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SPECTROPHOTOMETRIC STUDY OF DILUTE SOLUTIONS 

OF BISMUTH I N  MOLTEN BiC13 

Charles R. Boston and G. Pedro Smith 

ABSTRACT 

Solute bismuth metal i n  chlor ide-r ich  melts  of t h e  system Bi-BiCls 

i s  found t o  be pa r t i t i oned  i n to  two chemical species which obey t h e  law 

of addi t ive  absorbances. Absorption spec t ra  from 450 t o  750 mp  a r e  

reported f o r  molten Bi-BiC13'mixtures 0.0027 t o  0 . 7  molar i n  so lu te  

bismuth metal a t  path  lengths a s  shor t  a s  24 p and a t  temperatures of 

264, 350, and 433°C. The spectrum cons i s t s  of an intense,  broad band 

with a maximum near 560 mp. Large apparent devia t ions  from Beer's law 

a re  f v u ~ ~ d  at a l l  wavelengths. These spect ra  have t h e  cha r ac t e r i s t i c s  

expected f o r  solut ions  with two l ight-absorbing so lu t e  species. Pheno- 

menological equations a r e  derived which describe t h e  spec t ra  of solut ions  

consis t ing of any given number of so lu te  species derived from a common 

substance. 

INTRODUCTION 

The molecular cons t i tu t ion  of the  l i q u i d  phases of bismuth-bismuth 

t r i h a l i d e  and r e l a t ed  metal-metal s a l t  systems i s  an unsolved problem 

which has a t t r a c t ed  much recent  research and debate. Much of t h i s  work 

i s  reviewed elsewhere. *-' It i s  usual ly  assumed t h a t  bismuth metal 

d issolves  i n  hal ide-r ich  melts  t o  form a s ing le  so lu te  species. However, 

some  worker^^-^ a s se r t  t h a t  the re  a r e  two or  more so lu te  species which 

'A preliminary report  of t h i s  study was presented a t  t he  137th 
Meeting of the  American Chemical Society, Cleveland, Ohio, April,, 1960, 
and a f i n a l  rcpor t  was presented a'l; I;he XVIIIth In te rna t iona l  Congress o f  
Pure and Applied Chemistry, Montreal, Canada, August, 1961; a condensed 
vers ion was published i n  J. Phys. Chem. 66(6) ,  1 1 7 8 4 1  (1962). - - 

2 ~ .  Cubicciott i ,  J. Chem. Educ. - 37, 540 (1960). - 
3 ~ .  J. Yosim e t  a l . ,  J. Phys. Chem. 63, 230 (1959). -- - - 
4 ~ .  H. Nachtrieb, J. Phys. Chem. ( i n  p ress ) .  

5 ~ .  A. Bredig, J. Phys. Chem. 63, 978 (1959). - - 



a r e  i n  equil ibrium. No spec i f i c  solute  species has been demonstrated 

t o  e x i s t  i n  t he  hal ide-r ich melts .  The species which have been postulated 

include such diverse  e n t i t i e s  a s  bismuth atoms,  polymers of bismuth 

atoms, monovalent bismuth ions and t h e i r  polymers ,5-7 and "ions plus 

e lec t rons .  ' I 3  The research reported here provides spectrophotometric 

evidence which c l ea r ly  favors a two-species model f o r  chloride-rich 

melts of bismuth i n  bismuth t r i ch lo r ide .  

EXPERIMENTAL 

Bismuth t r i c h l o r i d e  was prepared by d i r e c t  react ion between bismuth 

metal and chlorirle gas.  The product W ~ E  pu r i f i ed  by distilla.t . i .on under 

chlorine followed by purging chlorine from the  melt with argon. Analysis 

poret ical  value of the s a l t  showed 33.6a wt '$ C 1  a s  compared with the  t h ,  - -  

of 33.73%. This mate r ia l  was extremely sens i t ive  t o  a i r  contamination. 

Therefore, a l l  handling, including ana ly t i c a l  weighing, was performed 

i n  a vacuum-type dry box f i l l e d  witti high-purity nitrogen.  

Bismuth metal,  used a s  a solute; was deoxidized by bubbling hydrogen 

through molten, reagent-grade metal held on a s in te red  g lass  disK. The 

oxide-free metal  was f i l t e r e d  through the  s in te red  d i sk  i n t o  a g lass  

tube, sealed off  under vacuum, and l a t e r  opened i n  the dry box where 

t he  metal ingot  was broken up i n  a mortar and placed i n  a weighing 

b o t t l e .  

Measurements 

A Cary Model llMS spectrophotometer modified f o r  high-temperature 

work8 was used t o  make the  spec t r a l  measurements. Fused s i l i c a  c e l l -  

i n s e r t  combinations were used t o  provide path lengths from 24 t o  500 p. 

6 ~ .  K. Keneshea, Jr .  and D. Cubicciot t i ,  J .  Phys. Chem. - 62, 843 
(1958) ; 63, 1112, 1472 (1959) . - 

- - 
7 ~ .  D. ~ o r . b e t t ,  J .  Phys. Chem. - 62, 1149 (1958). - 
8 ~ .  R.  Boston and G .  P. Smith, J .  Phys. Chem. - 62, 409 (1958). - 



Cel ls  were loaded with weighed amounts (10-12 g )  of B i C 1 3  i n  the  dry  

box and held  under a  flow of argon during s p e c t r a l  measurements. Melt 

composition was changed between s p e c t r a l  scans by adding bismuth metal  

through the  t o p  of the  c e l l  while keeping a stream of argon passing over 

t h e  melt .  

The p o s s i b i l i t y  t h a t  atmospheric contamination s i g n i f i c a n t l y  i n -  

f luenced t h e  s p e c t r a  was excluded by the  r e s u l t s  of measurements on two 

Bi -BiC13  mixtures which were sealed i n  o p t i c a l  c e l l s  under 1/3 atm of 

argon. The s p e c t r a  of t h e s e  sea led  mixtures were q u a n t i t a t i v e l y  l i k e  

t h e  spec t ra  obtained with stoppered c e l l s .  

Nomenclature and Units  

A l l  of the  melts  t o  be considered l i e  a t  t h e  BiC13-rich end of t h e  

Bi -BiC13  binary system. Accordingly, pure BiC13  w i l l  be r e f e r r e d  t o  a.s 

t he  so lvent  and the  amount of bismuth i n  excess of t h a t  i n  pure B i C 1 3  

w i l l  be r e f e r r e d  t o  a s  s o l u t e  bismuth. The concentrat ion of s o l u t e  

bismuth i n  moles p e r  l i t e r  of melt i s  ca lcu la ted  from the  composition 

by weight on t h e  b a s i s  of the  dens i ty  measurements of Keneshea and 

Cubicc io t t i6  ard i s  denoted M This i s  a "formal" measure of s o l u t e  
-f ' 

concentrat ion which may o r  may not equal  the  molar concentrat ions of 

t h e  atomic, molecular, o r  i o n i c  species  i n  which the  s o l u t e  bismuth 

e x i s t s  i n  the  so lu t ion .  

The absorbance A of a  so lu t ion  i s  defined i n  the  usual  way as  - 
loglo [ ~ ( s o l v ) / ~  - ( s o l n )  1 .  In  p r a c t i c e ,  the  absorpt ion  of t h e  so lvent  and 

t h e  s o l u t i o n  were measured separa te ly  with an a i r  reference  a s  funct ions  

of wavelength u s i n g  t h e  same c e l l  under t h e  same condit ions.  Then t h e  

a.bsorhance of the  so lu t ion  wa& ca lcu la ted  by subtl-action. 

The d a t a  were recorded a s  binary numbers punched i n t o  paper tape  

by means of high-precision recording devices.  Calcula t ions  inc luding 

t h e  above sub t rac t ion  were done by a d i g i t a l  computer which read d i r e c t l y  

t h e  paper-tape output  of the  spectrophotometer. I n  the  recording 

operat ion,  absorbance vahies were sampled a t  1 - m l ~ .  i n t e r v a l s .  

The e x t i n c t i o n  c o e f f i c i e n t  (molar a b s o r p t i v i t y )  E of a s i n g l e  s o l u t e  

species  i s  defined i n  the  usua l  way by t h e  r e l a t i o n  E = g b ~  where A - - 
and M - a r e  the  absorbance .and. molari ty,  respect ive ly ,  a ~ c r i b e d  t o  a 

" . ..: 



spec i f ied  species  and - b i s  t he  path length i n  centimeters. The formal 

ex t i nc t i on  coef f ic ien t  E of a so lu t ion  (which may contain several  
f 

species)  i s  defined by the r e l a t i on  E = A / ~ M ~ ,  where A i s  the  experi-  
f - 

mentally measured absorbance of the  solut ion.  If only one solute  species 

e x i s t s ,  E equals E f o r  t h a t  species.  f 
It may be he lpfu l  t o  know t h a t  the composition i n  mole '$ of solute  

bismuth metal i s  about 8 t o  10 times M The exact r e l a t i on  depends, of 
-f ' 

course, on the  temperature and the  exact  M value. f 

RESULTS 

The bicmuth t r i ch lo r ide  sol-vent was e s sen t i a l l y  t ransparent  a t  wave- 

lengths between 500 and 750 mb but a s teeply  r i s i n g  absorption edge 

occurred below 500 mp which gave a shor t  wavelength cutoff .  Figure 1 

shows the  pos i t ion  of t h i s  edge a t  temperatures and path lengths f r e -  

quently used i n  t h i s  research.  From considerations of signal-to-noise 

r a t i o ,  it was concluded t h a t  no usefu l  absorbance values could be deter-  

mined below 400 mp. The ' l im i t i ng  wavelength f o r  precise  measurement 

varied between about 420 and 500 mp depending on the  conditions of 

measurement. With long paxh lengths (small M ) &t 433 O C ,  thc  l i m i t  f o r  
f 

precise  measurement was about 500 mp, while, with shor t  path lengths 

( large  M ~ )  a t  264OC, the l i m i t  was about 420 mp. 

Typical spec t ra  f o r  d i f f e r en t  concer~t;r.al;ions of bismuth a t  

d i f f e r e n t  temperatures a r e  shown i n  Fig.  2 i n  terms of E a s  functions f 
of wavelength. The shaded s t r i p  a t  26A°C i s  a region within which l i e  

t he  spec t ra  f o r  a l l  solut ions  from 0.0141 M down t o  the  lowest con- 
f 

cen t ra t ion  measured, 0.0027 M A t  low concentrations, a strong band 
f '  

i s  found. The band maximum occurs a t  a wavelength of about 560 mp f o r  

264°C and a t  a somewhat longer wavelength f o r  higher temperatures. The 

band i s  skewed toward longer wavelengths and a t  433OC has a s l i g h t  

shoulder near 610 mp so t h a t  it may be a composite of absorptions due 

t o  more than one e l ec t ron i c  t r a n s i t i o n .  The most s t r i k i n g  fea ture  of 

t he  spec t ra  i s  the manner i n  which the  band diminishes with increasing 

M u n t i l  it i s  almost indis t inguishable  against  the background of a 
f 

d i f fuse  absorption edge which r i s e s  very slowly with shortening 

wavelength. 
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Fig. 1. Typical Absorption Spectra of Pure Molten BiC13  Plus t h e  
S i l i c a  Cell. Spectra A, B, and C a r e  f o r  a path length of 0.OC)276 cm and 
tempel.atures of 264, 350, and 433°C) respectively.  Spectrum D i s  f o r  a 
path  length of 0.0501 cm and a temperature of 350°C. 
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450 500 550 600 650 700 750 
X (mp)  

Fig. 2. Typical spectra of Molten Bi-BiC13 Mixtures i n  Tei-ms of 
E vs h with M values a s  follows: a t  264°C) A = 0.0027 to  0.0141, 
f f B = 0.0341, C = 0.113, and D = 0.696; a t  350°C, A = 0.0485, B = 0.148, 

C = 0.280, and D = 0.679; and a t  433OC, A = 0.0099, B = 0.106, 
C = 0.213, and D = 0.464. 



Figures 3 ,  4, and 5 show the  manner i n  which A/b va r ies  with Mf f o r  

a  wavelength near t h e  band maximum. Figure 3 shows t h i s  v a r i a t i o n  f o r  

t h e  M range which was s tudied a t  each temperature while Figs .  4 and 5 
f  

show f o r  264 and 350°C, respect ively ,  t h e  d a t a  a t  low concentrat ion f o r  

which A/b va r ies  l i n e a r l y  with M f .  Low concentrat ion d a t a  f o r  433°C 

s c a t t e r  too  much t o  j u s t i f y  a p l o t  on an expanded sca le .  

The shaded s t r i p  i n  Fig.  2 f o r  264°C includes a l l  of those spec t ra  

which l i e  i n  the  l i n e a r  range of A/b vs M a s  shown i n  Fig.  4.  There i s  
f 

no t r end  with increas ing M f o r  the  spec t ra  within t h i s  s t r i p .  Conse- 
f  

quently, t h e  s t r i p  ind ica tes  the  p rec i s ion  within which E i s  known f o r  
f  

the  l i n e a r  range and, l ikewise,  the  p rec i s ion  within which ~ / b  vs M 
f 

i s  l i n e a r  a t  wavelengths o the r  than t h a t  chosen f o r  Fig .  4 .  A s i m i l a r  

shaded s t r i p  could be drawn about the  lowest concentrat ion s ,pct rum a t  

t h e  o the r  two temperatures . 
1 

For so lu t ions  with a s ing le  so lu te  species,  Beer ' s  law i s  genera l ly  

approximated, t h a t  i s ,  A/b i s  propor t ional  t o  t h e  so lu te  concentrat ion 

and the  molar ex t inc t ion  coef f i c ien t  E var ies  with wavelength but  not  

concentrat ion.  However, f o r  so lu t ions  of bismuth metal i n  fused bismuth 

t r i c h l o r i d e ,  it i s  evident  from Figs .  2 and 3 t h a t  Beer 's  law i s  not 

even approximately obeyed save a t  the  lowest concentrat ions a s  shown i n  

Figs .  4 and 5 .  We s h a l l  show t h a t  these  very l a rge  departures from 

Beer 's  law can be accounted f o r  i n  a quan t i t a t ive  way i f  one assumes 

t h a t  the  so lu te  bismuth metal i s  p a r t i t i o n e d  between two so lu te  species  

each of which individual ly  obeys Beer 's  law, t h a t  is,  a two-species 

so lu t ion  with addi t ive  absorbances. Since we have no a p r i o r i  way of - 
knowing the  molar ex t inc t ion  c o e f f i c i e n t s  o f ' t h e s e  postula ted  species ,  

we s h a l l  r ecas t  the  phenomenological law of addi t ive  absorbances i n t o  

a form which does not contain these  c o e f f i c i e n t s .  

Let us suppose t h a t  the  so lu te  bismuth dissolves  i n  o r  r e a c t s  with 

the  fused bismuth t r i c h l o r i d e  solvent  t o  form two molecular species  

Xn and Xm. Conservation of mass requires  t h a t  



UNCLASSIFIED 
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Fig. 3. Beer's l a w  Plots fo r  A l l  Values of M and for  A/b Near the 
Band Maximum. A t  264 and 350°C, A/b was determined a t  560 mp while a t  
433°C A/b was determined a t  570 mp. 
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Fig. 4 .  Beer's Law P lo t  f o r  the M Range Over Which ~ / b  i s  Linear 
a t  264 O C  . f 
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Flg. 4 .  Beer's Law P l o t  f o r t h e  Mf Range Over Which ~ / b  is 
Linear a t  350 "C . 



where M and M a r e ,  respect ively ,  t h e  molar concentrat ions of X and X 
n  m n  m' 

and where D and D a r e  the  numbers of moles of so lu te  bismuth required  
n  m 

t o  form one mole, respect ively ,  of Xn and Xm. The law of addi t ive  

absorbances may be w r i t t e n  

where E and E a r e  t h e  molar ex t inc t ion  c o e f f i c i e n t s  of X and X . A t  n  m n - m  
a  given temperature, the  q u a n t i t i e s  A and E a r e ,  of course, funct ions  

f  
of wavelength and concentration while E and E a r e  funct ions  of wave- n  m 
length alone. Equations (1)  and (2)  may be combined t o  e l iminate  one 

concentration va r iab le .  

Inasmuch a s  we have no d i r e c t  way of measuring separa te ly  the  two 

terms on the right-hand s ide  of Eq. (2), we s h a l l  r e c a s t  t h i s  equation 

i n t o  a  form i n  which E and E a r e  replaced by the  formal ex t inc t ion  
n m 

coe f f i c ien t s  ' E  of two so lu t ions  which we can measure and 'which we s h a l l  
f  

c a l l  "reference " so lu t ions .  In  choosing reference so lu t ions  we require  

only t h a t  t h e  a lgebra ic  d i f ference  between t h e i r  formal ex t inc t ion  

coef f i c ien t s  be s i g n i f i c a n t l y  l a r g e r  than experimental e r r o r s  over most 

of t h e  wavelength range. 

Designate q u a n t i t i e s  pe r ta in ing  t o  t h e  two reference so lu t ions  by 

the  subsc r ip t s  1 and 2 and q u a n t i t i e s  pe r ta in ing  t o  any o the r  so1utio.n 

by the  subscr ip t  0 .  From Eq. (2 )  we have 

Define two parameters y and 6 by the  equations 



Algebraic manipulation of Eqs. ( 3 )  and (4) leads t o  

- 
(A/bI0 = Mfocfo - YMf l ~ f l  + SM f2  E f2  ( 5 )  

Using Eqs . (1) and (4)  , the  parameter 6 may be eliminated by the  r e l a t i on  

" (Mfo /Mr2)  - 7(Mf1/Mf2) ( 6 )  

The parameter 7 may be expressed i n  terms of concentration variables 

by solving Eq. (4) t o  give 

Y = (MmoMn2 - M no M m 2  ) / ( M ~ ~ M ~ ~  - M n l  M m 2  ) ( 7 )  

Upon substi-Luting Eqs. (6)  and (7) i n t o  Ey. (5)  and rearranging, we 

obtain 

- E = ( E f l  - E f 2 )  7Mfl/Mf0 (€ fo  f2  ( 8 )  

Equation (8) may be somewhat generalized t o  give 

f 1 M 1 ('fo - ) = ('f2 - 'f3) '021  '132 Mf2 Mf3/("f0 f l  (9) 

where t he  subscr ip t s  0 ,  1, 2, and 3 designate any four  solutions,  none 

of whlcll iiecd bo rcgerdeil, as references,  and where 

W e  s h a l l  gener j l ly  use t h e ~ e  eq~iat,.i.ons i n  the  logarithmic forms 

where f; i s  t he  co l lec t ion  of concentration terms i n  Eq. (9 ) .  

Equations ( 8 ) ,  (9 ) ,  (11) , and (12) a r e  a l t e rna t i ve  descr ipt ions  

of the  behavior of an isothermal family of spectra  of solut ions  of two 

l ight-absorbing specjes i n  eg,uilibriun which obey the  law of addi t ive  

absurbances. They w i l l  be re fe r red  t o  a s  the two-species model. In  

p r inc ip le ,  E /D and E /D cons t i tu te  the  envelopes o r  extremes of an 
n n m m 

isothermal family, and a l l  possible spectra  of mixtures, t h a t  i s ,  a l l  

E l i e  intermediate t o  these  extremes. 
f '  



There a r e  two simple p roper t i es  of the  two-species model which may 

bk deduced from the  above equations and. which serve a s  t e s t s  o f ' t h e  

compliance of r e a l  solut ions .  F i r s t ,  i f  two spect ra  i n t e r s e c t  a t  any 

point  of the  E - A plane, then a l l  spect ra  i n t e r s e c t  a. t  t h i s  same 
f  

point .  This i s  the fami l i a r  i so sbes t i c  point  which has long been used 

a s  a t e s t  of the  two-species model. Unfortunately, the  spec t r a l  range 

I i n  our measurements i s  not wide enough t o  include a n  i so sbes t i c  point .  

Second, according t o  Eq. (12),  l og (€  - E ) i s ,  t o  within an add i t ive  
f i  f j  

constant, an invar ian t  function of wavelength f o r  every p a i r  of spec t ra ,  

E and E . This f u n c t i 0 n . i ~  s ingu la r  a t  i so sbes t i c  points  and., hence, 
f i  f j 

i s  of no p r a c t i c a l  value f o r  wavelength regions where the  E curves come 
f  

close together.  For t h i s  reason, the  above two proper t i es  a r e  comple- 

mentary t e s t s  of compliance. I n  the  research described here, the re  a r e  

no i sosbes t i c  points  and, hence, t h i s  conventional t e s t  i s  of no a id .  

For t h i s  reason, the  second t e s t  w a s  developed. 

The extent  t o  which t h e  a'bove compliance t e s t s  a r e  unique f o r  the 

two-species model 'may be ascer ta ined by examining the  N-species model. 

The above procedure f o r  deriving the  two-species model i s  e a s i l y  

generalized f o r  N species i n  terms of N-reference solut ions  and gives 

where M and E a r e  the  M and E of t.he j - t h  reference solut ion and 
f J  f j f f  

y .  i s  one of the  N parameters which a r e  functions of the  concentrations 
J 

of the  N species .  Any one and only one y may be el iminated by t he  
j 

r e l a t i on  

By subs t i t u t i ng  the  conditions of the  compliance t e s t s  f o r  the. two- 

species model ( f o r  example, E = E = 
f l  f 2  

... = E a t  an i so sbes t i c  po in t )  
f n  

i n t o  Eq. (13) and combining with Eq. (14))  it may be shown t h a t  the  mult i-  

species models ( N  > 2) w i l l  not ,  i n  general ,  accord with these  t e s t s  



and t h a t  an "accidental" accord i s  possible only f o r  c e r t a in  unique 

s i t ua t i ons .  The s i t ua t i ons  which give log[€ - E ) an invar iant  shape f i  f j  
f o r  N grea t e r  than two are  s u f f i c i e n t l y  unique so  t h a t  we regard them 

as implausible. 

It may be worth noting t h a t  the  equations derived above apply t o  any 

so lu t ion  of two so lu tes  which a re  i n  equilibrium o r  which may be derived 

i n  p r inc ip le  from a common substance. 

The experimental spectra  a t  each temperature were t e s t e d  by computing 

- E ) over the  f u l l  wavelength range f o r  many pa i r s  of ef 
f ,.I 

funct ions ,  and then verifying that. t,he sh.a.pes of the  resu l tan t  curves 

were e s s e n t i a l l y  the  same. An example of the  r e s u l t s  i s  shown i n  Fig. 6 

by a systematic s e t  of l og (€  - E ) functions f o r  264OC. It w i l l  f i  f j  
s implify discussion t o  denote the  spectrum E of the  solut ion with f i  . 

concenlration M a s  E ~ ( M ~ ~ ) .  I n  Fig.  6 two spectra  serve a s  references.  
f i  

These a r e  E (0.696), the spectrum of the so lu t ion  of g rea tes t  M f ,  and 
f 

E (0.0118), a representative.  spectrum from . the l i n e a r  ~ / b  - M range. 
f f 

From these  reference spectra,  t he  reference function 

(0.0118) - cf (0.696)) wns computed and i s  p lo t ted  twice i n  Fig. 6 

a s  curves A  and E. This reference Punction may ,be thought of a s  a 

standard shape against  which t he  shapes of t he  other  curves a r e  compared. 

All of the remaining spectra  a t  264°C were divided i n to  two groups. One 

group, those with low concentrations, wac referenced against  E (0.696) 
f 

t o  give the  s e t  of functions l og (€  (M ) - ~ ~ ( 0 . 6 9 6 ) )  which a re  p lo t ted  
f f i  

i n  Fig.  6 a s  curves A through D. The othe'r group, those with high con- 

centra t ions ,  was referenced aga ins t  ~ ~ ( 0 . 0 1 1 8 )  t o  give the  s e t  of 
- 

functions log(cf (0.0118) - E .(M . ) )  which a re  p lo t ted  a s  curves E through 
f f l  

L. These two groups overlap, f o r  example, cf (0.0341) was referenced 

against  cf (0.696) t o  give curve C and against  E (0.0118) t o  give curve 
f 

K.  Spectra f o r  solut ions  of qui te  high M were not referenced against  
f 

E (0.696) because the  di f ference ( E ~ ( M ~ ~ )  - ~ ~ ( 0 . 6 9 6 ) )  i s  a small 
f 

number t h a t  contains a l a rge  r e l a t i ve  e r r o r  which i s  f u r t he r  exaggerated 

by taking the  logarithm. This consideration obviously appl ies  likewise 

t o  t h e  spec t ra  of solut ions  of qui te  low Mf referenced against  E (0.0118). f 
I n  the  l a t t e r  case, the  magnitude of e r r o r s  may be visual ized from the  

spec t ra  shown i n  Fig. 2 .  I n  pa r t i cu l a r ,  the difference 
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Fig. 6. Test of t he  Agreement Between t h e  Observed Spectra a t  264'C 
and t h e  Two-Species ~ o d e l . '  Curves A and E a r e  ident ical .  For curves A 
through D, Mf . i s  0.696 and M i s  as  follows : A = 0.0118, B = 0.0248, 
C = 0.0341, add D = 0.0595. 66r curves E through L, M f .  i s  0.0118 and M 
i s  a s  follows: E = 0.696, F = 0.295, G = 0.156, H = 0 . h 3 ,  J = 0.0632, f j 
K = 0.0341, and L = 0.0248. 



(ef (0.0118) - cf (Mfi)) must be chosen t o  be large  r e l a t i ve  t o  the  width 

of t h e  shaded s t r i p  i n  Fig.  2 .  Of course, the  di f ference between any 

two E ( M  . ) f o r  concentrations within the  l i n e a r  ~ / b  - M region 
f f l  f 

(shaded s t r i p )  produces curves of meaningless shape which contain only 

experimental e r r o r s .  

For t he  curves shown i n  Fig. 6, severa l  sources of e r r o r  should be 

noted. A t  wavelengths near 750 mp, the  E (M . )  draw closely together 
f f l  

and t h e i r  d i f ferences  contain a large  r e l a t i ve  e r ro r .  A t  wavelengths 

g rea te r  than 500 mb, the  spec t ra  a t  low concentrations, which were 

measured a t  long path lengths,  contain a r e l a t i ve ly  large  e r r o r  a r i s i ng  

from e r r o r s  i n  measuring the  s teeply  r i s i n g  spectrum of the  BiC13  solvent 

a s  i l l u s t r a t e d  i r ~  Fig.  1 and discussed i n  the Results sect ion.  T h e ~ e  

sources of e r r o r  increase considerably a t  higher temperatures. Final ly ,  

t h e  spectra f o r  high bismuth concentrations were measured i n  c e l l s  with 

path  lengths  of t he  order of 24 p. Such shor t  path 1ength.s a re  d i f f i c u l t  

t o  measure p rec i se ly  and path-length e r ro r s  become aggravated i n  taking 

t he  di f ference between two cf(Mfi) of widely d i f f e r en t  M since each 
f 

, M ) i s  necessar i ly  measured a t  a subs tan t ia l ly  d i f f e r en t  path length.  f f i  
The curves shown i n  Fig .  6 cloc'ely a,pproximate the same shape. The 

l a r g e s t  deviations occur, a s  expected, a't the wave1,ength extremes. M6sL 

important, devia t ions  from the  standard shape of curves A and E show no 

t rend with changing M such a s  would indicate  the  growing i n  of a t h i r d  
f 

so lu te  species.  

The curves i n  Fig. 6 do riot represent a11 of the  spectra  a t  264OC. 

The omitted spec t ra ,  which correspo~ld t o  f a i r l y  high and f a i r l y  low M f 
values, give loe(cf(0.0118) - ef(Mfi)) o r  log(cf(Mfi) - ~ ~ ( 0 . 6 9 6 ) )  

functions which l i e  qui te  close t o  functions which are  shown and could 

not be included i n  Fig.  6 without confusion. 

Other fanli l ies of f~ inc t i ons  l i k e  those i n  Fig .  6 were computed by 

using other  spec t ra  a s  references.  A l l  such functions a t  264OC yielded 

curves of subs t an t i a l l y  t he  same shape a s  shown i n  Fig. 6.  

The same t e s t s ,  were applied t o  the spectra  a t  350 and 433°C and a t  

each temperature the  only s i gn i f i c an t  difference between d i f f e r en t  

log(€  ( M  . )  - E (M . ) )  functions was a l i n e a r  displacement. Deviations 
f f l  f f~ 



between the  shape of a reference funct ion and o the r  funct ions  increased 

somewhat with increas ing temperature, but  these  d i f fe rences  showed no 

t rend with a systematic change i n  M which would ind ica te  t h e  growing 
f 

i n  of a t h i r d  so lu te  species .  

CONCLUSION 

The da ta  presented here provide s u b s t a n t i a l  evidence t h a t ,  i n  d i l u t e  

so lu t ions  of bismuth metal i n  fused BiC13,  t he  s o l u t e  e x i s t s  a s  two 

l ight-absorbing species .  
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