and 

its heater is interposed an isolating transformer. This serves to protect 

the silicon controlled 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 largely a function of the temperature range in which measurements are 

being made. In the range 4°K<T:^°K there is a strong tendency for the 

system to over-react as noted above. Quite acceptable control can be main

tained however, with "wide" proportional band settings and no reset attenua

tion. In the range 7°K<J<30°K the temperature of the shield fol 1ows that 

of the sample both at the beginning and at the end of a heating period. 

Shield control to within ±0.5 microvolts is maintained in this range by the 

gradual "narrowing" of the proportional band and the addition of reset con

trol with increasing temperature. The poorest control is observed in the 
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Figure 4. Wiring diagram of the semi-automatic adiabatic shield control 
system 
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range 30°K<T<80°K. This region is characterized by the shield temperature 

being out of step 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 last depends upon the thermal contact between the sample and the 

calorimeter can. Within this temperature range, the quality of the control 

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°i< the best control is observed. 

The control 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 bet//een 

the can and the surroundings per unit thermopile offbalance is approximately 

10 mi Hi joules minute"^ microvolt"^. 

3. Thermometer . 

As originally conceived, the calorimeter was 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 v/as to have been a miniature platinum resistor, to be used 
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in the range 10°K<T^300°K. At the time the thermometers were obtained, 

only three examples of the miniature platinum resistor were available. 

These were all made by the Minco Products Company. Gehring and Gerstein 

(1967) had studied the effect of thermal shocking to liquid 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, vjere placed 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 shield, 

and the calorimeter was used as a calibrating device. The calibrating 

procedure involved maintaining the temperature drifts at such a value that 

-3 
any two adjacent temperature measurements did not deviate by more than 10" 

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&H instrument. Each grouping of five sets thus measured constituted a 

calibration point. Such points were determined at five degree intervals in 

the range 20°K<T^0°K, and at ten degree intervals thereafter. 

The smoothness of the temperature dependence of the resistance of a 

thermometer is of major importance in calorimetry. A difference function 

of the form: 
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'"pt'.T /(Rp^)^. - gg. 

'"PT'T/ (Rp^)^, ~ 

was chosen to study this property for the Minco instrument. The subscripts 

refer to the Minco thermometer (PT), some standard (ST), whose resistance 

is known to vary smoothly with temperature, a fixed temperature (T'), such 

as 273°K, and some variable temperature (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°K:<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 normally 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 thermometer case. The construction of Minco #42 differs in that a 

length of Kovar wire connects one end of the platinum to the external leads. 

Thus, the Kovar is effectively a part of the temperature-sensing element. 

Appreciable strains probably develop within the seal and thus result in the 

unpredictable behavior of the thermometer. Since all of the available 

miniature platinum thermometers had the same design fault, they were useless 

F(R) ° 
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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  ca lor imetry .  This  made i t  necessary  to  e l iminate  the  germanium 

res is tor  a lso ,  because  of  the  s ize  of  the  o ther  avai lable  commercia l  

p la t inum uni ts .  

The thermometer  ac tual ly  used for  the  heat  capaci ty  measurements  was  

the  L&M ins t rument ,  employed in  the  Minco ca l ibra t ion.  Pr ior  to  i t s  being 

installed in the heater/thermometer assembly discussed earlier, determina

t ions  were made of  i t s  water- t r ip le-point  res is tance .  The resul ts  of  

these  determinat ions ,  in  terms of  the  ra t io  of  the  res is tances  of  25 and 

100 ohm s tandard res is tors ,  were  compared to  the  resul ts  f rom the  previous  

measurement  of  another  N.B.S.  ca l ibra ted  thermometer .  The ra t ios  agreed 

to  wi thin  bet ter  t l ian  0 .01%. This  measurement  served as  a  check on the  

stabi l i ty  of  the  thermometer  over  a  per iod of  t i i i ie> and as  a  guarantee  tha t  

i t  had not  suffered from mechanical  or  thermal  shock s ince  i t  had bean 

ca l ibra ted .  

4 .  Potent iometer  

Skochdopole  (1954)  has  descr ibed the  c i rcui t ry  which in terconnects  

the  thermomster ,  the  sample  heater ,  the i r  respect ive  power  ources  and 

regula t ing devices ,  and the  potent iometer .  Therefore ,  th is  informat ion 

wi l l  not  be  d iscussed in  deta i l .  A cne  or  four  mi 11iamp current ,  constant  
c 

to  the  order  of  a  par t  in  10 ' ,  i s  suppl ied  to  the  thermometer  by three  

Hi l lavd bat ter ies .  The choice  of  the  magni tude or  the  current  i s  a t  the  

opt ion of  the  exper imenter .  The current  t i i rough the  thermometer  and the  

vol tage  drop across  i t  are  measured wi th  a  potent iometer  of  a  type  suggested 

by White (1914a, 1914b) and designed and built by the Leeds and Northrup 

Company, . j 
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lu  general  i t  i s  des i rable  for  a  potent ionie t r ic  measuring circuit to  

have certain character is t ics  such as :  (a)  the  exis tence  of  no undetermined 

res is tances  in  the  measur ing dials ,  (b)  the  occurrence  of  no change in  the  

res is tance  in  ser ies  wi th  the  battery ( to  wi thin  one par t  in  10^)  due to  

a  change in  the  d ia l  sett ings ,  (c)  a  constant  ( to  wi thin  0.5%) res is tance  

in  the  galvanometer  c i rcui t ,  (d)  thermal  e .m.f . ' s  in  the  galvanometer  

c i rcui t  which are  re la t ively  smal l  and insensi t ive  to  the  measur ing d ia l  

se t t ings  and (e)  a  potent iometer  res is tance  which i s  opt imal  wi th  respect  to  

its effect on the galvanometer sensitivity. In this work it is necessary 

to measure two different voltages of approximately equal magnitude on a 

s ingle  se t  of  potent iometer  res is tors .  These  vol tages  may be ,  for  example ,  

the  potent ia l  drop across  the  thermometer  and tha t  across  a  s tandard 

res is tor  in  the  thermometer  current  ci rcui t .  Moreover ,  these  measurements  

a re  made a l ternate ly  a t  hal f -minute  in tervals .  Obviously ,  in  order to  avoid  

the  great  oppor tuni ty  for  er ror  involved in  changing the  se t t ings  of  each 

oF four  d ia ls  twice  a  minute ,  i t  i s  des i rable  to  be  able  to  use  the  s ingle  

mot ion of  a  dcuble- throw switch to  accomplish  the  c l iange.  The des ign of  

the  White  double  potent iometer  i s  such that  i t  displays  the  s ta ted  char

ac ter is t ics  plus  severa l  o thers  which,  taken together ,  make i t  qui te  wel l  

su i ted  to  the  purpose  a t  hand.  

Figure  S  i l lus t ra tes  the  development  of  some oP the  pr incipal  fea tures ,  

of  t i r i s  ins t rument .  Par t  (a)  represents  a  s imple  potent iometer  c i rcui t .  

The symbols  s tand for  the  potent iometer  bat tery  (CA),  the  unknown vol tage  

(e) ,  and the  standard cel l  (e^) .  Two a l ternat ive  ways  of  ar ranging the  

measuring dia ls  are  shown in  part  (b) .  In  th 'e  a r rangement  on the  le f t ,  the  

bat tery  c i rcui t  i s  not  affected by the  contact  res is tance ,  but  the  ef fect  of  
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Figure 6. Seine of the principal features of the White double potentiometer 
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thermal  e .m.f . ' s  wi l l  be  seen in  the  galvanometer  c i rcui t .  In  the  ar range

ment  on the  r ight ,  the  contacts  are  in  the  bat tery  c i rcui t ,  where  the  

thermal.e.m.f.'s are in series with the relatively large battery voltage, 

hence negl ig ible .  The contact  res is tance  wi l l ,  however,  effect  the  bat tery  

current .  For  th is  reason,  the  swi tches  on the  r ight  must  bo of  a  h igh 

qual i ty  re la t ive  to  those  on the  le f t .  In  e i ther  arrangement ,  i t  i s  neces

sary  to  add compensat ing res is tors  so  that  the  res is tance  in  the  c i rcui t  

conta ining the  contacts  remains  constant  for  any d ia l  se t t ing.  These  are  

shewn in  par t  (c) .  Also in  par t  (c) ,  i t  has  been indicated how two potent io

meters  of  the  type shewn in  par t  (b)  are  jo ined to  form a  "combinat ion"  

potent iometer .  A "combinat ion"  potent iometer  becomes a  "double"  potent io

meter  when provis ions  are  made for :  (1)  two independent  se ts  of  d ia ls  upon 

which the  value  of  tv/o  independent  vol tages  may be  se t  and (2)  a  way of  

swi tching the  potont icmeter(s)  between them.  The diagram suggests  how 

these  two requirements  are  met .  The galvanometer  and the  potent iomei ;er (s)  

a re  exchanged between the  two vol tages  to  be measured by means  of  a  s ix-pole ,  

two-throw master  swi tch ,  which i s  not  shown.  The connect ions  jo ining the  

measur ing d ia ls  (e)  and the  galvanometer  a re  ac tual ly  routed t l ; rough t ï r i s  

swi tch ,  ra ther  than as  shown in  the  f igure .  The complexity  of  the  c i rcui ts  

i s  such t ! ia t  the  essent ia l  features  tend to  become los t  in  diagrams of  

greater  deta i l .  Also ,  such deta i l  i s  readi ly  avai lable  in  the  or ig inal  

papers  by White  (1914a,  1914b)  and in  the  L&N publ ica t ions  concerning the  

White  potent iometers .  Several  advantages  exis t  for  the  potent iometer  

ar rangement  in  par t  (c) .  The lower  potent ierneter  may have a  bat tery  c i rcui t  

A t 

res is tance  of  the  order  of  2x10 o'tms without  af fec t ing the  galvanometer  

sensitivity. The lower dials thus tend nut to cause problems 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 99,990 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 double 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 approximately the same sensitivity. This 

simplicity is important for the relative directness with which difficulties, 

when 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 (the l.u salt) 

were begun, it had become necessary to dismantle and clean this switch 

prior to each day's run. At that time, another instrument had become 

available. This one, having an L&N serial #770299 was auto-calibrated and 

used to finish the set of heat capacity measurements. 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 (1958) have published a detailed review of current 

practice in adiabatic low-temperature calorimetry. Skochdopole (1954) and 

Gerstein (1960) have described the techniques used in 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 preparing 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 repetitious. 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 quantity oF the sample plus a quantity of dry 

helium at 2 cm Hg pressure and 298°K 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 is inserted into the 

calorimeter, as described in the previous section, and the heater/ther

mometer assembly and thermocouple junctions attached. All 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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cont inuously  moni tor ing the weight  of  the  Ccwi, the sol  ( 'or ,  the  t l icrmal  

contact  grease ,  and any o ther  par t  of  the  addenda that  might  c l iangn as  a  

result of handling. 

The heat  capaci ty  (v ide  infra)  associa ted  vnth  the  mean temperature 

of the interval |T.j, "L] is (Westrum. et ç].. 1968). 

-  C = (6)  

' 2  -  ' 1  

i 'o i -  the  sys tem consis t ing of  sample plus  addenda,  C i s  determined between .  

any tv;o  temperatures  by in t roducing heat  in  the  form of  a  measured amount  

of  e lec t r ica l  energy and observing the  resul tant  temperature  change.  One 

such determinat ion const i tu tes  the  measurement  of  one data  point .  During a  

determinat ion,  the  sys tem i s  t l iermal ly  i so la ted  from i t s  surroundings  by 

the  ca lor imeter ,  in  par t icular  the  vacuum sys tem,  and by the  adiabat ic  

sh ie lds  which i s  kept  a t  the  same temperature  as  the  surface  of  the  can.  

In  genera l»  adiabat ic  condi t ions  are  not  perfect ly  maintained because  of :  

(1)  the  exis tence  of  temperature  gradients  a long the  leads  and a long the  

shie ld  and can surfaces ,  (2)  ext raneous  thermal  e . in . f . ' s  in  the  shie ld  

control  thermocouple  circuits»  which resul t  in  non-zero  temperature  

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

mometer ,  which i s  essent ia l ly  constant  over  a  ser ies  of  samples  and i s  

therefore  a  part  of  the  addenda,  and (4)  heat  in t roduced to  the  can v ia  the  

winch l ine ,  a  constant  in  the  same sense .  These  imperfect ions  appear  as  

regular  var ia t ions  in  the  sample  temperature v/ i th  t ime.  These  temperature  

"dr i f t s"  are  measured and are used in  the  determinat ion of  T- |  and Tg,  the  

"initial" and "final" temperatures at the middle of the heating period. 
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Specifically, the voltage drops across the thermometer and across a stan

dard resistor in series with it are observed typically for six minutes 

prior to the introduction of heat, and again for six minutes after the 

return of the system to a steady state, following heating. The "final" 

drift of a given data point is the "initial" drift of the following point. 

Temperature 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 

resistor 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 heating period. That is, comparisons have 

been made between the heat input values 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 former 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 1953 by M. K. Rhyne of the Ames Laboratory Computer Services Group. As 

an example of the data treatment, the computer converts the thermometer 

voltage and resistance data to temperatures and least-squares fits the 
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temperature- l ime points  for  a  given temperature  dr i f t  to  a  s t ra ight  l ine .  

I f  the  mean devia t ion of  the  data  f rom the  l ine  i s  greater  than that  which 

would  lead to  an er ror  in  AT of  one l ia i  F the  expected exper imenta l  e r ror ,  

the  machine  may leas t -squares  f i t  the  dr i f t  as  a funct ion of  temperature  to  

the  two dr i f t s  on e i ther  s ide  of  the  dr i f t  in  quest ion.  The performance of  

th is  las t  opera t ion i s  a t  the  discre t ion of  the  exper imenter .  The tempera

tures  a t  the  midpoint  of  a  heat ing per iod are  determined on the  basis  of  

the  in i t ia l  and f inal  dr i f t s  and the  t ime between midpoints .  The "mean" 

heat  capaci ty  (equat ion 5)  of  t l ie  sample  a t  a  given temperature  i s  then 

ca lcula ted  From the  measured heat  input  and temperature  change,  the  pre

viously  determined addenda heat  capaci ty ,  and the  known weight ,  corrected 

to  vacuum,  of  the  sample .  

To the  extent  tha t  the  heat  capaci ty  i s  l inear  in  temperature  over  a  

suff ic ient ly  smal l  temperature  in terval ,  the  mean heat  capaci ty  i s  approxi

mately  equal  to  the  t rue  heat  capaci ty :  

( l lo ie  constant  pressure ,  to  which the  exper imenta l  condi t ions  provide  a  

suff ic ient ly  good approximat ion,  has  been speci f ied . )  Methods  exis t  

(Westrum,  e t  aX-,  1960)  for  the  correct ion of  che  mean heat  capaci t ies  for  

the  "curvature" effect ,  and are  fvcquent ly  appl ied ,  especia l ly  In regions  

of  re la t ively  rapid  change in  the  s lope of  the  heat  capaci ty  as  a  funct ion 

of  temperature .  One of  the  cr i ter ia  for  choosing a  given sample  heat ing 

current ,  pr ior  to  the  s tar t  of  a  run,  i s  the  des i red  value  of  AT.  For  

regions  of  the  heat  capaci ty  curve  in  which there  i s  no anomalous  behavior .  
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and for which varies sufficiently slowly with temperature, AT is 

routinely chosen to be of the order 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 curve values are 

obtained from a spline-fit curve. Graphical 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 ±0.1% in the range 

50°W<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. 

Sy = /^C_/T dT (8) 
' 0 P 

- Wg . dT (9) 
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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 

grams. The heater/thermometer assembly weighed approximately 15 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 sample 

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 of 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 

measurements was ±0.1% of Q/AT, except as previously noted. The precision 

of the data within a single set of measurements was of the order of several 

hundredths of a percent. This difference between the precision of the 

individual data sets and the over-all precision is possibly due to the 

anomalous behavior of the heat capacity of Apiezon-T grease in the tempera

ture region above ZOO^K, (Westrum et , 1967). The addenda contained 

approximately 70 milligrams of this material, as noted above. The differ

ence was found to be not related to the magnitude of the sample heating 

current, the behavior of the adiabatic shield control, variations in the 

cleanliness of the measuring circuit switches, or variations in the addenda, 

aside from the grease. The reproducibility of the thermometer is such as 
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-1 
Table  3 .  Experimental values  of  Q/AT for  the addenda ( joules  deg."  )  

T(°K) Q/AT T(°K) Q/AT 

0 0.000 •  45  12.081 
1 0.002 46 12.649 
2 0.004 47 13.228 
3 0.008 48 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 (rJ36 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 0.821 62 21.778 
18 0.971 63 22.321 
19 1.137 54 22.858 
20 1.325 65 23.392 
21 1.535 66 23.916 
22 1.763 67 24.424 
23 2.016 68 24.932 
24 2.288 59 25.422 
25 2.583 70 25.908 
26 2.904 71 26.381 
27 3.242 72 26.851 
28 3.601 73 .  27.317 
29 3.982 74 27.784 
30 4.381 75 28.250 
31 4.800 76 28.705 
32 5.242 77 29.160 
33 5.698 78 29.608 
34 6.169 79 30.053 
35 6.650 80 30.484 
35 7.148 81 30.918 
37 7.662 82 31.346 
33 8.190 83 31.765 
39 8.721 84 32.174 
40 9.270 85 32.576 
41 9.817 86 32.970 
42 10.375 87 33:355 
43 10.936 . ' 88 33.737 
44 11.509 ,  89  34.100 
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Table 3. (Continued) 

T(°K) Q/AT T(°K) Q/AT 

90 34.459 185 51.776 
91 34.803 190 52.175 
92 35.147 195 52.549 
93 35.483 200 52.909 
94 35.808 205 53.257 
95 36.133 210 53.583 
95 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 43.848 260 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 
155 48.685 290 57.307 
160 49.293 295 57.465 
165 49.863 300 57.618 
170 50.390 305 57.762 
175 50.090 310 57.902 
180 51.348 315 58.029 

to  be  unre la ted  to  observed ef fec t .  Mul t ip le  measurements of  the heat 

capacity of a given sample have confirmed the general ±0.1% reproducibility 

of  the  data .  

2 .  Benzoic  ac id  

The heat  capaci ty  of  about  0 .43 moles  of  1949 Calorimetry Conference • 

s tandard  benzoic  acid V/ .ÀS measured as a  check on the operat ion of  the  

ca lor imeter .  The exper imenta l  values  of  Q/AT and oF Q/AR are  l i s ted  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°K. 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 smoothing 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 lieat 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 (1965). The latter authors claim a ±1% accuracy in 

their results over the temperature range from 10°K to 80^K using germanium 

thermometry. The precision of the present measurements is as indicated in 

the figure. Below about 50°K the precision deteriorates rapidly with 

decreasing temperature because of the decreasing sensitivity of the platinum 

thermometer. At 20, 12, 10 and S^K the precision is of the order of ±0.5, 

±2, ±5 and ±20% respectively. 

3. GdClg'GHgO 

The crystals were prepared as discussed in the previous chapter. 

Prior to the loading 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 GdClg-GHgO upon which 
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Table 4. Experimental values of Q/AT for benzoic acid (joules deg."^) 

)ck no. Tave(°K) • Q Q/AT AR Q/AR '^ave 

394 6.181 0.385 0.261 
411 6.236 0.073 0.290 - - -

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 - • — 

415 8.300 0.247 0.644 - - • — 

396 8.437 0.643 0.597 - - -

417 8.638 0.256 0.779 - -

418 8.978 0.276 0.849 — -

397 9.272 0.733 0.970 - — 

419 9.281 0.294 0.950 M -

420 9.580 0.303 1.035 — ' 

421 9.847 0.315 1.139 -

398 
422 

9.999 
10.112 

0.850 
0.339 

1.229 
1.216 

- - -

423 10.401 0.412 1.303 » -

424 10.702 0.443 1.418 — •— — 

399 iq.717 1.092 1.448 0.0023 483.186 0.0224 
425 11.049 0.585 1.554 0.0015 382.353 0.0236 
426 11.442 0.659 1.656 0.0011 621.698 0.0249 
400 11.531 1.498 1.762 0.0030 491.148 0.0251 
427 11.890 0.951 1.864 0.0020 463.902 0.0264 
401 12.417 1.936 2.163 0.0041 4/5.676 0.0287 
428 12.465 1.353 2.145 0.0029 471.429 0.0289 
402 13.434 3.179 2.874 0.0064 495.171 0.0340 
403 14.944 5.173 3.405 0.0122 424.016 0.0447 
404 16.434 6.258 4.292 0.0156 401.795 0.0586 
405 17.984 8.615 5.264 0.0228 377.851 0.0778 
430 19.668 3.185 6.418 0.0089 359.887 0.1038 
406 19.732 12.047 6.469 0.0336 358.542 0.1060 
431 21.288 20.904 7.609 0.0607 344.496 0.1385 
407 21.724 16.843 7.946 0.0493 341.643 0.1474 
408 24.009 23.851 9.755 0.0730 326.726 0.2086 
432 24.068 27.582 9.800 0.0845 326.414 0.2111 
433 27.016 37.936 12.299 0.1203 315.607 0.3134 
434 30.490 59.686 15.436 0.1925 310.057 0.4698 
435 34.131 . 64.557 18.889 0.2076 310.968 0.6698 
438 37.528 74.786 22.153 0.2324 321.799 0.8937 
437 41.131 98.125 25.612 0.3009 326.105 1.1606 
438 45.265 131.325 29.573 0.3858 340.397 1.5038 
382 49.313 9T.551 33.392 ' 0.2564 357.063 1.8665 
383 52.535 134.274 36.320 0.3611 371.847 2.1754 
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Table  4 .  (Cont inued)  

Block no. :ave(°K) Q Q/AT AR Q/AR '\ve 

385 57.120 219.928 40.334 0.5479 401.402 2.6402 
386 62.599 247.270 44.954 0.5839 423.480 3.2064 
387 68.234 283.895 49.279 0.6254 453.941 3.8116 
388 74.409 353.223 53.628 0.7241 487.810 4.4864 
357 81.188 301.267 58.183 0.5742 524.673 5.2347 
358 86.516 336.066 61.508 0.6050 555.481 5.8249 
359 92.379 404.576 64.698 0.6935 583.383 6.4774 
360 99.342 522.660 68.166 0.8461 617.728 7.2474 
361 108.266 735.573 72.288 1.1157 659.293 8.2286 
362 119.598 962.347 77.081 1.3582 708.546 9.4657 
363 131.737 963.554 81.726 1.2728 757.035 10.7812 
354 143.260 964.630 85.730 1.2065 799.528 12.0208 
365 151.601 480.386 88.431 0.5797 828.680 12.9140 
367 157.364 539.012 90.345 0.6293 856.528 13.5253 
368 163.760 628.741 92.319 0.7222 870.591 14.2071 
369 172.709 1051.180 94.891 1.1694 898.905 15.1533 
370 184.371 1201.895 98.207 1.2850 935.328 16.3809 
371 196.769 1276.132 101.620 1.3116 972.958 17.6792 
440 206.846 1355.591 104.320 1.3517 1002.879 18.7296 
372 210.304 1527.696 105.273 1.5076 1013.330 19.0888 
441 220.722 1596.364 108.052 1.5289 1044.126 20.1691 
373 224.562 1528.516 109.098 1.4479 1055.678 20.5663 
442 235.241 1597.377 111.911 1.4698 1086.799 21.6678 
374 238.342 1529.544 112.841 1.3943 1168.099 21.987/ 
443 249.957 1758.065 115.899 1.5544 1131.025 23.1793 
376 254.441 1527.324 117.085 1.3343 1144.663 23.6339 
445 264.847 1755.627 119.743 1.4956 1173.861 24.7019 
377 237.302 1526.403 120.416 1.2923 1181.152 24.9525 
4'16 2/9.282 1/54.289 123.338 1.4448 1214.209 26.1604 
378 279.803 1526.118 123.762 1.2522 1218.749 26.2246 
379 292.026 1533.882 126.773 1.2248 1252.353 27.4636 
447 293.277 1754.935 126.973 1.3981 1255.228 27.5899 
3C0 3G3.9G2 1534.081 129.877 1.1911 1287.953 28.6693 

i r^as i i remeni^  were was 0.2903 moles. 

T!:o  exp '  a r :menta l  values  of Q/AT for GdCl^ -6!IgO a re  listed in  Table 5; 

The :;rnoc;:h,e(l vurve heat  capacities and the  ca lcula ted  thonnodynani lc  func-

'-tWs are listed in Tables 9 and 10. Tablé 9 contains only the lattice 
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Figure 7. Difference function relating the present and some previously published benzoic acid heat 
capacities 
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Table  5 .  Exper imenta l  va lues  of  Q /AT for  GdCl^-GHgO ( joules  deg."^)  

Block no. TavefOK) Q/AT 

489 4.8706 0.1134 
503 5.1611 0.1223 
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 0.8842 
508 10.0801 0.9058 
497 10.7435 1.0445 
509 10.8519 1.0572 
498 11.6022 1.2758 
510 11.6895 1.2847 
511 12.4622 1.5796 
499 12.6487 1.6177 
512 13.2476 1.8393 
500 . 13.8997 2.1240 
513 14.1407 2.2386 
501 15.2973 2.7535 
514 15.4297 2.8275 
515 17.1538 3.7012 
524 17.8442 4.0822 
516 18.5806 4.5277 
525 19.6798 5.1842 
517 19.9475 5.3593 
526 21.5211 6.4244 
518 21.7465 6.5735 
527 23.5582 7.9428 
520 23.6806 8.0254 
528 . 25.4041 9.4242 
521 25.5673 9.5602 
529 27.1141 10.8981 
522 27.6115 11.3357 
530 29.2521 12.8582 
541 29.4779 13.0815 
531 31.7841 15,3600 
542 32.3966 15.9822 
532 34.6416 18.3519 
543 35.4672 19.2420 
533 37.7150 ' 21.7158 
544 38.4569; 22.5322 
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table  5 .  (Cont inued)  

Block no. Tave(°K) Q/AT 

534 40.8577 25.2385 
545 41.4364 25.8930 
536 43.9020 28.7337 
546 44.6551 29.5970 
537 46.7703 32.0677 
547 48.7110 34.3273 
538 49.7717 35.5940 
550 52.4673 . 38.6595 
539 53.1580 39.4475 
559 53.3279 39.6316 
548 53.4614 39.7969 
551 56.7442 43.4965 
560 58.9624 45.9727 
552 61.4050 48.6940 
561 65.1650 52.6994 
553 66.3525 53.9473 
562 71.7433 59.2648 
554 71.9178 59.4583 
563 78.0808 65.3051 
476 82.4385 69.2645 
564 86.1924 72.5845 
477 92.4151 77.5617 
565 96.2634 80.4306 
478 102.0440 84.5502 
465 109.7291 89.7289 
479 " 111.6564 91.0135 
480 121.3601 97.0190 
466 121.9/13 07.3694 
481 131.1454 102.6147 
467 133.3543 103.8305 
482 141.4130 107.9769 
468 144.1049 109.3708 
/m3 152.3276 113.2878 
'169 155.0613 114.5585 
484 163.6530 118.3142 
470 166.4227 119.5520 
485 . 175.5392 123.2886 
471 178.1720 124.3638 
487 187.6172 127.9271 
473 191.4716 129.2781 
449 199.2222 132.0813 
474 205.6173 134.0602 
450 209.2581. 135.3429 
452 . 220.5283' 139.0558 
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Table  5 .  (Cont inued)  

Block no.  To,ve(°« Q/AT 

458 229.7831 141.8882 
453 233.1807 142.8525 
459 244.3041 146.1097 
454 247.3823 146.9542 
460 258.9868 150.1583 
455 261.7669 150.8106 
461 273.2742 154.0647 
456 275.7859 154.4482 
462 287.2051 157.6248 
464 301.3355 161.0463 

contr ibut ions .  Table  10 conta ins  the  contr ibut ions  f rom the  la t t ice  and 

-Î-3  
from an approximat ion to the  crys ta l  f ie ld  spl i t  ground s ta te  of  the  Gd 

ion  in  th is  crys ta l .  The topic  wi l l  be discussed in  another  sec t ion.  

Figure 3 shows the smoothed curve heat capacity. To within the scale of 

the figure, the shape of the curve is characteristic of the four samples 

s tudied.  

4 .  ThCl^/GH^O 

In  order  to  minimize  the  uncer ta in ty  in  the  determinat ion of  the  

magnetic contribution to the heat capacity, it is desirable to keep the 

number  of  moles  of  sample  constant  over  a  ser ies  of  samples .  The quant i ty  

of  TbClyGHpO used matched tha t  of  the  previous  sample  to  wi thin  less  than 

10"^ moles .  

A s tandard pract ice  during the  heat  capaci ty  measurements  of  the  

hydrated samples  was  the  examinat ion of  the  temperature region above 200^K 

for  a  "water  bump" such as  tha t  observed by Gers te in  (1960) .  This  
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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 is sensitive to quantities of excess water that consti

tute several hundredths of a percent of the sample weight. 

Table 6 lists the experimental values of Q/AT for TbClg'GHgO. Table 

11 contains the smoothed curve heat capacities and the thermodynamic func

tions. 

5. HoClg'GHgO 

The quantity of this sample used in the heat capacity measurements 

was 0.2910 moles. 

Tables 7 and 12 list the experimental and the smoothed curve values 

for Q/AT and C respectively. In the temperature region below 50°K there 
P 

was generally good agreement between these results and those of Pfeffer 

(1961a). Figure 9 shows the heat capacity data below 20^K. 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 lOO^K 

is quite insensitive to the occluded water in his crystals. 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°K are probably more 

accurate than mine. 
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Table 6. Experimental values of Q/AT for TbCl^-GHgO (joules deg.~^) 

Block no. rave(°K) Q/AT 

630 
673 
631 
674 
675 
632 
676 
633 
677 
609 
610 
611 
678 
612 
635 
613 
679 
614 
636 
680 
615 
637 
617 
681 
618 
638 
619 
640 
620 
641 
621 
642 
622 
623 
643 
624 
645 
625 
646 
626 

4.3883 
4.5177 
4.6520 
4.7088 
4.9770 
5.0139 
5.4244 
5.7112 
6.0942 
6.4422 
G.5671, 
6.9011 
7.0129 
7.3910 
7.8838 
8.0897 
8.2041 
8.8508 
9.2278 
9.5019 
9.6461 

10.5219 
10.5547 
10.9372 
11.5530 
11.6947 
12.5472 
12.9429 
13.6932 
14.5570 
T5.1828 
16.6378 
16.6709 
18.2692 
18.8437 
19.9433 
20.2951 
21.5709 
22.2187 
23.4211 

a 

0.6122' 
0.5451' 
0.5592 
0.6792 
0.7452 
0.7152 
0.7265 
0.7194 
0.7104 

-1.2833 
0.8481, 
0.7723* 
0.7841 
0.8611 
0.8280 
0.8631 
0.9129 
0.9887 
1.0767 
1.1565 
1.1918 
1.3560 
1.3746 
1.4489 
1.6428 
1.6652 
1.9663 
2.1403 
2.4681 
2.8737 
3.1915 
3.9842 
4.0035 
4.9608 
5.3302 
6.0713 
6.3115 
7.2477 
7.7363 
8.7147 
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Table  6 .  (Cont inued)  

Block no. TgygfOK) q/AT 

647 24.5825 9.6637 
627 25.6125 10.5687 
648 27.4799 12.2479 
628 28.1598 12.8857 
649 30.9101 15.5942 
655 32.8676 17.6212 
650 34.8314 19.7508 
056 35.7290 20.7336 
651 39.1721 24.5867 
652 43.6623 29.7420 
658 44.5986 30.8339 
653 48.0231 34.8444 
659 49.6577 36.7583 
666 52.8253 40.4056 
661 55.1377 43.1553 
667 57.8555 46.1173 
662 61.1232 49.7785 
668 62.5501 51.3501 
669 67.6077 56.6765 
653 68.0549 57.1102 
670 73.2341 62.1820 
664 75.2686 64.1295 
671 79.1144 57.7C59 
564 . 80.5355 69.0864 
539 80.7539 59.2882 
565 87.0058 74.8223 
590 88.3203 75.9187 
585 93.4708 79.9155 
592 95.4771 82.1441 
567 100.2223 84.8151 
593 105.1677 S8.2835 
558 107.7205 89.9573 
594 115.7554 95.1219 
559 116.1796 95.3527 
570 125.4167 100.8557 
595 127.5975 102.0741 
571 135.4274 105.3225 
597 138.8457 i08.G598 
572 145.3526 111.7940 
598 150.1279 113.6034 
574 157.4741 116.8535 
599 151.5456 , 118.7259 
575 168.7498. 121.5100 
500 173.3766 123.5535 
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Table  6 .  (Cont inued)  

Block no. T,wa(°K) Q/AT 

577 180.2457 126.0710 
601 185.3618 128.1064 
578 191.3097 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 145.3078 
582 243.8414 146.1432 
684 249.8458 148.1163 
607 253.9391 149.3893 
583 253.4392 150.3124 
685 264.4146 152.0079 
585 272.5034 153.9804 
686 278.6248 155.7130 
586 286.4124 157.5419 
587 300.1072 160.9753 

Table 7 .  Expérimental  values  of  Q/AT for  HoCl^-6H^0 ( joules  deg."^)  

I ock no.  'ave( °K) 

m. 
773 
774 
752 
775 
753 
754 
776 
730 
731 

4.5107 
4.6683, 
5.0103 
5.2824 
5.3542 
5.4457 
5,6341 
5.9582 
6.0607 
6.1693 

2.1349" 
1.1473 
1.2767^ 

,3409* 
:5055 
.9498 
.1378 
.6103 

0.8634 
1.4577 

a 

^Rejected. 
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Table  7 .  (Cont inued)  

Block no. 7ave(°K) Q/AT 

755 6.1699 1.5438 
732 6.4803 1.8093 
777 6.6273 1.6988 
733 6.9136 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 
779 8.2666 2.1355 
736 8.8752. 2.2636 
758 9.1845 2.3522 
780 9.3560 2.2457 
737 9.7784 2.5468 
781 10.6914 2.5764 
759 10.7607 2.6243 
738 10.9234 2.6284 
739 12.2514 2.9668 
760 12.6179 3.0731 
740 13.6957 3.4294 
761 • 14.4140 3.6990 
741 15.1851 4.0280 
763 15.7732 4.2907 
742 16.7049 4.7124 
764 17.0633 4.8802 
743 18.2946 S.5248 
765 18.6619- 5.7206 
744 20.0629 6.5514 
766 20.9661 7.1277 
745 22.1052 7.8940 
767 23.7064 9.0760 
746 24.5427 9.7172 
768 26.2211 11.0950 
747 27.2493 11.9761 
748 30.0287 14.5301 
783 31.3070 15.7760 
770 31.6684 16.1294 
749 32.6382 17.1221 
784 34.0231 18.5651 
750 35.1539 19.7626 
785 37.2707 22.0620 
795 40.2614 25.3791 
786 41.0939 ' 26.3335 
796 42.9470, 28.4250 
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Table  7 .  (Cont inued)  

Block no.  —
i O

 

Q/AT 

704 254.8687 148.8181 
726 265.6401 151.6689 
705 272.6963 153.4328 
727 282.1611 155.8262 
705 291.0903 158.1034 
728 298.2510 159.8611 
707 305.8774 161.7753 

6. LiiClg-eilgO 

Tables  8  and 13 l is t  the experimental and smoothed curve results for 

this salt. The sample was changed several times because of known or 

suspected contaminat ion.  Only the third sample contr ibuted to  the resul ts  

presented here.  This  sample consis ted of  0.2905 moles of  LuCl^-SH^O. 

Several  unusual  difficulties were encountered during the measurement 

of  the heat  capaci ty  of  th is  sal t .  The one involving the potent iometer  

has  been discussed in  an ear l ier  sect ion.  In addi t ion to ,  but  independent  

of  this  problem, the heat  capaci ty  displayed anomalous behavior  in  the 

temperature region above 275^K. The anomaly took the form of  a  sharply 

dofi , ;Kisj  bump in  the heat  capaci ty  curve,  extending from about  279°K to  

beyond 28U^K. The heat :  capaci ty  in  the region 240'^K to  300^K is  shown in  

r igure 10.  

Ini t ia l  measurements  v; i th  the t lvird sample,  involving AT's  large 

compared to  the temperature  range of  the anomaly,  suggested the cause to  

be excess  water .  In  accordance with the procedure developed by Gerstein 

(1960)  for handl ing such a  s i tuat ion,  some water  was pumped from the 
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Figure 9. Heat capacity of HoCl^'ôH^O in the temperature region below 20 

\. 
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Figure 10. Heat capacity of LuClg-GHgO in 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 caused no significant 

change in the heat capacity. The data points in Figure 10 designated 3-A 

were measured before, and those designated 3-B were measured after the 

pumping. 

Further heat capacity measurements, made in order to resolve the 

shape of the bump, plus chemical analysis of the sample (previously men

tioned), established that the bump was most likely not due to occluded 

water. Additional steps taken to find the cause will be discussed in a 

later section. 

The enthalpy under the bump 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, was subtracted from the measured Q-value of this single 

heating period. The uncertainty in the enthalpy is due to the difficulty 

involved in making the extrapolation accurately. The entropy involved in 

the anomaly is less than 0.3 joules mole"^deg."^. 

8. Magnetic Heat Capacities 

The rare earth ions in the Tb and Ho salts studied in this work have 

ground electronic states which are non-degenerate in the crystalline 

2S+1 
electric fields within which the ions are situated. The nominally Lj 

ground states may split into as many as (2J+1) singly degenerate levels. 
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Table 8 .  Experimental  values  of  Q/AT for  LuCl^ 'SH^O ( joules  cleg."^)  

Block no. Taue(°K) Q/AT 
clV6 

885 5.2159 0.0845 
886 5.4621 0.0709 
887 5.7276 0.0674 
888 6.0198 0.1402 
889 6.2143 0.1254 
890 6.4708 0.2045 
891 6.7769 0.2237 
892 7.0986 0.2288 
893 7.4323 0.3094 
894 7.7509 0.3660 
895 8.1213 0.4262 
896 8.5721 0.5109 
897 9.1278 0.6320 
898 9.8174 0.7933 
899 10.6360 0.9676 
201 11.5802 1.1792 
902 12.6972 1.5589 
903 14.0378 2.0738 
905 . 14.5514 2.2847 
906 15.9493 2.8979 
907 17.6101 3.7321 
900 19.5887 4.8450 
909 21.7785 6.2456 
910 24.1671 7.9659 
911 : 26.6988 9^9795 
913 29.3487 12.2908 
914 "2.2585 15.0579 
915 35.5043 18.3830 
916 39.0331 22.1330 
917 42.8285 26.2791 
918 46.9228 30.8892 
927 47.7921 -31.8583 

5;.9093 37.6225 
9^9 58.406G 43.6930 
930 64.8185 50.5630 
931 72.1736 57.8177 
932 80.1665 65.2855 
935 84.5073 G9.T958 
933 88.7551 72.7243 
93G 92.3206 75.5388 
937 101.0256 81.8635 
864 . 106.4452 ' 85.6115 
938 108.02451 26.6437 
865 117.4987 92.7289 



www.manaraa.com

coroooouor-.r-».iwOv^vjo 
Ln o CO en CV Ln n c\j >— 
I —  ' > 0  0 0 : — '  C \ 1  : —  C O C O O O  
CO •=  ̂ OO 1— "<1- If) V3 LC' oo I— 

- (Ti fc ro CO CO LO CV -Tj- CO ro 'r;-
• — — . - —•- — o? LO cn CV — 

LO CO 
cJ crs 

CvJ o cr o c"? lo cn cv 1— c." '--i* lo cj ro :— c'l en o lo (.o co lo o _ _ . 
r- ro oj CV '.o m ---  ̂ la ro ro o c\J C3 co ro o c\i co lo '<- oj o •^- o o ••r. cv lo 'o c7) co rn lo co oo cr: o o r"; ,— lo %— <- o lo 'ts 'x" lo r~- ••— '-"f ct 

LO V.O V.O vO 1— C7) ro LO LO O ' vr? ro -x) 
cj LO CD ro 

co co co lo ro <c!- lo co cn c~i o o i— •— ;— »— ,— r— cj cvi c-.; ro ro ro lo- lo uo lo lo O ol (3 i— co '=d- —1- <- <j- lo lo '_0 lo lo lo lo lo lo lo lo lo lo lo lo lt.- ----- -
U- . - v_. •_,• , Cvi co lo lo ix> lo ir, i-^ '<t-u:% lo lo lo :_0 lc lo lo lo lo lo lo lo lo lo lo 

00 00 o CI o o o co o ro •=^ 1— lo ^— o cr> co ^— vo i— co r--. co lo o o lo .— .— oj cv cs; o O lo lo lo lo ;— CO CO OI LO O LD Cv LO LO CO 0~> LO CT) CO :— CO CJ r- I'-, C-,' :— r— ai LO rO CT, '— :— O CO LO C". O CO CO LfJ CO LO O o") ^r-^ co r-s <- co cn ro i— ro cv ro -crs <— '-j-.— cv' en o-i uo o lo ci c3 ro co ro lo o - i— lo <- lo oi o 
c-j oo r-v 'îf cm lo cvi lo ro ro «i:- cs! co lo cn ;— o ro c-j •==" lo lo cv! o lo r-. ro lc o lo co lo o op 
"=i- CO CO CD CM LO CM OI 1— ro LO CO CTl CO :— CO ro «r;- LO LO- LO CG CO CTi CTi O O :— !— r— C\; CM ro CO CO LO LO 

CJ LO CO '— Kiif LO LO LO LO LO '00 T--» r .̂ T'-v t"'- P"-. r^-" OO -CO CO CO or, CO oil CO -to CO GO OO CO. CO 
 ̂1— 1— I— CO CM CO CM CJ CM C^J CJ Cs: CM CM CM CM Cvj CO CvJ -C^J CM C  ̂ Cvi CO CM CV' CV CM C.I CM C\' CM CM C\J O.; CM CM CM CO CM (Ml 

lo CO C7> r— CM LO cTi 'oo o LO r~~ LO :— r~>. CJ CO CO CO o v£> lo lo lo r-- co 7~-. t;- lo ~i' CO CO CO CO CO CO CO CO -co CO CO CO CO CO CD -co CD CO CO CO 
:— LOcM'>ooocMcri'=rf"r^LoCO'or^oocoo->ooo:— ;— lo Tf LO -rj- LO T/ <- in LO —"" lO "i" LO LO CO LO l_0 

CO o> CO oo CO cr> CO CO en co cri co cr> c~, co c-i co co c, co o3 co 



www.manaraa.com

Table  8 .  (Cont inued)  

86 

Block no. Q/AT 

862 287.2227 154.6843 
952 288.3303 . 156.1404 
843 288.4087 155.7385 
850 288.8579 156.2715 
953 292.5088 157.0636 
881 294.3296 157.5647 
882 296.0745 157.6556 
883 298.7080 157.9299 

Table 9 .  Lat t ice  contr ibut ion to  the thçrmociynai i i lc  funct ions of  GdClo '6!L0 
for  ( jou'iGS niol^r' 'deg."  '  mole wt,  -  371. ,69 gni . )  

T(°K) 
^LATTICE (lly-Hgi/T 

1.000 0.001 0.000 0.000 0.000 
2.000 0.012 0.004 0.003 0.001 
3.000 0.040 0.013 0.010 0.003 
4.000 0.096 0.032 0.024 0.008 
5.000 0.210 0.065 0:049 O.OIG 
G.QOO 0.410 0.120 0.092 0.028 
7.000 0.600 0.201 0.154 0.047 
8.000 1.100 0.317 0.244 0.073 
9.00U 1.620 0.475 0.367 0.108 

10.000 2.255 0.078 O.F?3 0.155 
lj;COO 2.990 0.927 0.713 0.213 
12.000 3.835 1.222 0.937 0.285 
13.GOO 4.795 1.565 1.196 0.370 
14.000 5.360 1.959 1.490 0.469 
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Table 10. Lattice plus magnetic contributions to the thermodynamic func
tions of GdCl^-GHpO (joules mole'^deg., mole wt. = 371.69 gm.) 

T(°K) Cp S° (H°-Hg)/T -(F°-Hg)/T 

0.040 
0.080 
0.120 
0.160 
0.200 
0.240 
0.280 
0.320 
0.360 
0.400 
0.440 
0.480 
0.520 
0.560 
0.600 
0.600 
0.800 
1.000 
1.400 
1.800 
2.200 
2.600 
3.000 
3.400 
3.800 
4.200 
4.600 
5.000 
6.000 
7.000 
8.000 
9.000 

10.000 
11.000 
12.000 
13.000 
14.000 
15.000 
16.000 
17.000 
18.000 
19.000 
20.000 

0.007 
0.748 
2.532 
4.122 
5.206 
5.843 
6.134 
6.170 
6.031 
5.780 
5.466 
5.124 
4.775 
4.434 
4.110 
4.110 
2.812 
I.986 
1.100 
0.720 
0.480 
0.360 
0.290 
0.250 
0.240 
0.240 
0.260 
0.300 
0.470 
0.740 
1.140 
1.650 
2.280 
3.010 
3.840 
4.800 
5.860 
7.050 
8.310 
9.640 

II.040 
12.520 
14.040 

0.001 
0.144 
0.776 
I.733 
2.779 
3.790 
4.717 
5.541 
6.261 
6.884 
7.420 
7.881 
8.278 
8.619 
8.914 
8.914 
9.905 

10.437 
10.946 
11.172 
11.290 
II.361 
11.407 
11.441 
11.468 
11.492 
11.514 
11.538 
11.607 
11.699 
11.823 
11.986 
12.191 
12.443 
12.739 
13.084 
13.477 
13.922 
14.416 
14.960 
15.551 
16.188 
16.868 

0.001 
0.123 
0.621 
1.308 
1.987 
2.582 
3.073 
3.460 
3.754 
3.970 
4.121 
4.219 
4.275 
4.298 
4.297 
4.297 
4.076 
3.734 
3.092 
2.603 
2.236 
1.957 
1.739 
1.566 
1.427 
1.314 
1.221 
1.146 
1.018 
0.959 
0.956 
1.004 
1.099 
1.239 
1.420 
1.643 
1.905 
2.208 
2.550 
2.928 
3.340 
3.784 
4.258 

0.000 
0.021 
0.154 
0.426 
0.791 
1.208 
I.644 
2.081 
2.506 
2.914 
3.299 
3.663 
4.003 
4.321 
4.617 
4.617 
5.829 
6.703 
7.854 
8.569 
9.054 
9.404 
9.668 
9.875 

10.041 
10.178 
10.293 
10.392 
10.588 
10.740 
10.867 
10.982 
II.092 
11.203 
11.319 
11.441 
11.572 
11.714 
11.867 
12.033 
12.211 
12.404 
12.610 
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Table 11. Thermodynamic functions of TbClg-GHpO (joules mole~^deg.~\ 
mole v/t. = 373.36 gm. ) 

T(°K) Cp S° (H°-Hq)/T -(F°-Hg)/T 

1.000 
2.000 
3.000 
4.000 
5.000 
6.000 
7.000 
8.000 
9.000 

10.000 
11.000 
12.000 
13.000 
14.000 
15.000 
16.000 
17.000 
18.000 
19.000 
20.000 
22.000 
24.000 
26.000 
28.000 
30.000 
32.000 
34.000 
36.000 
38.000 
40,000 
45.000 
50.000 
55.000 
60.000 
65.000 
70.000 
75.000 
80.000 
90.000 

100.000 
110.000 
120.000 
130.000 

0.200 
0.500 
1.400 
2.180 
2.350 
2.320 
2.400 
2.640 
3.040 
3.570 
4.250 
5.070 
6.130 
7 .350 
8.700 

10.120 
11.600 
13.170 
14.810 
16.490 
20.030 
23.760 
27.530 
31.450 
35.500 
39.570 
34.660 
47.730 
51.860 
56.000 
66.290 
76.580 
86.650 
96.060 

105.280 
114.180 
122.790 
131.360 
147.470 
162.050 
175.810 
189.080 
201.780 

0.140 
0.348 
0.633 
I.171 
1.680 
2.111 
2.471 
2.806 
3.139 
3.486 
3.857 
4.260 
4.707 
5.206 
5.759 
6.365 
7.023 
7.730 
8.486 
9.288 

II.025 
12.927 
14.978 
17.160 
19.465 
21.885 
24.318 
26.841 
29.533 
32.298 
39.489 
47.004 
54.782 
62.728 
70.782 
78.912 
87.084 
95.283 

III.703 
128.005 
144.101 
159.971 
175.611 

0.087 
0.202 
0.378 
0.756 
1.061 
1.278 
1.430 
1.565 
1.706 
1.864 
2.049 
2.266 
2.521 
2.822 
3.169 
3.559 
3.988 
4.454 
4.956 
5.490 
6.651 
7.921 
9.284 

10.725 
12.239 
13.819 
15.366 
16.968 
18.696 
20.458 
24.979 
29.624 
34.357 
39.109 
43.846 
48.554 
53.216 
57.833 
66.915 
75.709 
84.189 
92.380 

100.311 

0.053 
0.147 
0.255 
0.415 
0.619 
0.833 
1,041 
1.241 
1.434 
1.621 
1.807 
I.995 
2.186 
2.383 
2.590 
2.806 
3.035 
3.276 
3.530 
3.798 
4.374 
5.007 
5.694 
6.434 
7.226 
8.066 
8.952 
9.873 

10.837 
II.840 
14.509 
17.381 
20.426 
23.619 
26.936 
30.358 
33.867 
37.450 
44.788 
52.296 
59.912 
67.591 
75.300 
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Table 11. (Continued) 

T(°K) Cp S° (H°-Hg)/T -(F°-H°)/T 

140.000 213.900 191.012 107.995 83.016 
150.000 225.510 206.169 115.447 90.723 
160.000 235.630 221.081 122.675 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. Thermodynamic functions of HoCl^-SHpO (joules mole'^deg."^, 
mole wt. = 379.37 gm.) 

T(°K) Cp S° {lip-H°)/T -(F°-Hg)/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 
6-000 5.480 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 8.930 8.480 4.812 3.668 
13.000 9.680 9.223 5.156 4.067 
14.000 10.570 9.972 5.511 4.462 
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Tab! 

T(' 

15. 
15. 
17. 
18. 
19. 
20. 
22.  
24. 
25. 
28. 
30. 
32. 
34. 
36. 
38. 
40, 
45, 
50, 
55, 
60 ,  
65, 
70 
75, 
80 
90 

100 
no 
120 
130 
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(Continued) 

Cp S° (H°-Hg)/T -(F°-H°)/T 

11.560 10.735 5.881 4.854 
12.650 11.516 6.269 5.246 
13.840 12.318 6.679 5.639 
15.100 13.144 7.112 6.032 
16.430 13.996 7.567 6.429 
17.840 14.874 8.044 6.829 
20.840 16.712 9.069 7.643 
24.090 18.663 10.184 8.480 
27.500 20.725 11.384 9.342 
31.070 22.893 12.661 10.231 
34.770 25.162 14.011 ' 11.151 
38.590 27.527 15.427 12.100 
42.510 29.984 16.905 13.079 
46.480 32.526 18.437 14.088 
50.450 35.145 20.018 15.127 
54.420 37.834 21.639 16.195 
64.400 44.819 25.835 18.984 
74.320 - 52.119 30.189 21.931 
84.070 59.661 34.645 25.016 
93.600 67.386 39.162 28.224 

102.780 75.245 43.707 31.538 
111.540 . 83.182 48.239 34.943 
120.100 91.171 52.746 38.425 
128.470 99.190 57.218 41.972 
144.220 115.246 66.024 49.222 
158.820 131.208 74.584 56.624 
172.460 146.987 82.864 64.123 
185.780 162.568 90.889 71.679 
198.470 177.945 98.681 79.263 
210.640 193.100 106.246 86.854 
222.300 208.034 113.598 94.437 
233.340 222.737 120.740 101.997 
243.870 237.201 127.675 109.526 
254.010 251.428 134.413 117.015 
263.840 265.426 140.967 124.459 
273.280 279.200 147.348 131.852 
282.230 292.752 153.559 139.192 
290.800 306.079 159.603 146.476 
299.210 319.191 165.490 153.701 
307.410 332.099 171.234 160.866 
315.390 344.811 176.841 167.970 
323.070 357.331 182.318 175.012 
330.620 369.665 187.671 181.994 
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Table 12. (Continued) 

T(°K) 
'p 4 (H°-HG)/T -(F°-H°)/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 LuClg' •6H„0 (joules mole" ̂ deg."^, 
mole wt. = 389.41 gm.) 

T(°K) S 4 (H°-H2)/T -(F°-HG)/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 0.625 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 4.480 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 8.920 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 4.560 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 11.298 8.115 3.182 
30.000 29.270 13.193 , 9.407 3.786 
32.000 32.910 15.198 10.762 4.436 
34.000 36.640 17.305 12.174 5.130 
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Table 13. (Continued) 

T(°K) 
S S? -(F%-HG)/-

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 14.611 
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 26.165 
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 53.159 
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 
190.000 255.890 238.862 133.382 105.481 
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 
230.000 293.230 291.369 158.081 133,288 
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 
279.000 334.870 351.780 185.355 166.415 
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 
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Table  13. (Continued) 

T(°K) CP S° (H°-HG)/T -(PO-HGI/T 

283.500 338.700 357.344 187.943 169.400 
284.000 337.250 357.939 188.207 169.732 
284.500 ' 336.750 358.531 188.469 170.063 
285.000 336.650 359.122 108.729 170.394 
285.500 336.850 359.712 188.988 170.725 
28G.000 337.250 360.302 189.247 171.055 
288.000 339.910 362.661 190.284 172.378 
290.000 342.020 365.021 191.323 173.698 
292.000 343.450 367.377 192.361 175.016 
294.000 344.370 369.725 193.392 176.333 
296.000 344.950 372.061 194.414 177.647 
298.000 345.300 374.385 195.426 178.960 
298.150 345.320 374.540 195.520 179.060 
300.000 345.500 376.696 195.426 180.270 

, 7 
In  the case of  Tb ^ this number would be 13 from the state  and id  the 

case of  Ho'" 'J  17 from ^Ig.  

As discussed in  the introducinon,  the thermal populat ion of  crystaI 

f ie ld  levels  leads to  a  coir t r ibi i t ion to  i :ha heat  capaci t ies  of  these sal ts .  

The heat capacities of the Gd and Lu salts were measured in order that the 

la t t ice  contr ibut ions to  the heat  capaci t ies  of  the niagnet ic  salts  could be 

est imated.  Tlie  magnet ic  contr ibut ions to  the heat  capaci t ies  of  the Tb and 

Ho sa l ts  were obtained by subtract ing the la t t ice  contr ibut ions from the 

or lyinai  daLa points ,  according to  equat ion 11 (Garstein,  1960) .  

C,, = T [q/AT(Riadd.)-^Q/AT(Lu!-addJ:(^:AQ/AT(add.)..r;ACi.^,.. .  (il) 
n U, P  . ;  P  i  ' •  V I 

Here ,  the  Lu dai :a  ware taken to  provide the-  la t t ice  coir t r ibut ion and the 

last  term served to  correct  for  the var ia t ion of  this  contr ibut ion across  
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the series. The symbols a and 3 represent the numbers of moles of the 

magnetic salt and of the Lu salt respectively. The importance of main

taining a~3 is seen in the third term, in that the heat capacity of the 

addenda tends to cancel from the calculations, ^^-jattice determined 

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

Lu data. Implicit in this procedure is the assumption that (0^-0^) is 

constant between these two salts. Figures 11 and 12 show the magnetic heat 

capacities of the Tb and Ho salts. 

Equation 12 describes the process: the crystalline solid at the 

temperature and pressure in question, in equilibrium with the solute in the 

saturated solution. 

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: 

Here the superscipt (•) denotes the pure solid component 2, i .e., the 

solute. This equation can be rewritten as: 

C. Solution Entropies 

RClg-GHgOCs) -> RClgfsat'd) (12) 

AH = Hg'sat'd) - Hg (13 )  

AH -- Hgtsat'd) - H  ̂ - Hg + Hg (14) 

or 

AH = Lgfsat'd) - Lg (15 )  
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Figure 11. Magnetic heat capacity of TbClg-GHgO 
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Figure 12. Magnetic heat capacity of HoClg-ôH^ 
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Both terms on the  r ight  hand s ide  of  equat ion 15 are  avai lable  f rom solut ion 

calor i rnet ry  (Pepple ,  1957;  DeKock,  1955) .  S imilar ly  the  ent ropy change i s  

given by;  

AS = Sgjsa t 'd)  -  $2 (15)  

or, 

AS = [Sgfsat 'd)  -  S'g]  -  Sg + S^ (17)  

Here  S^ = Sp  the  absolute  ent ropy of  the  crys ta l ,  as  determined f rom the  

present  measurements ,  and [Sp(sat 'd)  -  S'p]  i s  the  par t ia l  molal  excess  

ent ropy as  determined f rom solut ion calor i rnet ry  (Pepple ,  1957;  DeKock,  

1955) .  Then,  s ince  

AM = TAS (13) 

i t  fol lows f rom equat ions  15 and 17 tha t  

S '2  =  ("^[Lgtsa t 'd)  -  Lg]  -  [Sgfsat 'd)  -  + Sy (19)  

The values  of  Sg for  the  sa l t s  s tudied hare  are  l i s ted  in  Table  14.  In  

pr inciple ,  the  par t ia l  molal  ent ropy of  t ' le  rare  ear th  ion can be  obta ined 

by s ; , ibcract ing.  the  contr ibut ions  to  the  solute  par t ia l  molal  ent ropy from 

the  chlor ide  ions  and the  water  molecules  in  the  hydrat ion sphere .  This  

process  involves  arbi t rar i ly  choosing the  values  of  the  chlor ide  ion 

contr ibut ions  and the  resul t  i s  thus  in  no sense  an "absolute"  ent ropy.  

The f i rs t  tv/o  columns in  Table  14 l i s t  the  sa l t s  for  which the  ent ropies  

have been determined in  th is  present  work,  and those  ent ropies  a t  238.15°K,  

respect ively .  The next  three  columns l i s t  the  solut ion calor imeLry resul ts  
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obta ined by DeKock (1965)  and by Pepple  (1957) .  The las t  column gives  the  

" Q  

entropies  from equat ion 19. The approach used here  to  obta in  Sg wil l  be  

d iscussed fur ther  in  another  sect ion.  

Table  14.  Standard s ta te  entropies  (ca lor ies  niole~^deg~\  T -  298.15°K) 

Sal t  S°  [^(sa t 'd)  q TfSgtsat'd) - s: 

GdCl.-GHpO 97.17 15,577 9,112 11,402 80.6f 

TbClq'GHgO 9G.52 16,260 9,556 11,870 79.19 

HoClg'GH^O 96.44 16,720 10,426 11,590 78.68 

LuCl.'GHgO 89.52 17,736 11,851 10,944 72.55 

S' '  = s  •• i 'Rlnnu 
2 2 : 
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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. 

(1951) and Pfeffer (1961a, 1962) have made measurements on the Gd and on 

the Ho and Lu salts respectively. Figure 13 relates the present and 

previous results for the Gd and Ho salts. The bumps above 100°K were caused 

by the presence of occluded water in the crystals used by the latter authors 

(see the discussion under "Sample"). The maximum magnitudes of these 

"water bumps" is of the order of 2% of 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 occluded water. The irregularity in the range 

110°K<Til50°!< is difficult to explain on the basis of the available informa

tion. However, the discontinuity in Pfeffer's values at 104°K suggests 

the possibility of a discontinuity in his thermometer table. The differ

ence function in the case of the Lu salt is similar to the curves shown. 

The behavior of the Lu curve is not nearly as striking however, because the 

water bump becomes obvious only above 200°K, near the highest temperatures 

reported.. The heat capacity of the Tb salt has not been 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 occluded 

water was most likely not the cause of the bump. Another possible explana

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 
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Figure 13. Difference function relating the present and some previously published GdCl^'GHgO and 
HoClg-GHg^O heat capacities 
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isostructural. Thus Marezio ,  e1^ a]_ .  (1961)  and Belskii and Struchkov 

(1965)  have determined the  s t ructures  of  the  6d and Eu sa l t s  respect ively ,  

and have found them to  be  complete ly  -analogous .  Graeber ,  e1^ a j_ .  (1966)  

have publ ished the  la t t ice  constants  of  the  sa l t s  of  the  members  of  the  

ser ies  f rom Sm through Tni .  The la t ter  authors  found tha t ,  in  accordance 

wi th  the  lanthanide  contract ion,  the  uni t  ce l l  volumes decrease  approxi

mate ly  l inear ly  across  the  ser ies .  

In  order  to  inves t igate  the  poss ibi l i ty  of  a structure change in  the  

Lu sa l t ,  i : .wo se ts  of  x-ray photographs  were  obta ined.  The f i rs t  se t  con

s is ted  of  powder  photographs  of  the  Ho and the  Lu sa l t s .  Comparison of  the  

f i lms indicated that  these  two sal ts  are  isos t ructura l  a t  room temperature .  

Th.e  second se t  consis ted  of  two precess ion photographs  of  a  s ingle  crys ta l  

of  LuClg'GHpO at  two d i f ferent  temperatures .  Figure  14 shows these  photo

graphs .  The sample  was  a t  room temperature  for  the  exposure  in  par t  (a) ,  

and a t  about  220^K in  par t  (b) .  Par i :  (c )  shows the  two photographs  super

imposed.  To the  extent  tha t  the  spots  represent  d imsnsionless  points ,  the  

photographs  g ive  a mapping of  the  rec iprocal  la t t ice .  Each point  in  the  

reciprocal  la t t ice  corresponds  to  a se t  of  planes  in  the  la t t ice  of  the  

crys ta l .  Thus the  compar ison in  par t  (c)  indicates  thai ;  the  crys ta l  i s  

isos! : ruci :U!i l  wich respect  to  the  s ize  and shape of  the  uni t  ce l l  on each 

s i f ' e  of  t i îe  heat  capaci ty  anomaly.  Fur ther  compar ison of  the  photcgraj )hs ,  

for  which the  exposure  t imes  were  not  ident ica l ,  suggests  f rom the  re la t ive  

intensi t ies  tha t  there  i s  probably no minor  sh i f t  in  the  posit ions  of  the  

heavier  a toms that  could  be  readi ly  associa ted  wi th  the  anomaly.  
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Figura  14.  Process ion photographs of  a  single crys ta l  of  LuCl.-GHgO 
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B. Magnet ic  Heat Capaci t ies  

Evidence exis ts  (Levy,  1964;  Duffy e ; t  ,  1963;  and Kel lwege e t  a l . ,  

1961)  tha t  the  ground s ta te  of  Gd '^  in  GdClg-GHgO i s  sp l i t  by the  crys ta l  

f ie ld  to  the  extant  of  about  1  wave number .  In  order  to  obta in  the  la t t ice  

heat capacity of the Gd salt, it was necessary to account for the heat 

capaci ty  contr ibut ion from th is  spl i t t ing .  

Th.e  approach taken was  to  f i t  the  low temperature  (T<.3°K) da ta  of  

Hel lwege e t .  a] . -  (1961)  wi th  a  heat  capaci ty  term based on a  reasonable  

es t imate  of  the  energy level  s t ructure .  The assumpt ion was  made tha t  the  

s ta te  spl i t s  in to  four  equal ly  spaced,  doubly  degenerate  levels .  The 

corresponding magnet ic  (or  ' "Schot tky")  heat  capaci ty  was  ca lcula ted  from 

equat ion 20:  

«sdiottky " If = § (go) 
/. 1 - I l"' I 

wnere n ^ci/kT 

ind 

qi El 

i=l  

(Z gf e-Etm, ca) 
i -1  

i :  i s  the  average energy of  the  ensei i ib le  of  representa t ive  systems. Z is the  

sys te i i i  par t i t ion  funct ion. -  The symbol  n i s  t? ie  nui i iber  of  e igsn s ta tes  of  

each representat ive  sys tem.  The symbols  Ei  and g i  a re  the  energy re la t ive  

to the ground level, and the degeneracy of level "i". 
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Figure 15 shows the  heat  capaci ty  of  GdCl^-BH^O below 10°K, The 

Schot tky heat  capaci ty  term and Hel lv /ege 's  data agree  to  wi thin  severa l  

percent  a t  temperatures . for  which the  la t t ice  term is  re la t ively  smal l .  

Moreover ,  the  Schot tky term a lso  agrees  wel l  wi th  the  es t imate  of  the  

magnet ic  contr ibut ion given by Levy (1964) .  This  agreement  suggests  tha t  

the  la t t ice  term,  obta ined by subtract ing the  Schot tky term from the  

measured heat  capaci ty ,  i s  re l iable  to  a t  leas t  wi thin  i :he  precis ion of  my 

da ta  below 15^k.  

The magnet ic  contr ibut ions  to  the  heat  capaci t ies  of  the  Ho and Tb 

sa l t s  were  compared with  the  opt ica l  spect roscopic  resul ts  of  Kahle  (1956)  

and Dieko (19G8) .  The energy levels  publ ished by these  authors  

are  shov/n  in  Figure  15.  Figure  12 shows the  magnet ic  heat  capaci ty  of  • 

HoCln 'GILO as  a  funct ion of  temperature ,  p lo t ted  for  convenience on a  

logar i thmic  scale .  The t r iangles  represent  the  ca lor imetr ica l ly  determined 

resul ts .  The er ror  bars  are  associa ted  v/ i  th  these  points  and represent  

the  precis ion of the  raw heat  capaci ty  data .  Above about  20^K,  the  

uncer ta in t ies  involved in  the  subtract ion of  the  la t t ice  contr ibut ion 

become increas ingly  important  and make i t  d i f f icul t  to  es t imate  the  

precis ion.  I t  i s  reasonable  though,  to  regard  the  hiyh temperature  points  

as  being knov/ i i  to  no bet ter  than ±8%. T!ie  c i rc les  represent  Kahle ' s  (1956)  

5  -1-3 
r esul ts  Tor  the  lowest  four  levels  of  the  term in  i lo  '  in  the  t r i 

chlor ide  hexahydrate ,  obta ined f rom the  absorpt ion spect rum.  The agreenient  

i s  seen to  be  wi thin  exper imenta l  e r ror .  For  the  Tb resul ts ,  there  i s  a  

major  d i f ference  between t i re  ca lor imetr ic  and t ' le  spect roscopic  heat  

capaci t ies  as  i s  shown in  Figure  11.  Again  the  t r iangles  represent  the  

ca lor imetr ic  data .  The heat  capaci ty  resul ts  require  the  exis tence  of  
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Figure 15. Heat capacity of GdClg'GHgO in the temperature region below 10°K 
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low-lying levels  wi thin  approximately  8  wave numbers  of  the ground s ta te .  

The resul ts  of  Diekc (1968) ,  f rom the  f luorescence spect rum,  have 

the  lowest  level  a t  about  35 wave numbers .  No es t imate  of  the  precis ion of  

these  par t icular  spectroscopic  resul ts  has been given.  However ,  the  width  

of  the  lowest  energy f luorescence band i s  such that  qui te  poss ibly  the  

spect rograph fa i led  to  resolve  a  re la t ively  low in tens i ty  emiss ion peak.  

The existence of  such a  low-lying level  would  require  that  a  h igher  energy 

level  had been improperly  ass igned.  Figure  IS  shows tha t  there  i s  some 

uncer ta in ty  indicated in ,  for  example ,  the  level  a t  83.8  wave numbers ,  as  

wel l  as  in  severa l  of  the  o thers .  

The dashed curve  in  Figure  11 corresponds  to  a  Schot tky term (equat ion 

10) involving two levels. T'le paranieters g-j and E.| were chosen under the 

assumption that the lowest temperature heat capacity point represents a 

local  maximum in  the  magnet ic  heat  capaci ty .  In  the  absence of  heat  

capaci ty  data  below 5°K for  the  Tb sal t ,  th is  approximat ion was  used to  

ext rapola te  C to  for  the  ca lcula t ion of  the  thermodynamic funct ions .  

As the  i i iaynet ic  ent ropy i s  essent ia l ly  fu l ly  developed at  300^K, the  

val idi ty  of  th is  approach can be  approximately  checked.  The magnitude of  

the  ent ropy a lso  serves  as  a  check on the  approximat ion to  the  la t t ice  con

t r ibut ion.  A ccmpar ison of  the  magnet ic  ent ropies  of  the  Ho and Tb sa l t s  

a t  oGO^K shows t lu i t  the  values  for  the  foni icr  sa l t  i s  about  85% of  Rln(2JH) 

whi le  tha t  for  the  la t ter  i s  about  80% of  Rln(2J i - l ) .  There  i s  some jus t i f i 

cat ion for  making such a .  compar ison,  in  tha t  the  crys ta l  f ie ld  potent ia ls  

for  each case  might  reasonably  S-e  expected to  be  of  the  saine  order  of  

magni tude.  Tr ie  compar ison dees  suggest  tha t  i f  the  magnet ic  ent ropy for  

the  Tb sa l t  i s  in  er ror ,  i t  i s  probably low by severa l  percent .  In  th is  
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Figure 15. Ground state crystal field splittings from optical spectra 
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eventJ  the  er ror  Int roduced in  the  to ta l  ent ropy Sy a t  room temperature i s  

of , the  order  of  0 .25%. More  cer ta in  conclus ions  must  awai t  the  avai l 

ability of heat capacity data for the Tb salt below 5°K. 

C. Solut ion Entropies  

Extensive  inves t igat ions  of  the  thermodynamic and t ranspor t  proper t ies  

of  aqueous  rare  ear th  salt solut ions  have been conducted in  the  Ames 

Laboratory  over  approximately  the  las t  twenty  years .  From these  inves t iga-
0 

t ions  i t  has  been observed that  many solution properties, such as ^ 

and (j)„ ,  3  vary  i r regular ly  as  funct ions  of  rare  ear th  a tomic  number .  The 

behavior  of  these  proper t ies  i s  usual ly  in terpre ted in  terms of  the  

expected in teract ions  between the  water  molecules  and the rare  ear th  ions. 

I t  has  been postula ted  that a  rare  ear th  icn ,  being s t rongly  hydrated» and 

having a  cer ta in  number  of  water  molecules  in  i t s  f i rs t  hydrat ion sphere ,  

may exis t  in  equi l ibr ium with  s imi lar  ions  wlvich have e i ther  a  larger or 

smal ler  hydrat ion sphere coordinat ion number .  As the  ionic  radius  decreases  

wi th  increas ing a tomic  number, past  a  cer ta in  cr i t ica l  value, the  equi l ib-

r ium concentra t ion shi f ts  in  favor  of  the  species  having the  smaller 

coordinat ion number. Thus, the  radius  of  the  f i rs l :  hydrat ion sphere  

decreases  wi th  tha t  of  the  rare  ear th  i ' . :n  unt i l  the  mutual ly  repulsive 

in teract ions  among the  water  molecules  cause  the  lower  hydrat ion i iUi^ber  to  

represent  the  more  favorable  s i tuat ion.  The s  h i  i ' t  in  the  etjui iibrium is 

usual ly  considered to  take  place  gradual ly  between l id  and Tb.  

Among the  proper t ies  which,  for  the  rare  ear ths ,  are  non- l inear  in  

".W 
atomic  number  i s  (Sg -  the  par t ia l  molnl  excess  ent ropy of  the  solute  

(DoKock,  1965;  Pepple ,  1967) ,  On the  bas is  of  the  above postula te ,  the  
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general  decrease  in  (S^ -  S^)  wi th  increase  in  a tomic  number  has  been 

in terpre ted as  being the  resul t  of  the  order ing ef fect  of  the  ions  on the  

water  molecules .  The ions  exhibi t  an  increas ing inf luence on the  or ienta

t ions  of  the  surrounding water  molecules  as  the i r  charge  densi t ies  increase .  

As the  re la t ive  concentra t ion of  the  lower  hydrated species  increases  

i . e . ,  a t  a  given to ta l  solute  concentra t ion,  Sg increases .  This  can be  

re la ted  to  an expected increase  in  the  f reedom of  mot ion of  the  solvent  

tha t  resul ts  f rom there  being a  greater  average number  of  water  molecules  

outs ide the  f i rs t  hydrat ion sphere .  

There  i s  a  bas ic  d i f f icul ty  involved in  making compar isons  among the  

values  of  re la t ive  proper t ies  [such as  (Sg -  S^)]  of  d i f ferent  chemical  

sys tems.  I t  i s  that  d i f ferences  among the  s tandard s ta te  values  of  

thermodynamic proper t ies  may be  s ignif icant  in  the  comparison of  re la t ive  

proper t ies .  In  the  present  case  i t  might  be  des i rable  to  compare  the  

magnet ic  contr ibut ions  to  for  say,  the  odd and even a tomic  numbered 

rare  ear ths .  In  the  case  of  re la t ive  par t ia l  molal  ent ropies ,  the  absolute  

values  of  the  solutes  are  avai lable  f rom the  th i rd  law entropy of  the  sa l t  

and the  exis t ing resul ts  of  measurements  of  solut ion thermodynamic proper

t ies .  ï ihen heat  capaci ty  resul ts  of  the  type presented here  become avai l 

able  for  more  members  of  the  series ,  i t  wi l l  be  poss ible  to  make more  

meaningful comparisons among the partial molal entropies, since their 

values  wi l l  be  re la t ive  to  sS^T=0,  taken as  zero ,  by the  third law.  

I 'he  ca lcula t ion of  SL as  presented here  involves  a  d i f ferent  approach 

f rom that  used by Hinchey and Cobble  (1970) ,  .and,so  a .d i rec t  compar ison of  

the  values  obta ined in  each case  i s  not  very  meaningful .  The la t ter  

authors  es t imated the  ent ropies  oF the  crys ta ls ,  pr imar i ly  f rom the  heat  
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capacity measurements of Hellwege et a]^. (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 

-0 

results and so they approached the problem of calculating Sg 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. 



www.manaraa.com

118 

VI.  BIBLIOGRAPHY 

Arrhenius ,  S .  (1887) ,  Z.  Physik  Cheni .  1 ,  531.  

Ashwo'r th ,  Ï .  and Steeple, H. (1968) ,  Cryogenics  225.  

Atkinson,  G.  (1956) ,  The compress ibi l i t ies  of  some rare  ear th  n i t ra tes  
and chlor ides  in  aqueous  solut ion.  Unpubl ished Ph.D.  thes is .  Ames,  
Iowa,  Library ,  Iowa State  Univers i ty  of  Science  and Technology.  

Belski i ,  N.  K.  and St ruchkov,  Yu.  T .  (1965) ,  Sovie t  Physics-Crysta l lography 
JO. (0> 15. 

Berry ,  R.  J .  (1963) ,  Can.  J .  Phys .  945.  

Bet ts ,  R.  H.  and Dahl inger ,  0 .  [" .  (1959) ,  Can.  0 .  Chem.  37_,  91. 

Bisbee,  W. R.  (1960) ,  Some calor imetr ic  s tudies  of  the  meta ls  and chlor ides  
of  Tiui l ium and Lute t ium.  Unpubl ished M.S.  thes is .  Ames,  Iowa,  
Library ,  Iowa Sta te  Univers i ty  of  Science  and Technology.  

CoiTJi ier ,  H.  and l lohi i iann,  l{ .  (1941) ,  Z,  An org. Allg .  Chein .  248, 357.  • 

Brady,  G.  W. (1950) ,  J .  Cl ioni .  Phys .  _3_3_,  1079.  

Clay,  R.  iM.  and Staveley,  L.  A.  K.  (1956) ,  Trans .  Faraday See.  62j ,  3065.  

Csejka ,  D.  A,  (1961) ,  Some thermodynamic proper t ies  of  aqueous  rare  earUi  
chlor ide  solut ions .  Unpublished Ph.D.  thes is .  Ames,  lov/a ,  Library ,  
lov/a State University of Science and Technology. 

De bye,  P .  and Hi . ickel ,  L .  (1923a) ,  Physik  Z.  24 ,  185.  Original  not  
avai lable ;  c i ted  in  Onsager ,  L.  and Fuoss ,  R,  M.  (1932) ,  J .  Phys .  
Chem.  £5 ,  2589.  

Debye,  P .  and Muckel ,  E.  (1923b) ,  Physik  Z.  24 ,  305.  Original  not  
avai lable ;  c i ted  in  Onsager ,  L.  and Fuoss ,  R.  M.  (1932) ,  J ,  Phys .  
Chem.  3^ ,  2589.  '  

Oe 'Kock, C. V!.  (1955) ,  Heats  of  d i lu t ion of  some aqueous  rare  ear th  chlor ide  
solut ions  a t  25/C.  Unpubl ished Ph.D.  thes is .  Ames,  lew a ,  l . i  b rary ,  
lov/a  S ta te  Univers i ty  of  Science  and Technology.  

Dieke,  G.  H.  (1958) ,  Spect ra  and Energy Levels of  Rare  Ear th  Ions  in  
Crysta ls ,  Mcvi  York,  N.Y. ,  In tersc ience  Publ ishers .  

Duffy ,  W. T . ,  Lubbers, J . ,  Van Kempen, IL,  Haseda,  T . ,  and Ni  edema,  A.  R.  
(1953) ,  Antiferromagnet ic  spin  order ing below l^K,  in  Proceedings  of ,  
the  8t i i '  In ternat ional  Conference on Lov/  I ' emperature  Physics ,  Da v ies ,  
R.  ( ) . ]  Ed. ,  Washing to i l ,  D.C. ,  But terv/or ths .  



www.manaraa.com

119 

Dye,  J .  L.  and Spedding,  F .  H.  (1954) ,  J .  Amer .  Chem.  Soc.  76_,  888.  

Edel in  De La Praudiere ,  P .  L.  and Staveley,  L.  A.  K.  (1954) ,  J .  Inorg.  
Nucl .  Chem.  1713.  

Gaede,  W. (1902), Physik  Z.  4^,  105.  Original  not  avai lable ;  c i ted  in  
Hest runi ,  E.  1- . ,  Furukawa,  G.  T , ,  and î - icCul lough,  J .  P .  (1968) ,  
Adiabat ic  low-temperature calor in ie t ry ,  in  Exper imenta l  Thermodynamics ,  
HcCul lough,  J .  A.  and Scot t ,  D.  T . ,  Eds- . ,  New York,  N.Y. ,  Plenum 
Press ,  Vol .  1 ,  p .  133.  

Gehr ing,  F .  D.  and Gers te in ,  13.  C .  (1957) ,  Rev.  Sci .  Ins t rum.  280.  

Gerstein, B, C. (1960) ,  Meat  capaci ty  and magnet ic  suscept ib i l i ty  of 
Thul ium Ethylsul fa te .  Unpubl ished Ph.D.  thes is .  Ames, Iowa,  Library ,  
Iowa Sta te  Univers i ty  of  Science  and Technology.  

Gi ldseth ,  W. M.  (1954) ,  Volume-temperature  re la t ionships  of  some rare-
earth chloride solutions. Unpublished Ph.D. thesis. Ames, Iowa, 
Library ,  Iowa Sta te  Univers i ty  of  Science  and Technology.  

Gini r ings ,  D.  C.  and Furukawa,  G.  T .  (1953) ,  J .  Amer .  Chem.  Soc.  7^ ,  522.  

Gcpal ,  E.  S .  R.  (1956) ,  Speci f ic  Heats  a t  Low Temperatures ,  New York,  N.Y. ,  
Plenum Press .  

Qraeber ,  E.  • ] . ,  Conrad,  G.  I I . ,  and Duliar, S.  F.  (1955) ,  Acta  Crysta l logr .  
1012. 

Grenthe ,  I .  (1964) ,  Acta  Chem.  Scand.  _18,  293.  

Haeseler ,  G,  and Mat thes ,  F .  ( ]9o5) ,  J .  Less  CoHnion Metals  9_,  133.  

l ia i  I, R. E.  and Harkins, W. 0 .  (1916) ,  J .  Amer .  Chem.  Soc.  3^ ,  2658.  

Hansen,  M.  (1953) ,  Const iLut inn of  Binary ,  Al loys ,  Mew York,  N.Y. ,  McGraw-
H i  n ,  p .  303 .  

Ha' ;ned]  H.  S .  and Gv/an.  R.  3 .  (1943) ,  Tî ie  Physical  Chemist ry  of  Elect ro
ly t ic  Solut ions ,  1s t  cd ,  New York.  N.Y. ,  Roinhold  Publ ishing 
Corporat ion.  

l ie iser ,  D.  (1958) ,  A s tudy of  thermodynamic  proper t ies  of  e lec t rolyt ic  
solut ions  of  rare  ear ths .  Unpubl ished Ph.D.  t ies is .  Ames,  Iowa,  
i . ibrary,  Iowa Sta te  Universi ty  of  Science  and Technology,  

Mel lv/ege ,  K.  H. ,  Johnsei i ,  U. .  and Pfeffer ,  W. (1959) ,  !.. Phys. 154_,  301.  

r ie l lwege,  K.  I ! . ,  Kl ich ,  F . ,  Niemann,  K. ,  and Pfeffer ,  W. (1951) ,  Z.  Phys .  
'162.' 358. ' 

l ia l lwege,  K.  I I . ,  Pfoffer ,  W. ,  and Thiel^ H, J .  (1952) ,  Z.  Phys .  168,  474.  



www.manaraa.com

120 

l l inchey,  R.  J .  and Cobble ,  J .  W. (1970) ,  Inorg .  Chem.  2  ( 'O j 917.  

Jekel ,  E.  C. ,  Cr iss ,  C.  M. ,  and Cobble ,  J .  W. (1954) ,  J .  Amer .  Cham.  Soc.  
5404. 

Jenkins ,  1 .  L.  and Monk,  C.  13.  (1950) ,  J .  Amer .  Chem.  Soc.  7^ ,  2695.  

Jones ,  G.  and Bickford ,  C.  F .  (1934) ,  J .  Amer .  Chem.  Soc.  5^ ,  602.  

Kahle, H. G. (1956), Z. Phys. 146^ 347. 

Kolthoff ,  I .  M. and Sandel l ,  E.  B,  (1952) ,  Textbook of Quantitative 
Inorganic  Analys is ,  3rd  ed ,  New York,  N.Y. ,  The Macmil lan  Company.  

Krumholz, P.  (1964) ,  Solut ion chemis t ry ,  in  Progress  in  the Science and 
Technology of  Rare  Earths ,  Eyring,  L . ,  Ed. ,  Hew York,  N.Y. ,  The 
Ma cm i  11  a  n  C c inp any,  Vol .  1 ,  p .  110.  

La Mer ,  V.  K.  and Goldman,  F .  W. (1929) ,  J .  Amer .  Chem.  Soc.  51_,  2632.  

Lange,  E.  and Miederer ,  W. (195S) ,  7. .  E lect rochem.  60,  362.  

Latimer, H. M. (1951), J. Amer. Chem. Soc. 73, 1480. 

Levy,  P .  H.  (1964) ,  J .  Phys .  Chem.  Sol ids  ;5 ,  431.  

Lewis, G. M. (1901) ,  P-  oc .  Amer .  Acad.  Ar ts  Sci .  32 '_ ,  49. 

Lewis ,  6 .  N.  (1907) ,  Proc .  Amer. Acad. Arts  Sci .  259.  

Lewis, G. M. and Randal l ,  M.  (1961) ,  Thermodynamics ,  revised by Pitzer, 
K, S .  and Brev/er ,  L . ,  New York,  M,Y. ,  McGraw-Hil l .  -

Lohr j  H.  R.  and Cunningham,  8 .  3 .  ( I9i)l), J .  Amer .  Chem. Soc.  _/3_,  2025.  

! .ongsv/or-ch,  L .  G.  and Maclnnes ,  D.  A.  (1933) ,  J ,  Amor.  Chem.  Soc.  60_,  3070.  

Hackev,  J .  L. , Powell, J .  E. ,  and Spadding,  F .  H.  (1962) ,  J .  Amer .  Chem.  
Soc. 2047. 

Marezio ,  M. ,  P le ' : t inger ,  H.  A. ,  and Zachar ianen,  W. H.  (1951) ,  Acta  
Crysta l lcgr .  234.  

Mason,  C.  M.  (1938) ,  J .  A;i :er .  Chem.  Soc.  60 ,  1638.  

Mason,  C.  H.  (1941) ,  J .  Amer .  Chem.  Soc.  6^ ,  220.  

Mat ignon,  C.  ( '905a) ,  Ann.  Chim.  Phys . ,  Ser ies  8, 8,  402. 

Matignon, C. (190Gb), Ann. Chim.  Phys., Ser ies  8, 426. 



www.manaraa.com

121 

Milï ier j  S .  R.  (1912) ,  Phi l .  Hag., Ser ies  5 ,  23_,  551.  

Milner, S. R. (1913), Phil. Hag., Series 6, 25^ 742.' 

Moeller ,  T., Birnbaum,  E.  R ., Forsberg, J .  H., and Gayhar t ,  R.  B.  (1963) ,  
Some aspects  of  the  co-ordinat ion chemistry of  the  rare  ear th  meta l  
ions ,  in  Progress  in  the  Science and Technology of  the  Rare  Ear ths ,  
Eyring, L., Ed., Mew York, N.Y., Pergamon Press, Vol. 3, p. 51. 

Nathan, C. C. ,  Wal lace ,  VI.  E . ,  and Robinson,  A.  L.  (1943) ,  J .  Amer .  Chem.  
Soc. 65, 790. 

Nelson, R. A.  (1960) ,  Some thermodynamic proper t ies  of  aqueous  solut ions  
of  Terbium.  Unpubl ished M.S.  thes is .  Ames,  Iowa,  Library ,  Iowa 
Sta te  Universi ty  of  Science  and Technology.  

Mornst, W. (1910) ,  Sitz. kgl. preuss .  Akad.  Wiss. 12,  (13) ,  261.  Original  
not  avai lable ;  c i ted  in  Chem.  Abst r .  (1910) ,  4 ,  2397.  

Moyes ,  A.  A.  (1924) ,  J .  Amer .  Chem.  Soc.  46 ,  1080.  

Hoyes ,  A.  A.  and Johnson, J .  (1909) ,  J .  Amer .  Chem.  Soc.  3J_,  987.  

Onsager ,  L." (1927), P' lys ik  1.  2j3 ,  227,  Original  not  available; ci ted  in  
I l amed,  II .  S .  and O.ven,  B, IT. ,  The Physical  Chemist ry  of  Elect rolyt ic  • 
Solut ions ,  1s t  ed ,  New York,  N.Y. ,  Reinhold  Publ ishing Corporat ion.  

Onsager ,  L.  and l-uoss^ R. M.  (1932) ,  J .  Phys .  Chem.  3_5_j  2689.  

Pepple ,  G.  W. (1967) ,  Rela t ive  apparent juola l  heat  contents  of  some aqueous  
rare-ear th  chlor ide  solut ions  a t  25 '"C.  Unpubl is i ied  Ph.D.  thes is .  

'Al l ies ,  Iowa,  Library ,  lova  Sta te  University of  Science  and Technology.  

Pet  l ie  ram,  H.  H.  (1963) ,  Osmot ic  and ac t iv i ty  coeff ic ients  of  some aqueous  
rare-ear th  chlor ide  solut ions  a t  26^0.  Unpubl ished M.S.  t l ies is .  
Ames,  Iowa, Lii r rary/  Iowa Sta te  Univers i ty  oF Science  and Technology.  

Pfeffer, W. (19Gla), Z. Phys. 162, 413. 

Pfeffer, W. (19Glb), Z. Phys. 164, 29S. 

PFeffer, W. (1962), %. Phys. 16%, 305.. 

Robinson,  R.  A.  (1937) ,  J .  Arner .  Chem.  Soc.  59,  84.  

Robinson,  R.  A.  (1939) ,  Trans .  Faraday Soc.  35, 1229.  

Robinson,  R.  A.  and Stokes ,  R.  11.  (1956) ,  Elect rolyte  Solut ions ,  Mew York,  
N.Y. ,  Academic Press  Incorporated.  



www.manaraa.com

122 

Saeger ,  V.  W. ( ' I960) ,  Some physical  proper t ies  of  rare-ear th  chlor ides  in  
aqueous solution. Unpublished Ph.D. thesis. Ames, Iowa, Library, 
Iowa Sta te  Univers i ty  of  Science  and Technology.  

Shedlovsky,  T.  (1950) ,  J .  Amer .  Chei i i .  Soc .  7_2_,  3580.  

Shedlovsky,  T.  and Maclnnes ,  D.  A.  (1939) ,  J .  Amer .  Chem.  Soc.  61 ,  200.  

S iever ts ,  A.  and Got ta ,  A.  (1928) ,  Anorg.  Al lg .  Chem.  172,  1 .  

Skochdopole ,  R.  E.  (1954) ,  Low temperature  heat  capaci t ies  of  Thor ium,  
Gadol in ium and Erbium.  Unpubl ished Ph.D.  thes is .  Ames,  Iowa,  
Library ,  Iowa Sta te  Univers i ty  of  Science  and Technology.  

Spedding,  F .  H.  and Atkinson,  G.  (1959) ,  Proper t ies  of  rare  ear th  salts in  
e lec t rolyt ic  solut ions ,  in  The St ructure  of  Elect rolyt ic  Solut ions ,  
H amer ,  VI.  J . ,  Ed. ,  New York,  N.Y. ,  John Wiley and Sons  Incorporated,  
p. 319. 

Speddinci ,  [ - .  11 . ,  Csojka ,  D.  A. ,  and DeKock,  C.  W. (1966) ,  J .  Phvs .  Chem.  
TBI 2423. 

Spedding,  F .  H.  and Do.ano,  A.  H. ,  Eds .  (1961) ,  The Rare  Earths, Mcvi  York,  
N.Y. ,  John Wiley and Sons  Incorporated.  

Spedding,  F. H. and Dye,  J ,  L. (1954), J .  Amor.  Chem. Soc.  76,  879.  

Spedding,  F .  I I .  and Flynn, J .  P.  (1954a) ,  J .  Amer .  Chem,  Soc.  76 ,  1474.  

Speddiny, F. H. and Flynn, J. P. (1954b), J. Amer. Chew. Soc. 7G, 1477. 

Spedding,  F .  H.  and Jaf fe ,  S .  (1954a) ,  j ;  Amer .  Chem.  Soc.  76,  882.  

Spedding,  F .  I I .  and Oaf  re ,  S .  (1954b) ,  0 .  Amer .  Chem.  Soc.  75_,  384.  

Spedding,  F .  I I .  and Jones ,  K.  C,  (1966) ,  J ,  Pays .  Chem.  70_,  2450.  

Spedding,  F .  H.  and Mil ler ,  C.  F .  (1952a) ,  J . 'Amer .  Cliem. Soc.  74_,  3158.  

Spedding,  F .  H.  and Mil ler ,  C.  F .  (1952b) ,  J .  Amer .  Chem.  Soc.  74,  4195.  

Speddin- j ,  F .  H. ,  Maumann,  A.  W. ,  and Eberts. R. E.  (1959) ,  J .  Amer .  Chem.  
Soc. 81, 23. 

Spedding,  F .  11,  and Pikal ,  M. J .  (1965) ,  J .  Phys .  Chem.  70^,  2430.  .  

Spedding,  F .  11, ,  P ikal ,  M.  J , , ,  and Ayers, B. 0 .  (1966) ,  J .  Phys ,  Chem,  • 
70^ 2440. 

Speddino,  F .  H. ,  Por ter ,  P .  E . ,  and Wright, J .  M. (1952a) ,  J .  Amer .  Chem.  
Soc. 74, 2055. 



www.manaraa.com

"123 

Snedding,  F .  H. ,  Por ter ,  P .  E . , and Wright, J .  M. (1952b) ,  J .  Amer .  Chem.  
Soc. 74, 2778. 

Spedding,  f" .  11 . ,  Por ter ,  P .  E . ,  and Wright ,  J .  M. (1952c) ,  J .  Amer .  Chem.  
Soc. 74, 2781. 

Spedding,  F .  H.  and Yaffe ,  I .  S .  (1952) ,  J .  Amer .  Chem.  Soc.  74, 4751.  

Wal tors ,  J .  P.  (1968) ,  Par t ia l  molar  heat capaci t ies  of  some aqueous  rare 
earth chlorides, nitrates, and perchlorates from tenth molal to 

•  s a tura t ion a t  250C.  Unpubl ished Ph.D.  thes is .  Ames,  Iowa,  Library , .  
Iowa Sta te  Univers i ty  of  Science  and Technology.  

West- rum,  F .  F . ,  Chien Chou,  Osborne,  ! ) .  W. ,  and Flo  tow,  H.  E.  (1957) ,  
Cryogenics (1), 43. 

Wcstrum, E.  F . ,  Furukawa,  G. T. ,  and McCul lough,  J. P. (1968), Adiabat ic  
low-temperature  ca lor imetry ,  in  Exper imenta l  Thermodynamics ,  
iMcCullough,. J. P. and Scott, D. T., Eds., New York, M.Y., Plenum 
Press, Vol. 1, p. 133. 

White ,  G. K. (1968) ,  Exper imenta l  Techniques  in  Low-Temperature  Physics ,  
2nd ed ,  London,  Oxford Univers i ty  Press ,  • ,  .  

Whi te ,  W. P .  (1914a) ,  .3 .  Amer .  Chem.  Soc.  1856.  

White ,  W. P .  (1914b) ,  J .  Amer .  Chem.  Son. 1853.  



www.manaraa.com

124 

ACKNOULEDGLMENTS 

The author  wishes  to  express  h is  gra t i tude  to  Dr .  B.  C.  Gers te i i i  and 

to  Dr .  F .  H.  Speckl ing for  thei r  suggest ions  about ,  guidance of ,  and con

t inued in teres t  in  th is  work.  Thanks  a re  a lso  due:  to  Dr .  11.  F .  Franzen 

for  soi i iG valuable  discuss ions  of  the  interpretat ion of  the  resul ts ,  to  the  

personnel  of  the  groups  d i rec ted by Dr .  V.  A.  Fasse! ,  Dr.  H.  J .  Svec,  and 

Dr .  C.  V.  Banks  for  performing the  analyses  of  the  samples ,  and to  Mr.  C.  B 

Thaxton for  providing the  precess ion photographs  of  the  Lu sa l t .  Most  

especial ly  i s  the  author  in  debt  to  h is  wife  not  only for  typing the  rough 

draft and checking the bibliography of this thesis, but for her general 

patience during seme trying times.-


	1970
	Heat capacities of four rare earth trichloride hexahydrates from 5 to 300°K
	Donald Clarence Rulf
	Recommended Citation


	tmp.1412368487.pdf.ClQqF

