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MIXl'URFS OF IETIILS WITH MOL'TEl!d SALTS 

M. A. Bredig 

A review i s  presented of various types of s o l ~ ~ k i o n s  of 
metals i n  molten salts, espec ia l ly  i n  tineir ow11 iiiolten ha,- 
l i d e s .  
a ture ,  t h e  progress 111atJ.e i n  t h e  last  20 years is  discussed. 
Roughly, the so lu t ions  are c l a s s i f i e d  i:nto two groups : The 
metal. may re t a in ,  t o  sorue degree, i t s  nietal l ic  px=oper.-ties i n  
the  solut ion,  o r  it may l o s e  them throu.gh strong i n t e rac t ion  
~~itli the sa l t  solvent.  The a.3ka.li-rnet:aL systems a r e  t y p i c a l  
examples of the former type, while solutioris of cadraiunl or 
bisniuth represent  t h e  second. 
d a t a ,  are presented i n  detail. for marLy metal-salt systems. 
These inc1u.de c r i t i c a l  sol.ution temperatures , t h a t  is, tem- 
peratures  above which metal  and salt are miscible i n  all 
proportions.  E l e c t r i c a l  conduct ivi ty  is  singled out  as a 
most s i g n i f i c a n t  phzsica.1 property from which conclusions on 
t h e  s t a t e  of t h e  e lec t ron  i n  the so lu t ion  may be drawn. In 
t'k e lec t ron ica l ly  conducting so lu t ions  , notably of t he  al- 
k a l i  metals, t h e  e lec t rons  may be thought t o  resemble F' 
centers  i.n color-center colored c r y s t a l s  In so1utj.oi.is where 
e l ec t ron ic  conductance i s  absent, mono~neric, dimeric, and 
even more I i i g k y  polymerized species  of *he so lu t e  metal i n  a 
low valence s t a t e  mist be assumed to OCCCLT. 

Wit'n r e l a t i v e l y  l i t t l e  reference to t h e  older  liter- 

Equilibrium phase diagram 

The h i s to ry  of the subjec t  of intera.ctions between rnctals and t h e i r  

salts  i n  the molten state, though not well known to most chemists, i s  at; 

l e a s t  1.50 years old.' 

the production of deeply colored melts and on d i fT icu l t i e s  i n  recovering 

metal a t  t h e  cathode upon e l e c t r o l y s i s  of molten alkal i -metal  hydroxides. 

Similar phenomena were encountered by chemists who, e i t h e r  in small-scale 

la,'oorratory research or i n  la rger -  :scale i n d u s t r i a l  productj.on, have been 

or  are concerned w i t h  the recovery of c e r t a i n  metals by rnolten-salt elec- 

t r o l y s i s .  

as one impoi*tmt cause of l o w  cursent  y ie ld  i n  t h e  e l e c t r o l y s i s  of mol'cen 
saltA . Various theo r i e s  ranging f r o m  c o l l o i d a l  suspensions t o  "subhalides" 

It in.cludes observations made by Davy i n  1807 on 

Colored m e t a l  "fogs" were recognized by various inves t iga tors3  
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were proposed t o  explain t h e  observations.  

a t i r e  the  statemerit by Nernsts4 

ilonmetallic sol-vent i n  which -the metal  wau1.d dissolve wi thou'L chemical 

i n t e rac t ion  and from which tile pure m e t a l  could be recovered srimply by 

r e c r y s t a l l i z a t i o n  . . . .I' We hiow today that many such xolten-salt s o l -  

vents  do e x i s t .  A poin'c of v~iew Tqhich appears t o  be exac t ly  oppostte 

t h a t  of Nernst, toward which one group o f  a ~ i t b o r s ~ " ~  seems t o  be incl ined,  

s t r e s s e s  tile notion t h a t  metal atoms may indecd be dissolved as such j-n 

molten salts,  espec ia l ly  when the i n t e r a c t i o n  with th? e o l t e n  solvent i s  

not  a s t rong one. Neither view, i f  taken i n  thc extrexe,  appears to be 

cons is ten t  wi th  experimental ob serva t ioa .  

One a.Lso Siilds i n  the  1i.L-m- 

"For no-L a. single m e t a l  do w e  know a 

The present  discussion na,y prof i tab ly  be r e s t r i c t e d  t o  cases i n  

which a m e t a l  d issolves  ir, one of' i t s  own molten ha l ides .  Sal ts  conta,i.in- 

i ng  anions such as n i t r a t e s :  sulfates, o r  phosphates are li-kcly t o  de- 

compose i n  reac t ions  wi-t;ii t n e  m e t a l .  L i t t l e  of a precise nature  i s  as 

yet  IU~OWII about sol.iitions of one metal i n  the molten sa l t  of another, 

b u t  a few spec i f l c  cases wri.11 be b r i e f l y  mentioned. 

presented whi-ch demonstrate Lhat the va r i e ty  of t r u e  solutions of metals 

in fused sa?-ts i s  eonsiderab1.e. T h i s  includes,  at one extreme, dissolu- 

t i o n  wi th  r e l a t i v e l y  l i t t l e  solvent  i n t e r sc t ion ,  which inight be descrribed 

by t h e  concept of  e lec t rons  subs t i t u t ed  f o r  ani.ons i n  cav-Ities, o r  tha,t 

of solvated inetal_l.ic electro-ns . A t  t h e  other  exbreme, disso lu t ion  Pri-th 

chemical reacLion between solvent and sol.ute occurs, as i n  t h e  formatton 

of "subhalides, 'I  where unusua .I.. 1.y  lo:^ ioriic valence states o f  Lhe meta l l i c  

el.eZent a re  formed. Contrary 'Lo t h e  older l i t e r a t u r e 3  as itTe1.l as t o  more 
recent  statemezits, no evideiice whatsoever seems t o  exj-si f o r  -the occur- 

rence of t h e  c o l l o i d a l  s t a b  of metals 5..n fused sa l t s  (with t h e  exception 

of highly v-iscous syste::is such as s i l i c a t e s ) .  

l'ac'cs w i l l  be  

It i s  convenient to divide so lu t ions  of m e - L a l s  i n  thejx molten ha-- 

]-ides i n t o  two nai.i? ca tegor ies  : 

1. The m t a l  Imparts par t la l l j r  rnet27..lic charac te r  to  i.ts so lu t ion  

i n  t h e  S a l k .  The proper t ies  of the sol.int,ion : ref lect  t h e  ;pcsmce of 

mobile e lec t rons .  These a re  t h e  t r u e  rrteta.1.. solutions. 'They arc of par- 

t i c u l a r  i n t e r e s t  beca7.ibse they represent  a novel s t a t e  or" r i e t a l l i c  xatter . 
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They are somewhat similar t o  so lu t ions  of metals i n  1iqui.d amrnonia and. 

s i m i l a r  solvents,  but are d.ist inguished from these  l a rge ly  by the  ion ic  

nature  of the solvent  ( the sal t ) ,  which, it i s  to be e,r:peci.ally noted, 

usua l ly  contains one of t h e  cons l i tuents  of t h e  metal which it tiissolves, 
namely t h e  cat ion.  Semiconducttng so lu t ions  (i.e., those having pos i t i ve  

temperature coeff i -c ients  o f  t h e  e lec t ronic  p a r t  of the coiiductance ) are 
included a d -  may, i n  f a c t ,  represent  t h e  majori ty  o f  examples i n  t h i s  

class e 

2 .  Strong in t e rac t ion  (i .e., chernical reaction, oxidation-Y.edL~cti.on) 

occuss between metal axid salt.  The m e t z l  a s s u m s  a vaLence higher than 

zero but lower than norczal. This c l a s s  iilight be designated "nubhalid.e" 

solutioils .  One might d i s t inguish  two subgroups, depending on t h e  nature 

of t l ir  second, t h a t  is, the  ne t a l - r i ch  phase ( s o l i d  or l i q u i d )  t h a t j  a t  

sa tura t ion ,  i s  i n  equ.il.ibriwn wi'ch the m o l t e n  s a l t - r i c h  phase : 

(a) 

(b) 

The reac t ion  goes so far as t o  l e a d  t o  %he cryntaLlizat ion of' a 
s o l i d  "subhali.de. " 

The meta l l ic  element i tsel f  (with a small amount of salt dissolved) 
forms t h e  second phase. In t h i s  group t'le Lower v-filence s t a t e  of 
t'ne metal i s  stable only i n  t h e  molten solut ion.  

The div is ion  between 1 and 2 I s  not c l e a r  cu.t, and both mechanisms 
of d isso lu t ion  may describe a s ing le  system. T1he di .s t inct ion i s  betweel? 

r e l a t i v e l y  mobile e lec t rons  and e lec t rons  which atl;ach themselves to ,  and 

become p a r t  of, ions t o  prod.u,ce a. lover  valen-ce state. There aye likely 

t o  be intermediate cases not c l e a r l y  defined, and Yhe a,ttachment of elec- 

trons (or  "su'uha,lide" formation) may OT may not be a matter of degree 

o~ i ly ,  r a the r  than a matter of a s t a t i s t i c a l  equilibrium between two 

d i s t i n c t l y  d i f f e r e n t  states of the electron, at tached and. rmattached. 
Also, t h i s  ma>- vary w i t h  .temperature and composition. The variety i n  the 

nature  of me.t;ttl so lu t ions  will be i l l u s t r a t e d .  i n  the following by a 

systeniatic corisideration of a. nimber of examples. A s  we a re  d.ea,lfng with 

mixtures of metals with s a l t s  i n  the l i q u i d  state, we shall also have 

occasion t o  consid.er m e t a l - r i c h  ph.a,ses arid the so lub i l i t y  of salts i n  

l i q u i d  metals, which i n  many cases i s  grea te r  than t h a t  of the  metal in 

t h e  molten sal t .  

the  phase behavior and. t h e  e lec 'x ica l  behavior of these systems. 
The discussion w i l l  be based l a rge ly  on measure:ments of 



4 

The metal-metal hali.de s y s t e m  which might be termed. "metal l ic"  

m,ntal .  so lu t ions  a re  na i idy  those of t he  metals of  t he  i"j.rs.t two m i n  

v moups of t h e  peri0d.j-c system and of some of t h e  ra re-ear th  metals. 

E a r l i e r  l i t e r a t u r e ,  t h a t  of the  l a s t  century and t h e  beginning of t h e  

presen.1; one, has been reviewed by Cubicciott i , '  and a r a the r  complete 

review has been publ5.shed by Ukshe and Bukun.g 

sults must be considered as of r a t h e r  l ini i ted value, excep'i. f o r  t he  f a c t  

t h a t  'chey ind ica ted  t h e  exis-berice of s t a b l e  m.ix"iuses of metals with 

salts, both sol?-d and molten. With a few exceptions, we s h a l l  not deal  

i n  any d e t a i l  with these  older  d-ata, many of which were r e l a t i v e l y  in- 

accurate,  o r  were given erroneous in t e rp re t a t lons .  We s h a l l  confine our- 

selves  to the more recent  work, which i s  begiluiiiig -to l ead  t o  a f a r  more 

s a t i s f a c t o r y  explana'Lion of' these  solutioiis  than w a s  ava5.l.able 20 years  

ago. 

Ma?.y of 'die e a r l i e r  ire- 

Phase Diagrmis 

A study of alkaJ.i.ne-ear th-me .i;a~-alkaline-earti?-ha.l_i de systecis u n d e r -  

taken under the  auspiccs of t'ne Atomic Enerw Research Program i n  the 

United S ta t e s  durcfng World War I1 ('che "Mmhattan Project")" and the  

subsequent inves t iga t ions  o f  t h e  alkal_i-rrLE.tal--alkal.j^-ha.~"~-d~ sys terns begm 

i n  the ea r ly  1950's a t  t h e  Oak Ridge rJationa.1. Laboratory 

init ia ' ied a new period of considera-ole jn- terest  i n  metal- salt  solu'iions . 
Except for r a t h e r  dernrinding experimei.7tal conditions the s i t u a t i o n  was 

believed" t o  be particu17.arly simple w i t h  the elements of %he f i r s t  mai:.n 

g o u p  OS t he  peri.odic sys-teiiz, where complications related. t o  formati-on 
of a lower valence state of  the metal were no t  an t jc ipa ted .  Indeed, t he  

pliast? di.agi'ams; in which the a l k a l i  i n e t a l  ris one compoiicnt and O i l e  O f  

i t s  ha l ides  the  other;  are rel.ativel..y sirrrplc (b'igs. L---6), 
data ojr" these  diagrms are si-ven in .  Table 1. The tcmpera-Lwe range of  

seen t o  have 

The p r lnc ipa l  
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spec ia l  i n t e r e s t  i s  that near tile mel.ti.ilg poil?-ts of t he  s a l t s  and above. 

The melting po ic t s  of t h e  alka.li. metals are very much lower than those 

of t h e i r  S a l k  and arc riot far above room teniperature. The s o h b i l r i t y  

of the s a l t s  i.n the l i q u i d  metals, wh-ricli i s  consider&le i n  the higber 

temperature range, decreases r ap id ly  witln decreasing teem.perature, s o  
tha‘c t h e  composi.tion o f  the e u t e c t i c  1ri.quids i n  these  systems i s  tha% of 

almost p i r e  alkalri metal. ‘The mole f r a c t i o n  of’ t h e  sal-t i n  these ei.itec- 

tries is ,  i . r j - t h  few exceptions, l e s s  than as estiniatcd hy cxtrapola- 

tion of the l i qu idus  curves. fllkhough a e u t e c t i c  of t h i s  nature has 

some’iimes been harm under t h e  t e r in  “monotactic, “ t h i s  usage w i l l  not  be 

followed here.  

betwecn two 1i.quids and one s o l i d  of a cornposition not  intenried.iate hz- 

tween those of t h e  two l iqu ids  e Thus, i n  most alkaJ_i-”metal-alkal.i.-ha~i~d~ 

systems t h e  melting point  of the salt i s  lowered ’ny .the add.ition of rneta.1. 

unti.1 the nonotect ic  temperature and composi.tion are reeched. Above the 

”monotectic  horizontal^" w e  f i n d  t h e  region. of coexistence of one s o l i d  

and one l i q u i d  phase, and thf: region of  t h e  coexistence of two l iqu ids ,  

one richer i.n s a . l t ,  the other  r i c h e r  j-n metal. 

tenis the  compositions of the two l i q u i d  phases approach each o’iher 

monotonically w i  i;ii increas ing  temperature i u t i l ,  a t  the  c r i t i c a l .  so lu t ion  

o r  consolu’ie temperature, they equal each other, A t  and above t h i s  tzm- 

perature, only one l i q u i d  phase e x i s t s  under equilibri-wn conditions.  

B e l o w  the mono-tectic temperature, solid sal t ,  containing rin solid solu- 

kion very srml.1 a;mounts of rietal (T,vrhich decrease rap id ly  with decreasi-ng 

t e r n p e r a t ~ r e ) , ’ ~  i s  i n  aqu-ilibrium writh a so lu t ion  of .the sa,l-t, i n  l.i-quid 

.ne t a l  

We shall- use t h i s  term’2 t o  designa’cie the equil.TDrium 

I n  t h e  a,l.kali-mel;al. sys- 

The general descr ip t ion  of t h e  phase di.agram given here fihs t h e  

1iJihirn,”” sodium,” 9” and p o t a s s i i d 6  metal systems with each of t h e i r  

ha..lides, all of lqhich, with t h e  excepl;ri.on of t h e  chloride,  bromide, and 

iodide sys“i,ms of l i thium, are kno~m i.n d e t a i l .  Among -i;liese th ree  a l k a l i  

metals tile potassium systans (Fig. 1) exh ib i t  the highest  degree of misci- 

b i l i t y  of t h e  salt with the  me’Lal i n  t h e  l i q u i d  s’cate. The sodium sys- 

te rns  (Figs. 2 and 3 )  are  iritermediate, and l i t h i u m .  metal. (Fig. 4.) shows 

the leas’ci tendency of all alkali-mztal. systems t o  mlx with i t s  lnalides 
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i n  the l i q u i d  phase. 

represents  a q u a l i t a t i v e  measu.re of the r e l a t i v e  mi.scibil i ty and of t h e  

relative deviations fram “ideal” sol.ution behavior. Tk3.s consolute te~a-  

perature  i s  1330’C i n  the l i th ium f luo r ide  system, ranges from 1028 t o  
1180°C i n  the s o d i m  systems, and rmges from 717 t o  904’c: i n  .the potas- 

s ium systems (Table 1). The terfl.peratxre range i n  which two liqi1id.s 

coexis t  i s  abou% 530°C i n  t h e  l i t h ium fluoride system, about 200 t o  

400°C for sodium. systems, and only 20 t o  60°C: f o r  t h e  pota:;ai~xc systems. 

No prec ise  data appear as ye t  t o  ’oe avai lab le  for -i;ernary alkal i -metal  

s y s t e m  embodying two OL’ more ca t ions  with one anion (besides the elec- 
t r o n ) ,  o r  severa l  anions with o m  ca t ion .  

The c r i t i c a l  so lu t ion  tenipera,ture i n  these  systems 

It i s  evident t h x t  the c e s i ~ i ~ e e s i L u ; ? - h a l i d ~  s y ~ t e m s ” ~  a re  qza l i ta -  

t i v e l y  d i f f e ren t  from the ma jori-ty of t h e  a l k a l i - n r e t a l - n l k i - ~ ~ , ~ l i d e  sys- 

tems, i n  t h a t  the l i qg ids  axe miscible i n  all pyoportions (iaee, the 

consolv.tc> temperature l i e s  b e L o ~ ~  t h e  liquid-us line) (Fig. 5).  
du.5 curve, depicting the Lempeuatu.res for the solidification of t h e  ce- 

siwn h.alf .de from t h e  l iquid.  mixt-we, desce:n.d.s wi-thou.t dlscontiriuity 

(except thact t’nere aught t o  be a slight kink at t h e  LransfosnmtFon tern- 

perature of CSCI) fmm .ttie melting point  of the  pu-re salt  t o  t h e  eu tec t i c  

point,  which i s  almost i d e n t i c a l  i n  meltLing temperature (30°C) and compo- 

s i t i o n  with the pi re  metal. The foiu rubidium phase diag:rrmsJ-9 show, as 

mi&% be expected, a behavior i n t e m e d i a t e  between the potassium and LIE 

cesium systems (Fig. 6 ) .  
i t y  i s  lesz  than 20°C i n  the PXu.orl.de, chloride,  ana 3.od.ide systems, and 

t h e  m5.sci.bility gap i s  absent i n  t h e  bromide system. It i s  in t e re s t ing  

t o  note (Fig. 7)  t h a t  t he  trend, with increasing atomic n i x i f ~ e r ~  s ize ,  or 
p o l a r i z a b i l i t y  of t h e  ha l ide  ?.an, toward greakr .  miscibi.li.ty as expressed. 

by the value of the  c r i t i ca . l  s o l u t i o n  temperature [T, = 1180, I.080, and  

The l i qu i -  

x 

The temperature range OS only par-bial mi.sc?.bj.J-- 

1026°C: for Na(F, C1, Rr); 904, 790, and ’728°C Tor K(F,  C1, Rr); and. 790, 
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4000L 
Fig. 7. Cr i t i ca l  Solution Temperature i n  Alkal i  

Metal-Alkali Metal Hal ide Systems v s  Molar Refrac- 
t ion of the Gaseous Hal ide Ion. 
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of tkese t'nree a,lkali  metals, e i t h e r  reversed [Na(I) :1-033"] o r  considtt_.r- 

ably diminished [II:(I):?O8" axid. R 1 ( 1 ) : 6 3 4 " ] ,  w i t h  d a t a  I.aekiug for the  

l i th ium system:; arid f u r  Cs-CsBr I 

~olu-Lion  behavior and Tc might b e  rz lzbet l  to t h e  size axid polarizability 

of the  afions, no simyle qnai t - i ta t ive relatLoiiship t o  thzse axLon proper- 
t i e s  tias been d.e&uced. 

I?lYnough i t  seem reasonable t h a t  Yne 

Besides t h e  value of the m l n i m u n  temperature of coifiplete misc ib i l i t y  

(T, ), t h . e  ("critical") cornposition a t  the consolute terizperatwe is o f  

i n t e r e s t .  The metal content of t h e  "crLtica.L" soliitj-on i s  seen, i n  

Table 1, to increase from the fho r i c i e  to t he  iodide for. the sodiiun, po- 
l;ass.i.urn, and rubidium systems; t h e  sane i s  t r u e  for. -the compositjona or" 

t h e  i n f l e c t i o n  on the solidus cz?rve of t h e  cesivni syste~ns, which i s  some- 
w~in; t  r epresenta t ive  of the "suh1iierged" (i . e., wnstable) c r i t i ca l .  solu- 

ti .ons (28, 47, xiid- 65 mole 

-Grj.th cesium respective1.y). It bas been poir ikd 0i.k that t h e  correspond- 

ing "cr i t ical ."  v01rm-e f r ac t ions  approach. the vc2Lue 0.50 for all systems, 

indicat ing the  quite yLa,usibl-e s ignif icance of  t h e  molar volw~~e in t h e  

so lu t ion  behavior 

cesiim metal for CSF, CSCI, and CSI solution 

The acbi.vi-t,y coe f f i c i en t s  of t h e  salts, ca lcu la ted  fro111 tile l iyu ldus  

 curve^ f o r  t h e  precipitati .on of  solid salt:; from t h e  .cftelts, increase from 

un i ty  w-it'n iric yeasing ni.et al eoncent rat ion, eorre s pending t o  pos i t ive  devi- 

ations of t h e  sal t  compoile1Z; from Raozdt * s law. 

exhib i t ing  (or httvliig a tendency t o  exhi.bit) l i qu id - l iqu id  miscibility 

gaps, when no strong ("che~ir~ical") interac.f;ions such (as 1.n the cadni'un- 

cadmium ha1id.e systems (cP. below) -take place. 

values of RT 1.1 y 

C s - C s l ,  where @ 

This i s  usual i n  systems 

In Fig. 8 are ploLted 
2 for %he systems K-mr, Rb-F3Br, arid- vs @metal salt  

i s  the vo1.ime f ~ ? a c t i o n  of t he  nieLa,l. me t a l  
The temperature depcnderiee of -the sol-u.hil i t jr  of the ,solid salts in 

t h e  l-iqia5.d nzetalo I s  another Pea,ture of i n t e r e s t .  ,4n wiusual.1y 1-ow va,he 

o f  the p a r t i a l  rrtolar heat, of solutioii  i s  derived from the t e rapera tue  

dependence of t h e  sollru'nility of the s o l i d  salts  in t h e  liquid metals f o r  

the fluorides of cesium (10 kcal/mole) and potassium (13 kcal/m.ole) Tu 

comp:-trison w i L h  t h e  other  halides of -these metal-s I 
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No explanation of these phenomena wh.ich ri.s f r e e  of arbi'cl'ary a s s u q -  
t i o n s  has been proposed., although. rat1ii.r i n t e r e s t i n g  specul.ationsl' 2o  

l ead  -to a, crude 'nut instruc.Live p i c t u r e  of t he  so lu t ion  behavior o f  -i;hese 

systems. 

P i t z e r 2 I  suggests t h a t  t he  cxcess free energy of &Xing i s  associa-Led. 

wi.l;h 'die corn-ersion of  t he  meta l l ic  s t a t e  of  binding of  the iiietal e lec-  

t rons  t o  an ion ic  type of 'oindri.ng and t h a t  t he  mixing of e lec t rons  with 

ha l ide  ions occurs w i t h  l i . L t l e  excess f r e e  energy, i? arty. 

f a i r  agreeruerk between experimentaL excess f r e e  energies derived from. 

t h e  phase diagrams and a t h e o r e t i . c d  ca l cu la t ion  of "che drifferencz i n  

energy o f  a r:ieta.l..l.ic and ion ic  model of an al.kal-i m e t a l .  

lie obtains  

P a  i n s t r u c t i v e  view may be obta.-iaed according to Blander22 by di.vi.d.ing 

t he  process for t h e  dissol.utj.on of metal i n t o  the two s teps:  

M(1iquid) ---+ bI(gas> , 
M(gas) ----+ M(in d i l u t e  so lu t ion)  . 

The Y i r s t  s t e p  is si.mply t h e  vaporizat ion of t h e  metal f o r  wixicii data  a re  

avaj.1-ab1.e 2 3  The thermodynau3.cs related.  t o  t h e  second. step, which i s  t he  

d isso lu t ion  of t h e  gas molecules, i s  discussed elsewhere. ''* 
ence of t h e  f i rs t  s t e p  may be i l l u s t r a t e d .  by the  r e l a t i v e  valuss of RT 
1.n p gi-ven i n  Table 2, where p i s  t h e  p a r t i a l  presswe of t he  metal mono- 

mer j.n. t h e  vapor i n  atl1iosplie:res. Asi.de from di f fe rences  i.iz t he  second 

process, t he  inf luence of  t he  vaporizat ion sLep wou!-d.tend toward an in-  

creasing r e l a t i v e  s o l u b i l i t y  of iiletaL in- salts i n  t h e  order of increasing 

vapor pressure,  L i  < Ma < K < 11% < Cs. 

Yle influ-,  

Idhere Henry! s l a w  appl ies ,  t h e  second process i s  b e s t  described i n  

ternis of -the Hea.i:y's l a w  constalit,  Kc, 

where c 

c i.s the concentration of illeta1 i n  tile gas phas? i n  the  s2ne unit,s. 

The f r e e  encrgy of  solu.tion (AA 
energy of fonfltiig a hole  t he  s i z e  of  t h e  metal atom (a,bout 10 ? 5 kca.l./ 

mole) and thc  ~ Y e e  ene ra -  of i n t e r a c t i o n  of -the metal atom with the  salt. 

i s  -the concentration of metal.. ri.n SoIuLLTOii i n  inoles/c~:i3 m d  sol 

gas 
= -KT Ln Kc) i s  t h e  S U . ~  of t he  free 

C 



Table 2. Miscib i l i ty  mid Metal Vaporization D 3 t a  f o r  t he  
~kal.ri.-rIe-t;al-~~kali. - H a l t  de Sys-te:ms 

RT LI p (monomer) 
(kct al/iiole ) 
(at ~OOOOK) 

Me-Lal bp Xmge of Values of T, 
( O K )  (OK) 

L i  

Na 

K 

Rb 

c3 

-13.8 

-3.6 

4 . 8  

-a .3 

+Q.G 

1604 1603 

1163 1303-14-53 

1039 981-IJ-7'7 

974 90 7-1063 

958 ( d 5 0  t o  4 5 0  "su.bmerged") 

As an exanple, one might consider t'ne dissol i i t ion of sodium i n  a hypo- 

t h e t i c a l  sodium sal t  having a molar volume of' about 50 em3 at t h e  bo i l ing  

point (1163OK) to foi-m a 1 mole '$ solut ion.  

very d.ifferen-t from t lo se  for real. salts .  

fo r  this process, if Henry's l a w  bo]-ds even approximately, i s  -7 kcal/mole, 

and t h e  in t e rac t ion  e n e r m  of a metal a-t;o:m with the so lu t ion  would have 

t o  be about -17 k 5 kcal/mole. 
higher than 1 mole $, the postulate of t h e  d isso lu t ion  of metal atoms with 

weak i n t e r a c t i o n  i s  seen t o  be iiiiprohable. That the  d isso lu t ion  of a l k a l i  

metals i n  molten salts i s  influenced greatly by the same f a c t o r s  influ- 

encing t h e  vaporizat ion is shown by bhe comparison Ln Table 2 of the bo i l -  

i ng  points  of t h e  metals and t h e  coi3.solube temperatures. 

course, only suggestive, and much more rlata and a more complete qum-bita,- 

t i v e  ana lys i s  are necessary f o r  any d e f i n i t e  conclusions. 

These parameters a rc  not 

The free-energy change, &Ic, 

Since the  s o l u b i l l t i e s  of  s o d i m  are  

This i s ,  of 

Pny s i c  a1 Propert i e s 

Optical  Observations. - Aside f r o m  t h e  ea r ly  q u a l i t a t i v e  f indings 

about the deep co lora t ion  of iiioli;ei~ a l k a l i  ha l ides  containing excess 

metal, t he re  appears t o  be, thus far, only one briei: study o f  a serniquan- 

t i t a t i v e  nature.  M~llwo'~ mea.sured the visi'ole and near- infrared absorp- 

t i o n  spec t ra  of melts of a lka l i -ha l ide  c r y s t a l s  colored by exposure t o  



a lka l i -xe t a l  vapor, 

t h r e e  sodium salts stindied (NaCl., NaBi?, and Nal) and a t  980 mp f o r  the 

corresponding potassium salts.  I n  con t r a s t  t o  t h i s ,  t h e  posi. t ion of t h e  

absorption maxi-.mmm i n  t h e  solid. salbs var ies  wi.t,h -the anion, or the  la t -  

t3.cte paxmeter .  MolLwo bel ieved t h a t  t h e  absorption bands of  t h e  m e l t s  

coiild be considered. as Tesonance l i n e s  of t h e  m t a l  atoms, displaced an,.d 

broadened. by intcrmolecul.ar r i e l d s  . :{owever, it seems eiitire1.y possible 

-Lo ascr ibe  tlie absorption spectrum t o  an e l ec t ron  whose wave function i s  

not coi l fhed  to one m e t a l  core (MI) b u t  spread out  over several l@ i.0-m 

[@_p(b@)x]  as i n  an F center ,  b u t  without t h e  decis ive i.nflueiice, upon 5 . t ~  

energy, of a i6gi.d c r y s t a l  l a t t i c e .  

Re  found bimari absorption maxima a t  790 mq, for 8.1-1 

Electr ical .  Yropert ies .  - li3, a very few Tather crude experiments, 

M 0 L l h r 0 ~ ~  found no d i r ec t iona l  - transport  of -the colorced cloud fro31 a. 

mel-Ling, F - c m t e r  colored c r y s t a l .  IIe consid.ered tints as a, confirmation 

of the o p t i c a l  Tinding, whj..ch indieabed t h e  presence of uncharged (i .e., 

nondissoclated) metal  atoliis. This conclusion d-oes not seem t o  be ::on- 
fj.rmed by l a t e r  observatlons * 

Broiistein and Bi~ed.~.g2r’* measured. t h e  condiictance o f  alkal3.-meta,l- 

alkali-metal-  salt, mixtures and dernonstmte d. very- cons ri. demhle  t r anspor t  
of c?lce’ciaicity by e lec t rons  in soliz,tion. Yhe s t a i - d e s s  s t e e l  apparatus 

f o r  t h e  de-Leixination of t h e  spec i f i c  e3.ectrical condinctivity, which 

they descri.hr i n  de t a i l ,  included a synthet ic-sapph~.re  cappillary d.ip cell.. 

which was Pound t o  be entlxlely i n e r t  t o  most alkali-~~leta~“-ha.l.i .de mixtu.rer,. 

All of the  seven sod-iwn and potasst lm systems i-nves-Ligated (the tempera- 
tures of t’ne Na-NaF system wzre not access ib le )  had i n  com’;lon a r i s e  ri.n 

t he  spec i f i c  condix t iv i ty  of the sal-i; m e l t  on addi t ion  of 1neta.l.27p 2 8  

T h i s  r ise ,  however, var ied  grea,tl..y i n  exteiit and natu.re from system t o  
syste~;i. F i g i r e s  9, lo, and 1.1. are t y p i c a l  examplcs. In  tlie sodium sys- 

tems t h e  r a p i d  initr i-al  r ise  i n  condu.c:tivi-ty i s  ch.arac ter . j is t ical ly  slowed, 

and only i n  cases  of suffj-client solubiSi5,y (Na-NaBr and Na,--NaI a t  higher 

teixperatures) i s  it f i n a l l y  aceelel-a-Led as the s o l u b i l i t y  J A i i i J 6  i n  con- 

cent ra t ion  i s  approached.. 

t h e  rise i s  rnonotoiiical.1.y accelerated.  with increasing metal. concentra- 

t i o n .  I n  aol.utions of potassium i n  K1, a spec i f i c  condilnckivity o f  600 

on:rl’ cm’”’, t h a t  is, 400 times t h a t  ol” -the pure nlol..C:xi s a l t ,  was measured 

111 t h e  potassium, solut ions,  on the o ther  hand, 



a t  4.2 mole '$I potassium, ind ica t ing  an elec-tronic cont::cibutri.on t o  the con- 

duc t iv i ty  of Ynts solution of more than 99.5ke 

so lu t ions  are distir igiished from -those i n  the iodide by a far slower 

i n i t i a l  Y i s e  i n  conductivity,  with the chloride and brorfltck melts being 

intermediate.  I3roizst&in and Rredig define a c h a r a c t e r i s t i c  o r  apparent 

equtvalent conductance 4 of the. dissolved. m e t a l  by the  equation 

The potassium f luor ide  

N a - N a B r  
2 1  

1 1  

N a - N a B r  

UYCLASSIFIED 
ORNL-LR-CWG. 230434 ~.~ ....,....,.... 

&..I .... I.. 
2 4 6 8 4 0  

POTASSIUM MII-TfiL. (mole % )  

Fig.  9. Specific Conductivity of Alkal i  Metal 
Solutions in Alkal i  Hal ides [H. R. Bronstein and M. 
A. Bredig, I .  Am. Chcm. S O C .  80, 2080 (1958) (re- 
printed by permission o f  the copyright owner, the 
American Chemical Society)]. 
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9 0 0 ° C  

- Fig. 10. Specif ic Conductivi ty of Snlutlolls of 
, Sodium Metal i n  Sodium Iodide [H. R. Bronstein and 
I bA. A. Bredig, /. P h t s .  Chem. 65, 1221 (1961) (rc- 

8 0 0 ° C  pr inted by permission of the copyright owner, the 

I 

i 

American Ch ern i ccjl Society)] . 
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Fig. 11. Specif ic Conductivi ty of Solutions of 
Potassium Metal i n  Potassium Iodide or Fluor ide 
[H. 8. Hronstein and M. A. a r e d i g ,  1. f 'hys .  Chem. 
65, 1221 (1961) (reprinted by permission of the copy- 
r ight  owner, the American Chemical Society)]. 
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a r e  thz equivalent coruhctances of the so lu t ion  and 'salt where A 

and salt, and TJ i s  t h e  equi-valent f r a c t i o n  of metal. The t e r m  A repre- 

s en t s  t he  change of t h e  condxctaricc caused by t h e  addi t ion of one equiva- 

l e n t  of metal t o  3.11 mmmt of s3J_t coirtained in t h e  solu. t io~i  of tine gi.iTen 

coraposition vhich i s  between two electrode pla-tes 1 cm apar t .  

Soli1 

M M 

Fig%r.es 1 2  and 13 show, in a more s t r i k i n g  form than Figs. 9, 10, and 
11, the  t y p i c a l  difference i n  the behavior of ~ 0 d . i ~ ~  and  potussium. Wllil-e 

i n  the potassium systems t h e  apparent equivalent conductance of the metal 

solute , $1, 

m e t d  content, it drops rap id ly  i n  t h e  sodiurri so lu t ions  toward it nlininium, 
wh ich  obviously would be Tollowed by a rise i.f greater s o l u b i l i t y  would 

permit higher concentrations of metal t o  be dissolved. 

rises monotonically ,arid with increased ra$e wi%h increasing 

These c h a r a c t e r i s t i c  changes of with nietal concentration may be 

interpreted.  as follows: A t  i n f i n i t e  dilutiozi. of -the metal, in both the 

sodiwn and potassium solut ions,  e lec t rons  are rin a, s tate i n  which they 

can cont r ibu te  t o  tl1e carrying of curren t .  Rice,29 assuming a, "random 
walk" of t h e  electrons,  has performed t h e o r e t i c a l  ca lcu la t ions  f o r  t h i s  

s t a t e  a b  i n f i n i t e  d i l u t i o n  vhich are correct within an order of nizgaitude 

of t'ne observed conductivity.  For t h e  potassium so lu t ions  , Rice's theory 

predic t s  an increase of & with metal concerxtration. 

suggest that e lec t ron  o y b i t d  overlap plays a role i n  t h i s  inclrease, and 

doubtlessly t h i s  becomes i inpr ta l l - t  a,% higher metal. conce:nl;rations. liaw- 

ever, i n  t h e  sodium solut ions,  another iiflporta.uk f a c t o r  appears Lo be 

presexit t h a t  actinally rernoTJes e lec t rons  f r o m  the  coaduction process wi.th 

increasing metal  concentretion. The Ixapping of electrons i n  pairs t o  
form diatomic molecules of l\ja2 was suggested2'/ t o  r a t iona l i ze  this di f -  

ference.  The f a c t  t h a t  Na2 i s  r e l a t i v e l y  more s-table i n  the vapor than 

K2 ( the  heats of dissocia,%ion are 17.5 and 11.8 kcal/moLe respec t ive ly)  
suggests that t h i s  i s  reasonable. Measurements a t  higher tcmperatwe in .  

the  sodium-containing systems J i f  t h i s  hypot'nesis were t r u e  , would lead 

t o  behavior more l i k e  t h e  pota . ss i~~-col? ta in ing  systems beca.use of t h e  

g rea t e r  d i ssoc ia t ion  of Na2.  In the Ii-Gliium systems a still.. grea te r  de -  

gree of pa i r ing  should occur. This, rather than a short re laxa t ion  

might be t h e  reason. f o r  -the absence of e lec t ron  sp in  resonance i n  solut ions 

of l i th ium i n  molten l i t l i i u r n  iodide.  

Broastein and Bredi jg  



Fig.  12, Equivalent Conductance of 
A l ka l i  Metal Dissolved in A l k a l i  Hal ides 
[H. R. Brornstein and M. A. Bredig, 1. 
Am.  Chem. S O C .  80, 2080 (1958) (re- 
pr inted by permission o f  the copyright 
owner, the American Chemical Society)]. 
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Fig. 13. Equivalent Conductance of 
A l k a l i  Metal Disso lved  i n  A l ka l i  Hal ides 

[H. R. Bronstein and M. A. Bredig, 1. 
P h y s .  Chem. 65, 1223 (1961) (reprinted 
by  permission of the copyright owner, 

the American Chemical Society)]. 

l o  I A p L L p L L  
0 2 4  6 8 10 12 

IvlOLt PER CENT METAL 

I 
I 
... 

14 1 



1.9 

a, Another i n t e r e s t i n g  aspect i s  t h e  va r ih t ion  of AM (5.e. , n, exLrapo- 

Taible 3 gives a s w ~ m r y  of t he  equivalent molar conductances, 

l a t ed  t o  i n f i n i t e  d.ilinti.on) -with va r i a t ion  of e i t a e r  t he  anion or t h e  

m e t a l  ion.  

A!, of sodium and potassium metals i n  i n f i n i t e l y  d i l u t e  solixtiion i n  most 

of t h e i r  molten hal ides .  These values were obtained by a, shor t  extrapo- 

l a t ion ,  t o  zero inetal concentration, o f  t h e  curves f o r  .% vs m e t a l  con- 

centratTon. 

TWO d e f i n i t e  t rends  m e y  be seen in -these data: F i r s t ,  t he  con.tribu- 

t i o n  t o  the  conductivity by the  metal solute increases  g rea t ly  i n  going 

from the f luor ide  t o  tjne iodide sy-stems, t h a t  is, with ari;ornic nunbez', o r  

s i z e ,  of -Lhe hal ide  ion. Second, it decreases in going from sodium t o  

potassium (i .e. , apparently, with increasing 3toniic: number, o r  s ize ,  of 
t he  mzta1- ion )  

i n  t h e  p o l a r i z a b i l i t y  of t h e  ha l ide  ion  with increasing s i z e ,  which i s  

thought t o  f a c i l i t a t e  trwismission of an e lec t ron  fro(fl one cation, OT 

group of cat ions,  to another. T h i s  i s  reminiscent of t h e  f indings by 

TaiJoe and okherr, tiiat t h e  r a t e  constant f o r  exchmgz of an e lec t ron  be- 

tween a co.criplexed ca t ion  such as [Cr(NK3)5Xl2" o r  [Cr(Hz0I5Xl2* wid hy- 

drated Cr2* ions i s  very hig1d.y dependent on. t h e  nature of t he  l igand 

ha l ide  ion, x", presumably on i t s  po la r i zab i l i t y .  

f e c t  i n  aqneous solutloii  shows a very liiigh power depe:ndence on Lhe polar i -  

z a b i l i t y  of X" ( the  birnol-ecular r a t e  constant fo r  e lec t ron  exchange be- 

tween [Cr(NTI3)5Xl2*  and C r 2 *  ch.anges from 2.7 x l F 4  t o  5.1 x lam2 t o  0.32 
t o  5.5 for X = F, E., Er, and I respec t ive ly) ,  i n  t h e  metal.-saJ-+, melts 
t h e  apparent depeiidence of -+fl 02 polar iza 'u i l i ty  of X i s  of' a lower power. 

Qui te  s ig i i i f icsn t ly ,  t h e  iod-ide systems exhib i t  a weakening of the  t r end  

es tab l i shed  by t h e  f l i m r i d - e ,  chlor ide,  acd bromide systems. TiLis i s  rerni- 

n i scent  of a simnila,r change i n  the  t r end  f o r  the cri-t.ic,al so lu t ion  temper- 

a tu re s  mentioned above, a sirrl j lari ty w'nich may not 'oe merely coincidental ,  

The former trend. has been attr ibuted"* 2 8  t o  'Lhe increase 

Ho~srever, while t'ne ef- 

03 

O f  considerab1.e i :nterest  vould be a discussion of t h e  teiiqxmiture 

dependence of t he  e l ec t ron ic  part of the coiiduction i n  infin."tely d.5.lute 

solixtj.on, Unfortma-tel.y, t h e  data arep by yfieir very nature (i .e. , small 

differences 0% t.wo l a r g e  rimhers divlded. by a s m a l l  conceritratio:n valine), 

not near ly  a.cciirate enoingh for Vhis purpose, except t o  show t h z t  t h e  %em- 

p e r a t m e  deprndence a t  i n f i n i t e  cli.l.ut,Pori i s  very small a A t  h lgkter  metal.. 
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Tab1-p 3. Molar Conductance 4 of Sodium aad Potassium i n .  i n f i n i i e l y  
Dilute Sol-uti-on in Their Molten Hal i des at 9OOOC (ohm"" cm2 mol e-') 

N a  

K 

. . . . . . . 
Molar refrac-Lion 
of gase0u.s 
axion 
(e1113 mo3.e-l ) 

Cube of  c r y s t a l  
radius (A3) 

C r y s t a l  Radius 
of CaLion (A) 

0.95 

1.. " 33 

. . . .  

6000 12 000 (16 000 )a 

800 2 800 6 000 8,100 

(820a@) (870'C) 

2.5 9 12.7 1-9 
. . . . . . . . . . . . , 

2.52 5.94 7.43 9.95 

4 5 6 

UNCLASSIFIED 
ORNL-LR-DWG. 70744 

4 5 6 7 

REDUCED TEMPERATURE, T / @  

Fig. 14. Electron Mobil ity in Alkali Halide Crystals 
[A .  Srnukuln,  N a c h ~ .  Ges.  IViss. Gottingen, / I  1(4), 55 
( 193411. 
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conccatrati.ons t h e  temperature meffi.crieir.4; (pos i t ive  1 OS tlie t m t n l  so lu te  

cond:u..ctivity a-ppzars t o  depenfi both on metal concentration aiid l;ernperakx-e 

(cf, Fig* 13). 

assocliated. s p e c ~ e s  such as mz .md K~ and electrons,  X+ + 2e" s K*. 
s t i l l  higher metal  contents,  where .the l i q i l i d .  i s  esse i i t i a l ly  a soI.u.tiosi 

o f  salt i n  m e L d  , the teinprature coe f f i c i en t  appears to become negative, 
as expected. for metals.  

This might be attribu.l;cd2'7r2EE t o  the ecpi l ibr ium between 

~t 

The very s1x.al.1 terapera-Lure dependence of %he niizetal. so lu te  eonduc-tivity 

sigr&ficantl-y d is t ingxishes  t h e  melts f'rCj111 the 
J 4, a t  F n f i n i  t e dilixt i on  

F-center colored crystals s t u d i e d  by Srflakula 31- 

,Lively l a rge  ac t iva t ion  energy of conductance by F-center e lectrons i s  

clirectly r e l a t ed  to tbe thermal motions of t'ne ions (i.ee, the character- 

istic temperature of "ihe c r y s t a l  a6 deri-ved fi-orri the spec i f i c  hea t )  e 

the large differences i n  t h e  electron mo?iilit,y f o r  d i f f e ren t  ha l ide  crys- 

tals of the same a l k a l i  metal a.r? wiped out by t h e  use o f  a redmced tern- 

A similar rela-t,ionsliiy using, for ex- perature scale , 
ample, t h e  11ieIl;ing polsit of t h e  salt obviously- (cf .  Fig. 3.3) does not 

exis-b %or $,f2 which seems near ly  constant, writh tempera-Lure and corresponds 

t o  an electron niobility severa l  orders of magnitude gc?a , te r  t h m  t h a t  I n  

'che ci-ystaal.. 

and. the e lec t ron  mobili ty mfi as high as they are i n  the melt; ,  t h e  re- 

maining i n i ~ ~ v i d u a l  dFfferences in 4; may be expected t o  be due t o  other 
a,spec-t;s of  tile conduction rneehazism, such as the  p o l a r i z a b i l i t y  of the 

m i o m  which a c t  as negative potential 'oarrciers ,  as discussed above. 

lji "c'k ctystal~ t'ne rd.a-- 

IIere, 

/ e  (Fig, 14). %& 
03 

It appears, then, tiza.t; when the t & r r m l  motion of the ions 

I n  both the c r y s t a l s  and t h e  melts, t he  e lec t rons  i n  %he sodi.urn. sys- 

-Lerns exhibi-t; higkie'-r rnobility than i n  the p0l;3ssiwn systems. 

not  see111 to be well. understood at, prcsmt,  altiiough a connection w i - t h  the 
s~nal lerc  inberionic  dis tances  i n  t h e  oodiwn case niay e x i s t .  

This does 

We have seen t h a t  ii; i s  possible  to prepare binary mixtures of n ~ ~ i y  

alkali metals xi.tb t h e i r  malten ha,lides i.:n all proport ims of the t w o  
components , salt aiid irietal. 

of t h e  salt--rri.ch soliltions, only a s tar t  has been made i.n measuring %he 

conductivity o f  mettzl-ricb sol.uti.ons. Figure 15 shows t h e  whole concea- 

-t;rxt.t i o n  range for severa l  pot as siim.+-potas siim--hKLi de systems aid demon- 

strates t h e  large deviation from additive behavior Rronstein, Ddorkin, 

Cornpared with tine study of the conductivity 
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3 

Fig. 15. Specific Conduct iv i ty of Solutions of 
Potassium Hal ides i n  Potassium Metal [H. R. 
Bronstein, A. S. Dworkin, and M. A. Wredig, I .  
Chem. P h y s .  37, 677 (1962) (reprinted by perrni ssion 
o f  the copyright owner, t h e  American Inst i tu te  of 

I 
/ , 

and Rredig32 found thab  up t o  20 rrto1.e $I K I  the  resistivi-Ly- of potassium 

me La]. increase d l i n e a r  l y  w i - L h  i- ncre as ing  sa l t  c o ~ i c  eii tra t i  on. 

Subsequent ~ 0 1 - k ~ ~  showed t h a t  %lie propor t iona l i ty  f ac to r  -- a, i.n t he  

equation f o r  bhe spec i f i c  r e s i s t i v i t y ,  p (pohm-em) 12 a N  

with t h e  s i z e  o f  t he  anion,  Trorri 1-20 f o r  X:F (700"),to '74C.? :Cor KBr ('74t0°), 

t o  920 pobm-cm f o ~  IcT (700'). 

the  increase in t he  c ross  sec.tlon of the  l a r g e r  aiiLons f o r  s ca t t e r ing  

moving e lec t rons .  A n  a l t e r n a t i v e  explanation, that of t he  excliusion of 

conducting volume by tile i i7troduction of i n su la to r  ( s a l t )  mol-eculcs, i s  

e n t i r e l y  uns2tri.sfactory: S'L is t r u e  t h a t  t he  eqdv-alcni; conduc-Livritries, 

tha t  lis, the conduct iv i t ies  of  1 mole of sol i l t ion of sa l t  i n  ne t a l ,  of 

a, KBr, o r  Kt;' i n  potassium, fall- e s s e n t i a l l y  on the saxe curve whe-n 

p lo t t ed  agains'i volume f r ac t ion .  However, the conduct ixi ty  drops far 

more rapidly,  i n i t i a l l y  by a f a c t o r  of 5 t o  10, 'chaii t h e  exclusion o f  

conducting vol-ime would require ,  namely, art 700", from approximately 

990,000 0 b - l  em2 mole-: for p u ~ e  pota,ssiunl ineia?. t o  620,000 a t  a. volume 

+ b, increases  hlls 

An appropria1;e explana.tri.on appears t o  be 
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f r ac t ion  of potassium of 0.95, t'r!.at is, (990,000 - 620,00o)/0.05 x 
990,000 = .370,BOO/'4-9,500 or 7.5 times fastel- .  

tine macro:xopic picture of exel-usion of conchctiiig volume does not vork 
i n  this si.tua%ion Tvhcrt3 the mean free path o f  .Lhe electrons is large com- 

pared w i t h  the  excluding par t ic le  s i z e ,  which makes the acat-l;rrln.g process 

the all-inrportant featwe. 

I& is not iimzpected- that 
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Fig .  16. B a r i u m  Metal-Barium Chloride System (J. A. 

7001 
@ a C I 2  

Hinkebein, Ph.B. Thesis, IOWQ State College, 1958). 

ind ica t ion  of comple’ce miscibil . i ty at higher temperatures. 

i s  due t o  fzul-ts of the e a r l i e r  -technique i n  de te r r in ing  the temperatuse- 

concentration area o f  the  coexistence of two lriquids by ana lys i s  of 
quenched mel-ts. 

others,4Q it i s  I.n yenera.1 impossib1.e -Lo preserve, by quenching, -the 

eqgilibriuin concentration of a l i q u i d  pha,se satura-Led r.rri.tln respect  t o  

another lriquid nhase, because of rapid. precipitation and segregation of 
the second l i q u i d  phase. \&at one may obtain,  instead,  i s  a phase re-. 

sembl.l.ng the moizotect IC l i q u i d  i n  composition. Another oc ca.siona.1 s o u ~ c e  

of e r r o r  i s  .the cont rac t ion  of the  sa l t  phase on freezing:, which produces 

a sump hole an.d/or ci-azks which f i l l  with excess l i q u i d  metal. 

t hese  e r ro r s  i.t i s  necessary to r e s o r t  t o  e n t i r e l y  d i f f e ren t  techniques 

such as thermal o r  d . i f f e ren t i a l  t ’ i l e rma l  analysis ,  t h a t  i s ,  t h e  taking of 

cooling curvest as Schzfer and Ntklas did,  or t o  a process of sepai-a’iing 

a sample of each l i q u i d  phase a t  t h e  equ i l ib ra t ion  temperatlrrre as de- 

scr ibed by- Bronstein and Bredrig.* 

on dlffu-sion of -the metal i n t o  the  sa l t  conta.i..ned i n  a separate  coiiipart- 

ment of a capsulet4” is subject  .to some doubt, a.s the  wc-t;%ing character-  

istries of the salt, and metal and the creeping of l i q u i d  metal along ‘the 

The difference 

A s  crnphasj-zed by Bredig and co-+~or~rkers‘~*‘~ 4 3  and by 

To avoid 

A still.. d i f f e ren t  me.i;iiod, which relies 
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ins-ide walls of the m e t a l  containers  m8.y a l so  l e a d .  t o  d i s to r t ed  r e s u l t s ,  

asid@ from the inconvenience oT long periods of time for equilibration. 

Besides the rfteasuremei?_l;s on the Ba,-:BaCl;, systeiri, t h e  resul-ts are 
believed. to be reason.a.bly accurate for -Lhe Ca-Cm2 system reported by 

Roger's, Todinson ,  and Richardson; 45  f o r  the Ca-CaCZ;! sy:;tem reported. by 

1Ii.nkebein and Petersoo4'' lr2 m d  by oti?ers; & k t  4.6 a d  fo r  t h e  hi&%" -tem- 

perature range of t h e  Ca-Ca:;[3rz and Ca-Ca& reported by Staffanssun, 

ICoifiinson, and R l C h a r d S Q n .  '*' 
A lox? s o l v h i l i t y  of mnagnesim i n  molten @ C l Z  was observed, 0.90 

(Zi.iurin")*) and 0.30 niole $ (Rogers, Torilfnson, and Ricli:=i=~-dc,on?~ >, hotil 

a t  800°C. 

various a lka l ine-ear th  metals in t h e i r  iiiolten chlorides ileaz the mel-ting 

points of the  salts r e - ~ e ~ d s  a t r e n d  ~ c m e w h d t  similar t o  %hat- foi-uld in 

A comparison (cf. Tables 1 and 4 )  of tlre Solubili-Ly of the 

tal systems, 'ci-1a.t i o ,  a rapid. lncrease in s o l u b i l i t y  w i t h  

a,toiillic number of t h e  metal: Mf;-bfaCl_z, < 0.5; Ca-CaCla, 2.7; S:--Sr.C12, 

5.5; Ea,-BaL'l2, 20 mole '$. 
In  t h e  Ca-CaF2 system a rather h. igh  misc ib i l i ty ,  thixb is, a rather 

s m a ~  temperziture range (30' ) for coexistence of two Ii.qviCis, w a s  found., 45 

with a cr i t - ica l  sol.ui;ion teni:prature of 1322OC, a.310.o~-L 100" helm t h e  

melting poin t  of the  salt @rig, 17) e  lie e r i t i c n l  so1u:kion. ternperatixes 
i n  the other  three calciwri-lm.lide sy-ste:ms are very- si;~al.lar, yet  the tem- 

geratuze range 03 o n l y  partTaL rn isc ib i l i ty  i n  these  systems covers 5G0" e 

This, of eourse2 i s  caused by tine relatively m u c h  lover  iiid.%iag points 

o f  Ca.C12, C a 3 r 2 ,  a a d  Ca12 (772, 74.2, and 7 8 0 ° C  respect ively) ,  as c.orrLxm,red. 

vit1.1 1418" for CaFZ T d t h  an eiltireljr di.ffc?reat crystal. s.bm.eture * 

a comparison of the mel_ting-point depression of CaFz poduced by calcium 

r~.th .that produced by Nap, Rogers, 'I'omlinson, and .  Richardsonk5 eoneluded 

that the metal d.iss0lvf.d ei.ther a;? calciurri atoms or as CaZ2+ molec-iil-e 

ions, namely, a(:cord5ng t o  ei-khes C a  --f C a o  or  Ca + Ca2*  Caz""", both 

givfng a cryoscopic nwiiiloes, x i 9  o f  1 ~ ~ i . t ; y  , o r  approxi.mxt?ly unity,  in the  

REmJ.L%-Van't HCLU formula m =I (T - r) zzL ( R T ~ / L X X ~ ) = ~ ~ ~ ~ ~  where N~ is ttre 
mole f r ac t ion  of calc.im metal. 

sumed not -to occurg s.nd it was concluded tli8,t the  reactiori Ca -t Ca2+ -+ 

2Ca* did not  take place. Hoszrrl'ver, i n  t h i s  case, the  &-I i n  the  forrai la  

E'rom 

rn 
In bo-tln cases ,  s o l i d  solutLon was as- 

rfl 
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F i g .  17. Calcium Metal-Calcium Fluoride System 5 

E 
(P. S. Rogers, J. W. Tornlinson, and F. D. Richard- 
son, p 919 in Physical  Chemistry of Process Metal -  

l71rgy, Interscience, New York, 1961). 
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coMPosi~rioN ( mole % Ca ) 

would become approximately 10 keal, qw-te d i f f e r e n t  from the ca lor imet r ic  

value o f  7.1 ( N E L ~ L X ~ ~ ) ,  ~~1iic11 i s  hardy i n .  ( iorbte  

reasonable t o  asswne solid solubilj- ty ae-t;ually t o  occur both with TJaF $mid. 

Ca (as CaF??). 

bility of ca1.ciim In s o l i d  Cay2 a t  13OOOC t o  be approximnately 30 inole $, 
which might well be too l a rge  by as imch as a Tactor  of 10. 

value of 7.1 kcaL f o r  the modified fom~CLa 

It seems, then, more 

~ Y l ~ l l w o , ~ ‘ ~  in measurements on F centers ,  fomd t h e  s o h -  

W i t h  the 

rn’ 

-vsoulcl lezve t h e  p o s s i b i l i t y  open f o r  a cry(xr3opic n l a rger  thain 1, 

possibly 2, at low m - e t a 1  concei.xtratiort. 

i n  agreement wlth the f indimgs i n  t h e  corresponding c h l o ~ i i l e  sys.I;emJ 

CaC12-Ca,  where rmork.in, Bronstein, and B r e ~ t i g ~ ~  fo~~rtcl n a lso  t o  be only 
sl.iglrf;ly less than 2. fIe~’e, however, 110 s o l i d  sol~.l;ion was ;zssiirwd, the 

c r y s t a l  s t r u c t u r e  bc iag  qui {;e d i f f e ren t ,  wit11 s ix fo ld  r a t h e r  than eight-  
:fold. coordi.na-f;ion of anions around ca t ions .  I n  both cases the :reaction 
woiild then  seem t o  be Ca --+ ea2+ t -  2e-, as also suggested by t h e  elec- 

trlica.l eondnctl.vity- (discussed below), with a possible, though m c h  less 

This cryosccjpic n = 2 would be 
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plausible ,  addi t iona l  d.issolution lizechanism, C a  + Ca2^" -+ 2Ca", no t  ex-- 

eluded a t  th5 .s  stage,  and with increasifig formati-on of ( C a 2 ) 2 "  3t higher 

metal concentration. 

I n  'ihc Sr-SrC12 system, Staffansson"+ found i? closel-y e q m l  t o  1, 

assixning a hea'L of Pdsion of 4-+1 +. 0.6 kcal.. Dworkin, Bronstein, and 

Brcdig" questioned Lhis latter heat value as possrih1.y being too  lov .  
Howe ve rg  a receni; tal-orimetric determinat3.m (Dworkin ami3 .Hredig5I ) essen- 
t i a l l y  confirmed the  low value, which ac tua l ly  gives fair agreement 5.n the 

r a t h e r  low entropies  of fus ion  of CaF2 and SrClz  (4.2 and 3,4 e.u.)  of 

s imi la r ,  Yluori La-type c r y s t a l  structure. Mollwo found t he  soluh.h.liLy of 

strontium i n  so l id .  SrClz to be high, sirnri.lar -Lo t h a t  o f  ca lc iuq  i n  CaF,.49 

A s  i n  the case of CaF2-Ca, the exis tence of s o l i d  so1.ution i n  t h e  f l .uori te  

type of s t ruc tu re  could 1-ead, thei1, t o  an i n t e r p r e t a t i o n  of the melting- 

point  depression i n  .ternis of 11 M 2, correspond.ing t o  S r  -+ &+ + 2 e- 

(and/or, l e s s  l i ke ly ,  Sr i- Sr2+ -+ 2Sr+"). 

Sol id  so lu t ion  has a l so  been TeportedL'o*4' f o r  barium i n  the high- 

temperatiire form of  BaC12, most probab1.y a l so  p o s s e s s h g  a fluori-Le type 

of s t ruc tu re .  For 

- n  i m 43 
_ - - h ( - - =  N 1100°C (observed experimentally4'-) , Trn 

N z ( R )  - T J ~ ( c )  N\J, 0.04 

N 

Em AT 4 x  l loo  - m 1.8 ," 2 . N n = -  x -- N 

RT AFT2 2 x 1233 

Again, a so lu t ion  mechanism corresponding e i t h e r  -to :Ha --+ 3a2* + 2e- 

and/or (less l i k e l y ]  E a  -+ Ba2" -? 2Ba'{- seems ind.icatzd by these  experi-  

m e n C a l  data.  On the  b a s i s  oi" a c t i v i t y  measui-emen'is carried out by equi- 

l i b r a t i o n  of MgC12 w i t h  Me;Al- a l loys  of known activity, Rogers, Tomlinson, 

and Richardson"" suggest for @-MgC!12 the so lu t ion  mechanism Mg + N2+ --+ 

(Mg2 )2*. 

ni-sms Mg --j Mg2c f 2e-, or Mg - 1 -  Mg2* --). 2-Mg+, a a d  the  data  appear t o  f i t  

bes t  a mixed mechanism, o r  j.n o ther  words, an equil.ri.hriixn 2e- +. 2 M f 2 v k  e 

( m ~ ) ~ " ,  or 2.!&3+ 

'The prec is ion  attained does not exclude the  z l t e r n a t e  mecha- 

(Mg2)2+,  disciissed more general ly  below. 
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E l e c t r i c  aJ. Con due t anc e 

Eworkin, Bronstein, and BredIgs09 5 2 9  53 Pound it impossible to apply 

the m-Lhod used fojo measuring conductivity in the alkali-me-tal systems t o  

t h e  alka.line-em-%h systems e 

metw.1,  were found sing3.y not t o  react extensively,  if a,% all., with the 

synthe t ic  sapphire cell, their niixtures d i d  at1;aek the lat-t;er rt-ea&j.l-y. 
Recourse m~s  taken to an al.l-rfloly'od.enum-rneta1 appLwatus embodying an as- 

srtdoly of -two para13.1el r o d s  as elxctrodes wh.ich were i-mmersed i n t o  the 
melt f r o m  akov? to a varying, accurately c%.,.Lemined depth. 

molten salts the LOIT resistance of this c e l l  l e d  t o  Lzrge efTects d.11.e .Lo 

electrochemical polarlmxtion o f  the e lec t rodes  and. r e su l t ed  i n  a barge 

frequency dependemte oi: the measured r e s i s t ance  which could not be ex- 

trapolated Lo i n f i n i t e l y  high frequency w i t h  any accuracy at all.. liow- 

everj tlie addition of even :;mal1 miozmts of metal, acti.ng as a d-e:pola,r- 

i z e r ,  removed the frequency dependence. Thus, it was pos:?ible Lo u s e  %he 
appara-t;im with the m e t a l  solutioiis  and t o  c a l i b r a t e  it with solutions of 
cslJlni.wii in cadmiwn. chlor ide The specific conductivity of these soh- 
-Lions is 'moT.m fro:in the  early measurements of A t e n  i.n 3.910 (ref 5 4 )  and 

r m s  confj.mied. SY new measurements w - i t h  the sappliire c e u .  5 3 

Izrizile the  cmu.ponents, mol.tei? stilt or l i q u i d  

With p r e  

O n l y  results f o r  so lu t ions  of ca lc iu~i .  and stroii t imn 3.n 3h.ej.r cdib.a.- 

l i des ,  excepting the f luor ide ,  have been r e p o r k d  Z;liu.s It w a s  
concluded, as far as the limited data  pernit ,  t h a k  calci~xln behaves some- 
what l i k e  sodtun  in that the r a t e  o f  j-nc-rease i n  specif ic  conductivity 

w r i t h  metal concentration decreases (Fig. 18). 
strontium in SieBr2 a.t the  relntivepy l o w  teaperature of 7OO0C, i.ut i n  t h e  

dichloride,  a t  910°C, the behavfor of s-t;roiitli.m, giving a linear increase 

of conductance with metal. concentra-tion, lies so~newhere between %ha,% af 

sodium and potassiwiz, Ttrith barilm expected t o  resemble the l a t t e r .  The 

decreasing equivalent; cond.ucixmce of -Yne calcium-metal sol-ute w a s  a t t r i -  

buted to the  formation, not of diat;omic rrio.oleeules, Ca2, as v i t h  sodium, 

but of hypothet ical  molecule ions, ( C a 2 ) 2 + ,  i n  wl~ich the  trap f o r  elec- 

The s a ~ m  is t rue  for 

7.s the single .bwo-electrori bond similar t o  tha t  ill IJ'J"~, or i n  Cd2*+ 

~ n d  HgZ2". 
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Fig. 18. Specif ic Conductivi ty of A lka-  
l ine-Earth Metal Solutions i n  Alkaline- 
Earth Hal ides (par t ia l ly  unpublished data). 

MCLE PFR CENT METAL 

From both t h e  melting-poiilt depression, above, a n d  %lie decrease i n  

metal so lu t e  conductance f r o 3  800 t o  450 oh&"1 cm2 eqiiiv-', i-t would seem 

t o  fol1oi.r that a t  sa.t;ilratioil (approximately 3 mole $) somewhat less  than 

half of t he  dissolved. cslcium metal i s  associated t o  Ca,2f .  

More information i s  c e r t a i n l y  r e q i i r e d  t o  put these ri.deas about the 

constri-Lution of  -the solut ions of the alkaline-earth metals i n .  t h e i r  di- 

hal ides  on a firm basis, and espec ia l ly  t o  exc1ud.e w-ith c e r t a i n t y  the  

exis tence of M?- a lka l ine-ear th  ions i n  l imi t ed  concentrations.  

Rare-Ear Lh-Metal.-Trihali de Systems 

The systems comprising rare-ear'Lh nztaLs with t h e i r  trihal-?.des ( s e e  

Table 5)  represent an e spec ia l ly  interesting and more complex group of 
metal---metal-halide systems 

They are f a r t h e r  than t h e  al*kaline-eal.-th systems along th.e l i n e  1-eadjng 

from the estreme of  the alkal-i-metal so lu t ions  ~ L t h  metal.lic proper t ies  

and w i t h  no s o l i d  subhdide  forixation, -to the sys'cems of the t rmsi - t ion  

as they occupy ars interm.ed.j.a-Le pos i t ion .  
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occixr. 

Phase Diagrams 

A n  earSy phase diagram by C i ~ b i c c i o t t i ~ ~  of the sys t ez  Ce-CeC1, in- 

dicaLing a solubil.rity i.n C e C 1 3  as hlgii as 33 mol? $ ceriwn metal was 

found t o  be i n  e r ror :  A s o l u b i l i t y  value of 3 a012 $I eeriwn, 

apparently r a t h e r  constanl; between 750 and 88o"C, was obtained by Mellors 

and Senderoff, and confirfiled by measurements oi" Bronstein, Ddorkin, and 

Rredigs3 a t  855". On -the metal- side, the  phase diagram proposed. by 

- b?ell.ors and Senderoff see?xs to require  f u r t h e r  investiga-Lion, 8s both the 

t rue  melting point of cerium metal (8l7"C) and a t r a n s i t i o n  occur:ring i n  

-LIE solid s t a t e  (73OOC) were n o t  -taken i n t o  account. 
?"ne phase d i a g r a m  of the  corresponding lanthaiium system, as dz'ier- 

mtned by Keneshea and C ~ b i c c i o t t f ~ ~  (Fig .  19), s lves  a sol . i ibi l i ty  of t h e  

metal i n  the sal'c very similar t o  t h a t  of ccrium. No intermediate s o l i d  

phases, t h a t  ls, no solid compounds con'ca.i.nini; cerium o r  1.an'ciianuni ir, a 

valence state lower  .than 3, were observed. In  this res:pect, then, these  

t w o  sysJkms resemble t h e  &lkal.ine-eartii systems. Also, i n  both cases, it 
appears %rom t h e  meltins-point depressions oT the  t r i c h l o r i d e s  t h a t  n, 

'ilie apparent number of new partri.cles producer? oil dissolv-ing one atom of  

m e t a l - ,  i s  app:roxLrmtely 3 or s l i g h t l y  Less, perhaps 2.5. This signifi- 

cant ly  :rules out t h e  smal-ler valiies, n ::: 1. for t he  d isso lu t ion  of these 

metals as atoms and n = 1.5 f ix  I@' ions5*  formed according t o  2Ce + 
CeC7.3 ---+ 3CeC1 o r  2Ce I 4CeC1.3 4 3 C e ( C s C l t b ) ,  innless 20 or  few (CeC14,)-  

complex ions were present in pure C ~ C I I ~ ,  so that ( c~cL+) -  ions a l so  w o d d  

ac-t as new p a r t i c l e s ,  i n  which case n wovl_.d %e approximately 3. 
pounds of monovalent rare--ear-t;ii elements seem ever 'GO ha-ve been reported,  

even though some of these elements have long been known in the drjvahnt  

skatz,  notahly Yb*+, W2+, and 3rt2+, w i t h  14, 7, sild 6 electro-ns i n  t he  

ki-f shell, that i s ,  with t h e  4f s h e l l  fu l l ,  h a l f - f i l l e d ,  or nearly ha.3-0- 

f ' i l l e d  respec'ci.vely . We shall, however, see below that an equation 

No corn- 
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Fig. 19. Lanthanum Metal-Lanthanum Trichloride System [ F. J. 
Kenesheo and D. Cubicciot t i ,  /. Chenz. Eng. Data 6, 507 (1961) (copy- 
r ight  1961 by  the American Chemical Society and reprinted by permission 
of the copyr ight  owner)]. 

Ce i- 2Ce3+ -' 3Ce2" (cryoscopic n = 3) would not seem t o  do j - us t l ce  to 

the reszi.l-ts of the measurements of e l e c t r i c a l  cond1uctance, which suggest 
ce -3 ce3+ + 3e-. 

Extensive, carePul w o ~ k  on paz.e-er-l.rtll-metal-~lal_id~ phase diagi-ms 

is beLng done by Corbett and assoc ia tes  .5 9--s3 Stable, s o l i d  conpawlds 
corresponci_ing to ,  0% a-L least  approximating, the composition W2 were 

Towad. 'GO e x i s t  S.n t h e  sys-Lems Nd-iUdCl,, Nd-NdT3, M--n-13, Ce-CeIs, and 

La-Lal3, besides d i s t i n c t  s o l i d  compounds intermediate between Mx2 a d  

PE3 such as NdC3+,3 , NdC12,  z r  , m12.5, CeI2 ~ le, and LaZ2.4 

The inves t iga to r s  appear to have had reasons f o r  accepting t'he latter, 

nonstoicbioinetric corflpositrions i n  preference t o  simple ones such as 

NdC13*2NdC1zt NdCL3.3NdCl2, and M I ~ O M X ~  (M = IT, Ce, or La). 

these co~npounds rr~e1-t congruen-iily, others incongruently. 

%he s o l i d  d.i iodides of J_anthaj?_v_rii, ceriinm, and. praseodpnL~rnl. &T@ charac- 

ter ized.  by melting points  higher ?;ha,n those  of the . x i i o d i d e s  (Figs. 22 
and 23) and, above all, by high metal-l ike e l ec t r i ca l .  condue-tivity 

(>l x i o 3  ohm-' cni-'), u n . ~ q i x  axong :oa.licies, except perhaps for A ~ ~ F .  

So l id  N d 1 1 , 9 5 p  on the other hand, l:tas a different c r y s t a l  str-ucture, i s  

(Figs e 20-23). 
7 I 2 

Some of 
Signi f icant ly ,  
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Fig.  20. Neodymium Metal-Neodymium Tr ich lor ide System 
(thermal analysis:  F,  equil ibration: ~ 4 )  [L. F. Drudiny and J. B. 
Corbett, J. Am. Chem. SOC. 83, 2442 (1961) (reprinted by per- 
mission of the copyright owner, the AmeiicaP Chemical Society)]. 

U N C L A S S l F i  E D  
ORNL-  ILR-DWG 56816 

- 
F i g .  2 i .  - Neodymium Metal-Nco- 

dymium I r i iod ide System (tha;mol 
analysis:  +, equil ibration: 0) ( L ~ -  i-. 
Uruding and J -  0. Corbett, J.  Am. 
Chem. SOC. 83, 2462 (1961)(reprintcd 
by permission of the copyright owner, 
the ,4m~-rican Chemic01 Society)]. 
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Fig.  22. Lanthanum Metal-Lanthanum Tri iodide System [J. 
D. Corbett et al., Discussions Faraday SOC. 32, 81 (1961) (re- 
printed by permission of  the copyright owner, the Faraday 
Society)]. 
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Fig.  23, Praseodymium Metal-Praseodymium Triiodide 
System [J. D. Carbett et al., Discussions FartLd,ny SOC. 32, 81 
(1961) (reprinted by permission of the copyright owner, the 
Faraday Society)]. 



36 

s a l t l i k e ,  nonconduc.iing, and riiel.ts 225' below NdJ3 (Fig" 2 1 ) .  

ert.ies of t he  meta l - l ike  clliodides were interpre . ted as being due t o  the  

presence of "aetaI.Lic" I - a t t i ce  e lec t rons  plus  t r i -pos i t i ve  metal cat ions,  

M3+e"(1--)2, while -Lhe s a l t l i k e  T\TdC12 i s  simply Nd2' (C1-)2. This i n t e r -  

pretati.on i s  f u r t h e r  supported by the r e l a t i v e  weakness of the  paramas- 

netism of s o l i d  La]:, w3-th a susceptibil i .- ty of 220 X IOe6  eiiiu/mole, in- 

dica t ing  the  absence o f  La2+ ions.  

The prop- 

The s o l u b i l i t y  of t h e  metal. i n  the  t r i i o d i d e  ai; 630°, 'that, i s ,  

above t h e  melting point  oT any diiod~ide,  decreases from 37 mole $ 
in NdP3 (Fig. 21) t o  29 i i l  Pr13 (Eli-g. 2.3) and 30 i n  Ce13, but  r i s e s  again 

t o  33 mole $ i n  Lax3 (Fig. 22 ) .  

shown by I-ant'nanum i n  LaC13 with a s o l u b i l i t y  of 10.3 mole $ metal. a t  

900' (Fig. I?), much higher than expected i n  

NdC13  (Fig. 20), 20 i n  P r C 1 3 ,  61s 6L ,  a n d  9 i n  CeC13 . 53*  

t h i s  "aio:rnaly" with la-nthanum is not quite c lea r ;  it may, however, bz 

remembered t h a t  I,a3'3-*, l i k e  Sc3+ and Ce4+, possesses, i n  con t r a s t  t o  the  

other ra re-ear th  ious, a no'ale-gas 'Lype of elec.Li+onic shell-. 

h siri i lar  deviai ion from the  trend i s  

seri.es: 30 m o l e  $ 3-n 

The reason for 

Examination of t he  l iqu idus  curves for the metal- l ike di iodides  

(Figs.  22 and 23)  confirms the high degree OB dissoc ia t ion  of molten 

LaZ2 Lnto La3+ ions:  

of LaT3 [Fig. 22) i s  only o f  the order  017 0.50" per mole 5 MX3, corre- 

sponding, with an estimated heat  of  fusi-on of 10 kcal/mole, t o  a cryo- 

scopic n, t h a t  is, number of p a r t i c l e s  per t:riiodide molecule di.ssol_ved, 

of only- 0.2. For C E I ~ ~ ~  t hese  mxnbers a r e  l a rge r ,  iiamely, 1.16' per 

mole $ C e 1 3  and  n = 0.5,  and are stjLL SI-ight1.y la rger  for Pr12 (Fig. 

2 3 ) :  l . A '  per mole % E51-1~ and n :I: 0.6, ind ica t ing  lcss  d issoc ia t ion  ac- 

cording t o  M2+- --.+ Id3' i- e-. 

rather t'nan w i b i i  LaIz again i s  of i n t e r e s t  and not fU_lJ.y explained. 

The depression of the  melt ing point  by the addi t ion  

The apparent alignment o f  CeIz w i t h  BIZ 

The increase i n  t h e  s t ab i . l i t y  of -the M2+ rare-eayth ion  w i t h  in -  
creasing abomic number lea& .to a sharp maximum 1 3 6  t h  Ed2+-, which contai.ns 

seven 4f elec'crons, thai  is, half of t h e  fu1.l. 4f s ' t ~ e l ~ ~ ,  and i s  mare 

s-table than Eu3+ even 2-11 aqueous s y s t e m .  

low r ~ - t l ?  g , d o l i n i m ,  perhaps gradua.lly r i s e s  again i n  ir,Oiilg toward t h e  

wzl.l.-establ.ished Y'b2', which contaihs  t h e  complete set of ll<- 4f electrons. 

This s t a b i l i t y ,  viiich i . s  very 



37 

Elect; r ic, al. Con di1.c t i v i t y  

The fisast raeasureine~lts of' the electrical comd~~c-bance o f  solutfons 

of" cerizllni i.11 cerium trichl_oride,  by Mellors am3 Senderoff, 
a rapid. rise in cond.uctivity ug to 0.65 mole $ m e t a ~  fol-lowed sv.d.d.edy by 

a vt31-y slow rj.se above that  concentra,tion, WE shown by Bronstein, 
DworkLn, and B ~ e d i g ~ ~ *  5 3  to be in error  'uecmse af reac.tion of the soJ-u-- 

tions with .  cercunic crucTole material. 
t h e i r  interpwbat ion in terms of a Ce" ion65 must have been eq~.tzl.ly a.f- 

fected,  1 Actimlly, t h e  conductivity 9n the  C e - C e C l ,  systeai, as in Ln- 
LaC13,50 rises w i t h  a nionotanica13_y increasing r a t e  d o  a value, in t he  

saturated metal sol.uti.on, approximately five tixes that; o f  the sal.%. 

the  neodyjrniurfl. system this r a t i o  amounts to o n l y  l a 7 ,  and i n  the praseo- 

dymiiiun systea 3. t  is in-bemediate, 2.5. 6 6  

for the  equ.j.valerr~t condi-ctance o f  these sohxt ions (FQ. 2 4 )  obtained wj th  

indica;t,i.ng 

(The res~rlkts of a study of emf a.nd 

In 

A similar relatj-onship holds 

Fig, 24. Specific Conductivity of Rare 
Metal-Rare Earth Metal Chloride Systems. 

Earth 
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estimates OP the equivalent volumes on t h e  b a s i s  of the densi ty  measure- 

ments of MeZlors and Senderotf i n  tile CeCL3-Ce system.5B 

obtaimed wit'n t h e  corresponding iodide 

however, Lhe increases  f r o a  the  pure sal-ts t o  so lu t ions  containing,, for ex- 

ample, 10 inole $ mcl;a,l, correspond -to f a c t o r s  as high as l5> 19, 6, and 2 

f o r  t h e  La, Ce, Pr, and Nd systems respect ively.  These findings may be ex- 

plained i n  -Lei-ms ot' t h e  systematics of tile s t a b i l i t y  of t h e  divalent  rare-  

ea r th  cat ion,  M2*-, as observed i n  t h e  phase d i agam s tudies  above. 

no so1.i.d compoimci of t h e  compositioa MX;1 i s  found, or where such a s o l i d  
exhibi-ts meta l l ic  character ,  ' 6o conductivTty o f  the molten so lu t ion  is 

high> indica t ing  -bile equilibrium M2' S M3+ -!- e- t o  be f a r  t o  -the r i g h t .  

Praseodymi.um, forming no P r X 2  In -tile ch lor ide  system, but a solid phase 

J?rC12, 3 of nixed valency which i s  s t a h l e  i n  a very Limited te-mperalure 

range,64 and forming, i n  t h e  iodide system, a diiodide,  not s a l t l i k e  

but meta l l i c  i.n chamcter ,  6o a l s o  occupies an intermediate pos i t ion  Se-  

tween cerium and neodymium as far as conductivity i s  concerned. 

The r e s u l t s  

are n0.L wry d i f f e ren t ;  

' h e r e  

0 5 10 15 2 0  2 5  3 0  35 
MOLE P E A  CENT M E T A L  

Fig.  25. Specif ic Conductivity in  Rare 
Earth Metal-Rare Earth Metal Iodide Systems 
[R.  A. Salloch et  al., 1. P h y s .  Chem. ,  in press 
(1963) (reprinted by permission of the copyright 
owner, the American Chemical Society)]. 
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O f  special. interest i s  the  imxirfim i n  t h e  curve of eonducttvity vs 

concentrat ion fo r  solutions o f  n e o r f i u m  in  N a 3  a t  approximately 23 

mole k neoc3y-tiLli-~~fi, which corr.espnds ,to a maximum devri.ation from ad.d.5- 

tj.viLy of t h e  conduct ivi ty  of mix%u..i-es of N d I ,  and Nd& a t  16.7 rnoLe 5 
neodymium metal., correspondlug t o  50 mole $I M d l g  (Fig. 253. 
et al. 67 i n t e r p r e t  ti.iis iaaximm in terms OP RI  e lec t ron  exchange ~ ~ e t w e e n  

Nd2" and Nd3* f o r  vhich t h e  probabi.li'c,y has 8, maxri.!n:iun. at a concen%:c*a.i;ion 

ratio of NdI2:Ndl3 = 1:l, s:i.:me both these  sa . l t s  as piire Liquids conduct 

ot:i.ly ionica1l.y. The s ~ a e  e f f e c t  is thought t o  c ~ u s e  the curvatv.re of 

the condi~ctivity-concentration c u ~ v e  in t he  NdCI.3-NdC3.2 systmi, 50  'out, 

probably because of -the I;rfis.l,ler pol-ari zali.i.Li.ky o f  CI- compared w i e h  I-, 

the  r a t e  of the electron excb.arige i s  lover  and a ma.xrinn,m i s  not prod11ce.d. 

Bredig  

I n  any comparison of the conductance observed i n  the rare-em%h.- 

m.e-!;al-halide sys-Lems with bo-th t h e  alkaline-earth m d  alkali-metal 

systems, it 1i.s reasoi?ai,le t o  make the co:melation for the eq1nfvalen.t 

volume, that is, a volurne of so lu t ion  contarining t h e  same r a t i o  of the  

niml'oer of obsts.cles a f fec tb ig  eleetron2.c conduction, namely, t he  number 

of ani.ons t o  t he  nufiber of ni.etal electrons. 

ca t ions  i n  such a voliufle decreases i n  goiilg from t h e  a lka l i -meta l  h-alides 

to tile rare-ear th-metal  ha l ides  by a factor of 3 .  

&redig, 6 8  the exec-tronlc concluc.l;ivity, thxL is ,  t h e  contrlibutiori. of t h e  

metal i n  t'ne d . i l i i . t e  s t a t e ,  may be thought of as being proportional both 

to the t o t a l  nurher o f  c a t i o m  and. t o  t h e  :riu&er of vs.l_ence e lec t rons  

i.ntroduced by the add.ition of mel;al, t h a t  i s ,  t o  the concentration of 
th . e  two components rizaking up a metal.  The pmduct of t hese  tvo quanti-  

ties i s ,  then, 'ihought tu be 8 slgulf i -cant  pa-i-mieter. 11; equals the  

p:rocluc.L of t h e  equ.ivsle-nt or niole f r a c t i o n  of the metal, NM, represent,ing 

t h e  concentrat ion of e lec t rons  from M = M"' + ze", and the  r ec ip roca l  of 

t h e  valency or" 14, l/z, repre~:entfng t h e  coiicen-bratioii of M'" ions. 

Fi gm. e s 26 aud 27 show the corttrjbution of tbe metal so lu t e  pel- equivalent 

of mrixture 

era1 chlor ide  systems. It i s  e1ea.r t h a t  this s j~np le  comela t ion  can be 

expected t o  be s ign i f i can t  only f o r  those fc -w lTXZ-M systemr, i n  which a l l  

M atoms r e a c t  according t o  M .--f I@'* + ze-, or, i n  o ther  words, wilere there  

i s  1-10 or l i t t l e  complication by t h e  trapping of electrons i n  ps.rirs such 

BoTwever, the  tiwnber of 

Now, according t o  

- (1 - Nj4)Asalt, p l o t t e d  agxirist N /z, f o r  sev- ' %IYNM = %mln M 
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Fig.  26. Elect ionlc Conductance in Some Metal-Metal 

Chlor ide Systems. I. eft: Eq u iva lent  Conductance of Metal 
vs Mole Fract ion of Metal. Right: Electronic Contribution 
to Equ iva len t  Conductance of Solution vs Product of Elec-  
tron and Cat ion Concentrations [M. A. Oredig, I .  Chcrn. 
Phys .  37, 914 (1962) (reprinted by permission o f  the copy- 
r ight  owner, the American Inst i tute of Physics)] .  
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Fig.  27. Electronic Conductance iii Ce, La, and K 
Metal -Metal lodi de System 5. Lef t :  Equivalent Conductance 
of Metal v s  Mole Fract ion of Metal. Wight: Electronic Con- 
t r ibut ion to Equivalent Conductance of Solution vs Product of 
Electron and Cation Concentrations (M. A. Bredig). 
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as  i n  molecules (e .g . ,  N a 2 ) ,  in moleemfie i.ons (Ca22f>, o r   sing^^ i n  lower. 

valeiice states such as ,F-rZt-. Suitable systems appear to be ICc’l-X, SrC12- 

Sr, and L a - L a C l 3  ox’ Ce-CeC33.  

have indeed a dependence of +4*Nf4 on N /z r a t h e r  similar t o  that of K-KCL. 

It i s  perhaps possi‘ole t o  ascribe the  f a c t  t h a t  the cu.7‘~-e f o r  Ss-SrC12 is 

considerably below .Lhe other  ones t o  the tmpping of electrolls i.n (SY~)~* 
molecule ions.  

Figure 26 shows T.,a-LaCl-3 and C e - C e C l 3  t o  

M 

However, t h e  attempt t o  interpret these  f i n e r  d e t a i l s  i s  
not  r e a l l y  sa t i s f ac to ry ,  as i s  illustrated by Fig.  27, where *TJ f o r  

%I M 
$4 NM CeZ 3 - C e f i rs t  deviates  negatively and thereaf1;er pos i t i ve ly  from 

fox. KI-K.  An expl-mation docs not  seem avaT1ahl.e. 

Simj-larly, the f a c t  t h a t  t h e  rise i n  $4 i.sith tile raeta,l concentration 

i s  much faster f o r  cerium i n  ~ e 1 3  (ref 69) th=m i n  ~ e ~ l 3  rema i :ns  unex- 

plained, except t h a t  i t  poss ib ly  has soraething to do with thi. s t ah i l i t , y  

of the metallicaM-y conc1ue”iing sol-id CeI2 and t h e  nonexistence of a 

similar sol-id. CeCl2. 

The t e r m  used here t o  classify a second I ~ r g e  group o f  so lu t ions  of 

nietal-s, e s s e n t i a l l y  .the heavy metals, i n  t h e i r  mol-ken haliA.es is based on 
the observation, made on a number of such systems, t h a t  t h e  e l e c t r i c a l  

conduct ivi ty  of t h e  nielt is not increased, if’ a l t e r e d  a t  all, on ad.dition 

of metal  * In  con-Lrast -to t h i s  v-5ew-point ahout t h e  nonmetallic charac te r  

of these  solxtioiis ,  Cubicc io t t i5  has pointed t o  t h e  metaU.Lo l u s t e r  w h k h  

deeply co lored  (black) solutions of bisrnuth i n  molten RiC13 reportedly 

exh.ibit.  

we shall- proceed with t h e  d.escri.ption of this second c l a s s  of solut ions,  

b e z i n g  i n  miEd t h a t  fur-Lher study :may tend  to blur. t he  sharp l i n e  of 
separatj-on found t o  be a convenience a t  t h . i s  time. 

The significance on“ t h i s  apparent discrepancy i s  not c lear ,  and 

There is ,  however, one more c r f t e r ion ,  vh ich  r a t h e r  sharply sepa- 

rates many of t h e  systems t o  be discussed below from t h e  so2-utions of the 

electroposi’tive metals dealt wi-bh. on the  preceding pages : This Ls the 

Tornia.1; ion  of e lee t r  i c  a l l y  nom onduc t i n &  s-t oiclziomctric s o l i  d. I i a l i  de 3 of 
the  metal i n  a low v-alence s t a t e .  Corbett e t  a l e  ha.ve suggested that iA1e 

s o l u b i l i t y  of -the posttra.nait ion meta.ls i.n the-ir iiiolten i?om.al halides 

p a r a l l e l s  or, rather, depends on the i r  a h i l i t y  Lo f o m  a ca t ion ic  species 

of lower. than i-iorn1a.l charge. We shall see t h a t  this teadkncy increases  
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r"apid.ly within each group with ii?_creasin.g atomic veigh.%- (see Table 6 ) .  It 
also depends on  the halide ion, and Corbctt e t  al. attribl..rte ti1i.s latter 

trend. t o  t he  r e l a t i v e  tendency toward s t a b i l i z a t i o n  of t h e  higher oxida- 

t i o n  stai;e by complexing W1I;h the  ha l ide  ion, normally i n  t h e  sequeiice 

C1 > R r  > I, but  reversed. f o r  Cd and Hg. 

Transi t ion Metals 

The occurrence i n  this group o f  elements of more than one stable 

valence state i s  a vel1 es tab l i shed  general f ea tu re  of t;ht.ir chemistry. 

However, very li.f;i;le seems t o  be kno~ni. asbout the in . teract ion of i;hese 

metals with t h e i r  molten sal-ts. Solid salts of a mono-valent s t a t e  of t h e  

m.eta,l seem t o  be almost e n t i r e l y  missing, t h e  b iva len t  s t a t e  being +&e 

lowest i n  which t h e  great nmjorlity of s t a h l c  solid.  o r  l i q u i d  h.alides of 
the t r a n s i t i o n  el-ements a re  known t o  occur. There I s  <L notable exception 

[besides t h e  compourd KNi. (CN)2  1 Ti?. the  study of t h e  nickel-nickel chloride 

systems by Johnson, Cu'oicciotti, and Kelly, '70 i n  which a s o l u b i l i t y  as 

high as 9 aiole $ nicke l  metal was found a t  t h e  eu tec t i c  teitipera-tiure of' 

'%o°C. The authors consider th.e foi-niation of lJi+ ions Tram I \J i  +- &* -+ 

2Ni" as being .i.nd.ic&ed by the freczing-poTnt depression i n  conjulct ion 

v i t h  t h e  heat o f  f'usion, but  do riot rule o1-1; t h e  poss-ibil.i-Ly of ai1 a1I;er- 

n a t  e, "physic a l  I' i n t  e rp rc t  a t  ion. 

o f  M i C l 2  t o  t h e  c u ~ v e  of i d e a l  a c t i v i t y  YS concentration near a 
Rowever, i z i  the l a t t e r  case an asymptotic approach of the a c t i v i t y  

- 1  NiClz 
would be expected 'out i s  not f o m d .  

discussed by t h e  authors, a.nd the  odds of which are hard t o  evaluate Ln 

t h i s  case, i.s the sp l i t t i ng -o f f  of' tvo electrons,  according t o  Ni -+ N i 2 f  -t 

2e-, similar t o  the dissol-~.rtion of electroposil ive metals i n  t h e i r  molten 
ha l ides  discussed i n  the preceding sect ions E lec ty i ca l  coiiductance meas- 

urernents w i l l  have t o  be made t o  s e t t l e  t h i s  question.. Such measuwnents 

are Likely t o  show e i t h e r  very l i t t l e  change i n  conductance, ind ica t ing  
Ni* tons, o r  some small rise reseiribling tha-t; i n  t h e  NdC13-iVdC12 system, 

above, e n t a i l i n g  8 similar i .nt~~prei ;a- t ion i n  t e r m  of e lec t ron  exchange 

between metal- ions OS d i f f e ren t  valency, Nn'." and Ni2*.  A l a rge  r i s e  i n  

conductivity,  corresponding t o  the int rodxct ion of t r u l y  mobile elcct:c.ons, 

A t h i r d  possihi . l i ty  which wa:; not 
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that is, of e lec t rons  i n  shallow, F-center-l ike t r aps ,  i s  considered Lhc 

t h i r d ,  l e a s t  likely p o s s i b i l i t y .  

F o s t t r a n s i t i o n  Metals 

It appears that i n  the first B subg~oup of t he  perj.0di.c syskm,  only 

the s o l u b i l i t y  or s i l v e r  in s i lve r  chlor ide has been detzl-i-rfined and found 

by Corbett and W i n b ~ s ' n ~ ~  t o  be as l o v  as 0.06 mole '$ a t  '700°C. 

s o l i d  subhalide known i n  this group i s  Mal?, p r e p r e d  i n  aqueous solubj.on 

and. r ead i ly  decomposed a-t; ternperatures above 9OoL'.  7 2  

'The only 

In t h e  second I3 subgroup the  products of interaction of mercury metal 

w i . t h  its dihal ides ,  t h a t  i s ,  t h e  "subhalides" 

w e l l  known f o r  a long time and are stahl-e, even i n  con"iac.t; with water. 

The phase diaeram of -the (anhydrous) HgC12-Eg system 

mined by Yos3.m and 

"syntect ic"  temperature oi" 525", where it decomposes i n t o  2 sa l t - r i ch  melt 
of almost t he  same compositj-on and a small amount of a J-iquid I:?ercul-y 

phase containi.ng 6.8 mole $ H&1, i n  so lu t ion .  

me-b i - i c  value of the heat  of fusion of HgCl,,74 Yne depression of i t s  

of mercury, have been 

(Fig. 28) as deter- 

shows s o l i d  FIg2C12 t o  be sta.bble up to t he  

Vith the use of a c a l o r i -  

-1NCLBSS FIE0 
c?rdL-Ls-~\r:;. 5 ~ , 7 0 0  

PUFF 8 SCHPIE'lIER 
SMITH R, i i w z i s  

0 T!IE?MAL 04TA 
a V'SUAL DATA 

IO 20 3C 40 50 60 TO 80 90 100 

MOLE PERCENT H g  

Fig. 28. Mercury-Meicuric Chloiide System [S. 
J. Yosirn and 5. Y. Mayer, I. I'hys. Chem. 64, 909 
(1968) (reprinted by permission of thz copyr igh i  
o'*~ne[ i ,  the AmFrican Chcmical Soc ie ty ) ] .  
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f reez ing  point on addi t ion of mercury m & a l  was inberpre-ted j,n .t;erjll.s of 

the r?.i.ssolution e i t h e r  as mcrcuyy atom5 01" as u.n.d.is,5ocia-i;ed Bg2CL2 ;L1O].+ 

cules from Hg + HgCl:, --). Zg2Cl2. Accord-ing to a. therrodynannlic anaI*ysis 
of t he  liquiclus cume for  BgzC12 by Yos5.m and. i q a ~ e r , ~ ~  Hg2C12 i s  8, more 

liksly- :mllnte species  tiiun the  nercury atom. i n  that concentratioii regj.or~. 

Since I-Egi?C12 does not i-rnpart el-ectrical conductivity t o  its so lu t ion  in 

molten Hg;C;L2,75 the forner must be uridissocLate(~, as i s  .the latter, The 
deepenl:o.g i n  co lor  of these sol-utions e i t h e r  wl%h incrcas3.n.g .tempersture 

o r  merc-u-ry-metaL content nierits f u r t h e r  inves t iga t ion .  

A study of t h e  HgIz-Eg system by Pslabon and La,uCi.e, 1929,76 seems 

t o  be too  incomplete t o  a.1l.o~ cJ.efinite concl-usions t o  be di-awn. 
The cadmi-iun ha l ide  sy-sLems have been77 and st i l l  are under yu.i.te 

extensive inves t iga t ion .  With one exceptLon, 78  rc~os-t; probably tn error ,  
i f  f o r  no ot'ner reason bu t  tlia,'L %he reported phase d i a g r a m  f o r  C!dCL2-Cd. 

v io l a t e s  the phase rule, no sol.?-ti subhalides Cd2X2 have been ob;;erv-ecl. 

Howevez-, considerable so1.ii'uili.ty of  metal. i n  the  molten hal t  d.es exists:, 

and it rri.ses with tenqerature  7 9  Like t h a t  i n  t h e  alkali.-metal ha l ide  
systems, %he soluhi.I.i-t;y seems t o  be largeet  :in t h e  'oron~-d.e and lowest i n  

t h e  i.od.5d-e system. A v-ery low value of 1.5 mole $ a t  590' g i - v m  for tile 

iodide system,80 Inovever, s e e m  'GO be j.n error,  compared with 1.0 mole $, 
according t o  Topol. xlid Landis. 7 9  

pletely sat isfact .ory either,  'oeemuse of a p~oba.bSj too rapid rise i n  
s o l u b i l i t y  at low -Lempe.rature which produces an e n t i r e l y  improbable 

curva-Lure i n  a Logaritkunric plot a-t: so1u7Di l i ty  vs I./T. Consolute tem?era.- 

tures may be estimated t o  be very high, i n  the general  vicini-by of 1500°, 
arid are not veri-r"iable because of high vapor pressure. 

The l a t t e r  determination i s  not coliz- 

A coi1sid.erabl.e amount of dzta exists for the  cadmiiU%rt-(3ii&lium chlovi tie 

systeiii.. 7 7 9  81-83 A t e r ~ . ~ ~  proved the coLutions t o  be not col.1.oidXL i n  natixee 

because of t he  la.rge mel.ting-poinL dccpression of CdCl:,  on additioil of cad- 
rrf.wn metal... 

crease, but r a the r  decreases s1ight;ly. 

t h e  so lu t ions  t o  be diLYnagnetic, and this was confirmed by Grjotheini 

e t  a1.85 end by NaeliLrieb.86 

e i t h e r  i n  the  form o f  a-toms, rolecu.les, or  molecule ioiis such as (Cd2)23., 

analogous .to (HgZ)*+, and no-t as Cd+ 

geeher with a recent ca1orimei;ric heat of r"11.si.on~~' of 7.22 kcal/nole f o r  

Be a l s o  showed t h a t  the e lec t r ica l .  conductivity does not in-  

Farquar::on and Keymann84 foxmd 

It ind ica ted  that  t h e  metal dissolves  

Cryoscopic data85*'7r to-  
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CdC:12 l ead  t o  the suggestion of i d e a l  behavior f o r  concen-Lrailons of 

Cd2C12 i n  CdC12 below approximzstely 2 mole % Cd2CI-2, bu t  j-ncreasing nega- 

LTve deviat ion from Raoultts law for CdC12 wi th  -increasing metal. (CdZC12 

so lu t e  concent ra i ion .  
f o r  a cadmium atom o r  a Cd2Clz solute, respec t ive ly)  a t  -blip monoteetic 

(15 mole $ C d 2 C 1 2 )  may be explained by t h e  subst i - tut ion of I-arze ca t tons  

(Cd2)2 ' i -  f o r  snal-ler Cd2" ions.  

found i n  systems with o ther  l a r g e  ca t ions  such as KCL-CdC12 and may or  

may not  be tJiought of i n  terms of t h e  formation of coinplox anions such as 

( C d & +  12-. 88 
deviation hiith decreasing m e h l  concentration, t h e  formation of - undis- 

sociated species  C d 4 C 1 6  and C33X4 has been s u ~ g e s - t e d , ~ ~  b u i  does n o t  ap- 

pear p laus ib le  i n  a h igh ly  ioni-zed and j-onizing medium such as molten 

C d C 1 2 .  

complex snion may a c t  as a "comnon ion"  with respect; t o  some of the ions 

of the solvent  salt, CdCl,, or, i n  o the r  words, that a c e r t a i n  concentra- 

-Lion of complex anions such a s  (CdC14)2-" i s  present,  even i n  pure molten 

C d C l 2 .  

p r e t a t ions  of cryoscopic da ta  i s  deemed unl ike ly .  

This negative devia'i;j.on ( y  C - dC12 ::I 0.96 or 0.99 

It i s  analogous t o  similsr devLations 

Perhaps t o  explain the  asymptotic decreasc i n  -ilie negative 

An a l tevnxt ivz  explanation i s  that i n  small coneenbrations the  

Solid sol-u'clion formation which would invalid-ate any such i n t e r -  

The observed negative d@vri.ation from Raoul- i*s  l a w  would be more d i f -  

f i c u l t  t o  reconci le  with t h e  "physical" model (caddinium atoms ), a.l.thoug'n 

Nachtrieb66 poin ts  0u.t t h a t  t h e  t rue s t a t e  of afyairs may be a sub t l e  one, 

perhaps corresponding to a cadmium a-bom "solvated" by a Cd2+ ion82 o r  t o  
a sol-ute species  Cdz2+ with an asymmetric charge d.is'iri'ou.tion. 

Observations by Gi-jotheim e-L a1.85 and by Hertzog a.nd~ ICLemm8' on the 

e lec . t r ica1  t ranspor t  of Cd with respec t  -Lo Cl- were in- terpreted i n  terms 

of s t rong  in- teract lon between Cd and Cd2'"'. 

produced by the  addi t ion  o f  a thii-d component upon tbe s o l u b i l i t y  of 

cad:lri.im metal may be taken as an ind ica t ion  that a f a i r l y  stable (Cd2]'" 

i o n  e x i s t s .  According t o  Cubicc io t t igo  t h e  addi'iion of' KCJ. t o  Cd(>1, grad- 

u a l l y  lowers t h e  s o l u b i l i t y  o f  cadmium i n  t h e  m e l t .  Cor"bett e t  al. 
explained t h i s  by assuming t h a t  t he  excess  chi-oride iotis s t a b i l i z e  the  

higher oxidat ion s ta te  of  cadmiurn by complexing. 8 o  8 8 s  91 Iiowever, by 

adding _ A l C l 3  (a  s t rong Lewis ac id )  they prepared a s o l i d ,  d imagnet ic  
coiiipound of t h e  formula Cd2(AlCl,), contaluing a l l  of the c a d x i m  in oxi- 
dat ion s-ba'ce I.92. 

Other effects such as -i;hosc 

I n  t h e  iliel.ts Lhc increased s t a b i l i t y  of the cadnrium(1) 
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ma%ion of s o l i d  "subhalides" of t h e  approximate stoichi.ome.Si-y RiX. Vapor 

pressinre and emf s tudies  or the  SbC3--S-b system by Corbe-it -..- 2t a1.102p103 

demonstrated. t h e  exis tence of  a ca t ex i t ed  I2Sb-,SbI2 species. Older 

claims1oL f o r  t h e  exis tence of  dihalides BiX2  of bismuth were not siAss.ian- 

t i a t e d  3..ater,lo5 espec ia l ly  not in more recent  phase behavior and r e l a t e d  

studies by Soliolova, Urazov, and Kuzne.Lsovl' 

e t  ( j ' igs .  29--33_). The I.at-ter s-Ludy is dist inguished by the ex- 

peri.menta1.. f e a t  of determining t h c  consolute temperature (7'78" ) under a 

BiC13 pressure of 80 a h .  

chlor ide,  "BiCl ,  011 t he  basis of x-ray difPractzion rnea.sure:nea-Ls, 

the s toichiometr ic  formul-a Hi6C17 o s  (Ri: 1 (RI.CX5 >/, ( j 3 i 2 C I g ) ,  a l legedly  con- 

tainiing, besides anions BiC132- and B 1 2 C i g 2 - ,  the remarkabl.c complex 

ca t ion  B i g 5 "  corresponding t o  the unique oxidat lon state of  5/9. 

other  hand, i n  -Lhe so1.i.d complex compound w i t h  AlCL3, BiAlC1-4 (f irst  pi-+ 

pared by Corbett  and blcM~il . lan~~),  Levy -.- e t  a1."' propose 'ilie t r imer i c  

a i d  par t icu lar ly  by Yosim 

__Î  

The lates'c suggestion f o r  s o l i d  bisrmth "mono- 
111 is 

On -the 

6oo i P I  

Fig. 29. B i s m u t h  Metal-Eismuth 
Tr ich lor ide System [S. J. Yosim et 
nl.,  1. P h y s .  Chem. 6 3 ,  230 ( i 9 5 9 )  

2 (reprinted by permission of the copy- 
r igh t  owner, the American Chemical 

Lz+B' Society)]. 
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dens i t i e s .  7 s  'I * ' I R  While t h e  chloride and hi-ornri.dz systems shmw l a r g e  

posl-t?l.ve deviat lon from Raoul t  ' s law for the solveilt, 3iX3, when atoms 

aye a.sswned t o  be Lhe solute species,  BiI3 seems LO behave 7-deally up .to 

30 mole $ bismwLh. The reasons f o r  t h i s  pec.u.liar behavior of t h e  iodide 

system a r e  not  apparent.  13redigJ-l9 ln t e rp re t ed  - -  t h e  vapor pressure meas- 

ixrements rin -the Bi.-BiE.r3 system i n  t e r m s  of an eq-nilibriu:>i betveen B i 2  

molecules, ( B ~ . z ) ~ +  ions, and B i R r 3 ,  namely, 2 B i 2  + 2M3" - 3 ( B i 2 ) 2 + ,  bu t  
an equ i l ib r t im  Bj.2 -t R i 3 *  + ( R i 3 ) 3 +  might explain these  da ta  equal ly  

wel l .  

and its d i s soc ia t ion  prodiici;~,  Bi3+ and e lec t rons .  

f o r  -the d isso lu t ion  of bismuth i n  1 3 i C 1 3  was also proposed by Mayer, Yosim, 

and Topol.lo9* 120 

vapor pressure data  i.n tel-ms of a te-tramer, 

bonds t o  explain t h e  diamagn?t,ism of solid "BiC1. 

of the molten sol-utions was discussed by Nachtrieb." 

and polarographic measureaents, Topol, Yosln-i, and Osteryoimg'-23 

pose the existence of a.n equ i l ib r iuq  n @ i X  +- B i  X. 

bromide systensg with 11 = 4 apparen-tly given preference.  

of t h i s  nature  i s  a l s o  ind ica ted  by t h e  o p t i c a l  absorpt ion measuremen-ts 

of Boston and S i n i L i ~ , ~ ~ ~  ri.n which t h e  m ' i io  of two o p t i c a l l y  d i s t i n c t  

species ,  probably the  nonomei- and a pol.ji;.lier of Ri", was shown t o  depend 

on .tho bismuth-aetal. concentration. Thus, t he  zia j o r i t y  of authors are 

found t o  p re fe r  -the assumption of  polymeric subhalide formati.on i n  sol-u- 
t ioi ls  of bismuth I n  tihe t i - ihal-3-d.e~ t o  t h a t  of bismuth atoms. ? *  '-I-'* 'I-* 

The ea r ly  measurements of Lhe e l e c t r i c a l  conductance by Aten"? 6,12 

a decrease i n  the equivalent  condue Livi'cy o f  so lu t ions  with me-tal concert- 

t r a t i o n .  This is ii?uch b e t t e r  u-jiderstood in t e r m s  o f  subhalide and R7-2 

molecule formatton tiian of d.issol..iition of bisniuth atoms. 

A t  h.igher temperatures the equilibriurli appears t o  shiI"i; t o  Bj-2 

A mult iple  mechanism 

CorbettL2' suggested an i n t z r p r e t a t i o n  of t h e  sa.me 

(BiCl . )&,  possib1.y with B i - B i  

The diamagnetism 

O n  the b a s i s  of emf 

pro- 

i.n both the chlor ide  and 
11 n 

An eqsli l ibriun 

showed 

The solubil.i.ty of sa l ts  of s eve ra l  g o s t t r a n s i t i o n  meLa1-s i i i  t h e  

l i q u i d  metal-s w a s  d e a l t  with by Yosim and Luchsingerel' 

high tcmperatixes b i  sniut:? ha l ides  a re  c oiflple '~e3.y d s c  ibl..e with b i :m~ih 

metal; Iig2C12 was found t o  be soluble  i.n. mercury iiietel t o  t l i ?  exi;ciii; o f  
7 mole $ a t  600OC. 

1 mole %, whilc t h e  sayis o f  t h e  remaining riekals a r e  considered insoluble 

i.n their mtal::. %here appears to b? no simple r e l s t i o n s h i p  $JJov-cr=li.ng 

t h i  s b ehav-ior . 

At s-ufficlenL1-y 

The solubilri.ty of mSC1.2 i n  I-cad a t  l..OCKlo is given as 

1-17 ine ques'iion of s p e c i f i c i t y  was a l s o  examined, that  is ,  the queekion 

of w h e L h e r  metals dissolve sal ts  o ther  than L1-Lej-r own ha,l.rides. The s0l.u- 



' o i l i ty  of a foreign s a l t  can be explained 5.n  terms of ox-idation-red.ue'iioli 
r eac t ions  t o  fortrl .Llie ha.lic?.e of t h e  solvent  metal, w h i c h  then dissolves 

In  the meta, l .  

Mixtures of !neLa,ls wi th  t he i r  rnolten ha l ides  a r e  not  colloidal sus- 
pensions, but t r u e  solin-Lions. 
e l e c t r i c a l  cOnrluc%ance LmeaSu.rements, it i s  c l e a r  tl?ct'c many of t he  mixtuses 
a r e  so lu t ions  I n  which t h e  e lec t rons  introdziced by the  n!e-tal, especially 

i n  .the case of e lec t ropos i t i ve  m e t a l s ,  are  i n  shst1l.o~ traps ancl coI1se- 

quently mobile, 3.5, for e x m p k ,  i n  potassium or i n  lan-bhanu~n systexns 

The I?.lixt.ur.es a l so  include various o ther  1;ypes of sol~i;.l:.o:~is in vhicil t h e  

electrons m e  p a r t l y  or_' wholly i.n t r a p s  of g rea t e r  depth. 

believed t o  be diatomic metal moleei~lcs such as Na,; di:dmn.ic molecule 

ions  SUCII as  IT.^^^+, Cd22+, caZ2+; more complex ca t ions  such as ~ i ~ 3 + ,  

B i 4 4 S ,  o r  perhaps even BiP5"; and slmple monomeric iozs  of the metal i n  a 

lower than "normal" valence s t a t e  such as Bi+ ,md Md2$, 

between cabions of di.f%erent valence states of the m e t a l  seems -to QCC'IZ 

and -Lo contribute slight,  electron nto'oility. The e l ec t ron ic  condi-lction 

process and t h e  s t a t e  of t he  e l ec t ron  i n  solxtions, six11 as t h e  a1ka.I-i- 

metal  sol-ut-ions, i n  whrich the e lec t rons  axe quite nobile, are not too well. 
uAd.erstood as yet.  

t h e o r e t i c a l l y  the stmcture and e lec t r ica , l  behavior of such solutiotis  i n  

.terms of  F (co lor ) -center - l ike  el.e@tr'ons, hut the degree of dcLocalj.za,tion 
of the  rnob5l.e e l ec t ron  orl i n  other words, the mnber  of ruetal cati.ons 

with respect t o  which each electron may be considered quantlzed. need.s 

further clarLficatione S01u.t;~ metal atoms resei&ling ga.scous a.'coms do 

not deserve ser ious  consirkrat ion,  a s  t h e i r  very high polarizabri.l.ity ms1; 

l ead  t o  s t rong  intieraetioii with t h e  ions of Yi?e molLeil salt, that is, for-  
mation of F-center- l ike configurations,  i f  no% with the rno1.ecul.e ior!s or 
simi,la,rly deep tmps just rnen-bioiied &ove. Nmsuremcmts o f  rmgnetic sus- 

cep t ib i  li-by, of parxmgnet ic  a.n.d nuclear r?ia.gn@tic resonance, and. of the 

1-Ial.Z efrect  rnay perhaps bring fixbiier eiiligiiteiviierit regardi iig t h i s  more 

de ta i l ed  aspect  of the  shal l~~w t r a p s  i n  which 'che electro-rin; coritrLbutri.ng 

c onsi der ah 1.e e lec  ti: onic c ond1-i.c ti:v i by- a r e  thought t o  be locate (3. 

On the basis of both thermc7dyrmo.j-c and 

Such traps are 

Electron exchange 

However, there are a few first a-tten!pts t o  d-escribe 
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