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The Incongruent  Vapor iza t ion  o f  Europium(I I1)  Ox idech lo r ide  

A. V .  Har iharan 

INTRODUCTION 

Oxidechlor ides o f  t h e  type LnOCl have been cha rac te r i zed  f o r  a l l  t h e  
3 
I t r i v a l e n t  lanthanides.  From vapor phase h y d r o l y s i s  o f  t h e  t r i h a l i d e s  

K o c ~ ~  e t  a1 .2-4 ob ta ined t h e  en tha lp ies  o f  fo rmat ion  o f  LaOCl , PrOCl , NdOC1, 
5 SmOCl and GdOC1. Baev and Novikov de r i ved  s i m i l a r  da ta  f o r  these ox idech lo r i des  

and f o r  CeOCl from t e n s i m e t r i c  e q u i l i b r i u m  measurements. I n  t h e  course o f  

our  work on t h e  h igh  temperature v a p o r i z a t i o n  o f  E U C ~ ~ , ~  we have i n v e s t i g a t e d  

the  incongruent  v a p o r i z a t i o n  behavior  o f  europ ium( I I1 )  ox idech l  o r i d e  t o  

p rov ide  p e r t i n e n t  thermochemica1,data. 

EXPERIMENTAL SECTION 

Pure EuOCl was prepared by t h e  c o n t r o l l e d  thermal decomposit ion o f  
7 
/ Eu( I I1 )  c h l o r i d e  hydrate accord ing t o  t h e  method o f  Wendlandt. A s low stream 

o f  a i r  was passed over- EuC13.6H20 mainta lned a t  2. 500°, a f t e r  which t h e  

product  was cooled and removed i n t o  an a r g o n - f i l l e d  g love  box. I t  was then 

outgassed i n  h i g h  vacuum a t  2. 700" t o  remove adsorbed mo is tu re  and a i r .  

Ana ly t i ca l .Ca lcd  f o r  EuOC1: Eu, 74.71%, C1, 17.43%. Found: Eu, 75.02 - + 
0.33%, C1, 17.45 - + 0'.04%. The X-ray d i f f r a c t i o n  p a t t e r n  o f  t h e  produc t  EuOCl 

was i n  agreement w i t h  t h a t  repo r ted1  f o r  t h e  te t ragona l  PbFCl s t r u c t u r e .  

Vapor iza t ion  

I n  view o f  t h e  a n t i c i p a t e d  incongruent  v a p o r i z a t i o n  o f  EuOC1, samples 

f o r  Knudsen e f f u s i o n  measurements were conta ined i n  a secondary Tho2 c r u c i b l e  

f i t t e d  i n s i d e  t h e  r e g u l a r  g r a p h i t e  symmetric e f f u s i o n  c e l l s .  To ta l  weight  

losses  o f  EuOCl i n  two separate experiments from such an assembly a t  1150" 

and 1250" gave, respec t i ve l y ,  98.9% and 100.8% o f  t h e o r e t i c a l  f o r  convers ion 

t o  Eu203, w i t h  no evidence o f  any i n t e r a c t i o n  w i t h  t h e  t h o r i a  c r u c i b l e .  

Target  c o l l e c t i o n  e f f u s i o n  measurements f o r  EuOCl were made over  t h e  temperature 

range 963"-1344" through use o f  t h e  procedure very  s i m i l a r  t o  t h a t  descr ibed 

p rev ious l y  f o r  EuC1 2. The e f f u s i o n  c e l l  was supported symmet r ica l l y  i n s i d e  



a tungsten-molybdenum oven o f  1.59 mm w a l l  th ickness  which comple te ly  

surrounded t h e  e f f u s i o n  c e l l .  The cover  o f  t h e  oven was designed such t h a t  

i t  would n o t  i n t e r c e p t  t h e  d i r e c t  beam which would impinge on t h e  t a r g e t .  

The e f f u s i o n  c e l l  was heated by r a d i a t i o n  from the  oven which was i n d u c t i v e l y  

heated. Such an arrangement prov ided very  un i f o rm temperature i n  t h e  i nne r  

g r a p h i t e  e f f u s i o n  c e l l s  and prevented - condensat ion o f  t h e  e f f us ing  vapors 

experienced p rev ious l y  w i t h  EuC1 2. Three d i f f e r e n t  kn i fe-edge o r i f i c e s  
2 (1 1.4 x 54.8 x and 73.7 x cm ) were used i n  t h e  s e r i e s  o f  

s i x  experiments repo r ted  here in .  Approximately 50-75% o f  t h e  expected weight  

l o s s  from t h e  0.13-0.16 g sample used i n  each v a p o r i z a t i o n  experiment was 

i n c u r r e d  du r i ng  a run.  The t a r g e t s  were analyzed f o r  Eu by X-ray f luorescence.  8 

RESULTS 

The incongruent  na tu re  o f  t h e  h igh  temperature v a p o r i z a t i o n  o f  EuOCl 

accord ing t o  equat ion  ( 1 )  

3 EuOCl (s )  + Eu203(s) + EuC12(g) + 1/2 C12(g) (1  ) 

was es tab l  ished by t h e  combined weight-10s; da ta  and X-ray d i f f r a c t i o n  a n a l y s i s  

o f  t h e  vapo r i za t i on  res idues  and subl imate. E s s e n t i a l l y  monoc l in ic  Eu203 

was t h e  condensed phase i n  t he  v a p o r i z a t i o n  res idues  above 1050°, b u t  t r aces  

of  t h e  cub i c  Eu203 phase were always detected.  Ca l cu la t i ons  i n v o l v i n g  t h e  

isomolecular  exchange r e a c t i o n  i n  t h e  gas phase accord ing t o  (2 )  

which used de r i ved  thermal f u n c t i o n s  f o r  EuC13(g) and t h e  e q u i l i b r i u m  

cons tan t  f o r  t h e  d i s s o c i a t i o n  o f  c12,13 i n d i c a t e d  negl i g i b l e  c o n t r i b u t i o n  from 

gaseous EuC13 and C1. 

The p a r t i a l  pressures o f  EuC12(g) i n  e q u i l i b r i u m  w i t h  EuOCl ( s )  and Eu203(s) 

obta ined i n  s i x  independent experiments (52 data p o i n t s )  a re  represented by 

t h e  unweighted 1 i nea r  1 eas t  square equat ion  (3 ) ,  



The incongruent  v a p o r i z a t i o n  requ i res  t h a t  t h e  pressure o f  C12 i n  t h e  c e l l  be 

r e l a t e d  t o  PEuC1 2(g)  accord ing t o  (4) ,  

and acco rd ing l y  t h e  e q u i l i b r i u m  cons tan t  f o r  r e a c t i o n  (1 )  i s  computed as (5 ) ,  

(63735 2 321) 
2.303 l o g  K =-  T  + (28.80 + 0.Z3) 

A t  t he  median temperature (1427 K),  AH^^^^^ = 1  26.66 - + 0. 64 kca l / 3  EuOCl ; 

427 = 57.Z3 - + 0.45 eu. To reduce t h e  2nd law da ta  t o  298 K, t h e  heat  

capac i t y  o f  EuOCl(s) was approximated by a  v a r i a t i o n  o f  Koppls ru le14  accord ing 

t o  equat ion ( 6 )  

CpO EuOCl ( s )  = 1/2 CpO Eu203(s) + 3/2 R 

The standard entropy, [Sozg8( ,E~0C1(~))  = 24.5 eu] was est imated accord ing t o  

t h e  schemes o f  ~ a t i m e r '  and ~ e s t r u m l ~  and inc luded 3.5 eu f o r  t h e  magnetic 

c o n t r i b u t i o n  o f  t h e  E u ( I I 1 )  i on .  These data were u t i l i z e d  t o  d e r i v e  t h e  

thermal f u n c t i o n s  f o r  EuOCl(s) and were combined w i t h  t h e  pub l i shed data f o r  

Eu203 ( m o n ~ c l i n i c ) ' ~  and c l 2 I 3  and t h e  f u n c t i o n s  ob ta ined f o r  ~ u ~ 1 ~ ( ~ ) ~ ~  t o  

reduce the  da ta  t o  298 K. For r e a c t i o n  (1  ) : aHoZg8 = 13Sa4 + 2.4 kca l / 3  EuOC1; 
-  AS^^^^, 68.9 5 1 .g eu. 

Combination o f  t h e  experimental  e q u i l i b r i u m  cons tan ts  w i t h  t h e  f r e e  

energy f u n c t i o n s  gave a  3 r d  l aw  nHoZg8 f o r  r e a c t i o n  (1 )  = 136.] + 1 .2 kca l / 3  EuOCl 

w i t h  no observable temperature t rend.  The standard en t ropy  o f  EuOCl ( s ) ,  

was computed f rom t h e  2nd law va lue  and t h e  en t rop ies  o f  Eu203 

(monoc l in ic ) ,  EuC12(g) and C12(g) as 24.7 - + eu. 

From t h e  pub l i shed en tha lp ies  o f  fo rmat ion  o f  Eu203 (monoc l in ic ) ,  17 

E U C ~  2(s)!9 and t h e  en tha l  py o f  sub1 ima t i on  o f  E U C ~  2(s)!8 t h e  enthal  py o f  

f o rma t i on  o f  EuOCl (s ) ,  nHof 298, i s  computed a s  -213.9 + 3.3 kcal /g fw.  

DISCUSSION - 
The v a p o r i z a t i o n  mode o f  EuOCl(s) t o  t h e  gaseous EuC12 i s  n o t  s u r p r i s i n g  

i n  view o f  t h e  s t a b i l i t y  o f  t h e  Eu(I1) species compared t o  t h a t  o f  EuC13. 

Cont ra ry  t o  t h i s ,  t h e  ox idech lo r i des  whose thermal data were repo r ted  2-5 

and t h e  r e s t  o f  t h e  ser ies ,  except p o s s i b l y  YbOC1, would vapor ize  e n t i r e l y  

t o  LnC13(g) and Ln203(s). 



There a r e  no p e r t i n e n t  thermodynamic data a v a i l a b l e  f o r  EuOCl and the  

present  s tudy con t r i bu tes  t h e  o n l y  i n fo rma t ion  on t h i s  phase. However t h e  

enthalpy and entropy o f  t h e  incongruent  vapo r i za t i on  o f  EuOCl ( s )  a r e  i n  l i n e  
14 w i t h  t h e  values repor ted  f o r  EuOBr. The nHof 2g8 EuOCl ( s )  i s  a1 so cons i s ten t  

w i t h  t h e  correspondi'ng est imates f o r  o the r  l a n t h a n i d e ( I I 1 )  ox idech lor ides .  2-5 

To t h i s  ex ten t  and t h e  g iven agr'eement o f  t h e  2nd- and 3rd- law entha lp ies ,  

t h e  approximations used i.n t h e  da ta  reduc t i on  seem v a l i d .  
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The Vapor iza t ion  o f  Europium D i i o d i d e  

A. V .  Har iharan 

INTRODUCTION 

As a  con t i nu ing  p a r t  o f  our  i n v e s t i g a t i o n  o f  t h e  v a p o r i z a t i o n  thermodynamics 

o f  d i v a l e n t  europium compounds, t h e  h i g h  temperature v a p o r i z a t i o n  of 

europium(I1) i o d i d e  has been s tud ied .  P repa ra t i ve  methods f o r  Eu12 a r e  we l l  

establ ished!  '2'3 I t  i s  t h e  o n l y  s t a b l e  phase repo r ted  i n  t h e  E u - I  b i n a r y  

ser ies ;  t h e  t r i i o d i d e  i s  thermodynamical ly unstable.  Two m o d i f i c a t i o n s  o f  
9 
3 

t h e  c r y s t a l  s t r u c t u r e  o f  Eu12 have been repo r ted  by Baernighausen. However, 

thermochernical data on Eu12 i n  p a r t i c u l a r ,  and t h e  l an than ide  i o d i d e s  i n  

general ,  a r e  l i m i t e d  s o l e l y  t o  t h e  comprehensive est imates by Brewer 

e t  a1 . 4 y 5  Recent ly  t h e  vapor pressures i n  e q u i l  i b r i u m  w i t h  Sm13 and Nd13 -- 
and t h e  heat c a p a c i t i e s  and en tha lp ies  o f  fus ion  and t r a n s i t i o n  of these 

7 and o t h e r  l an than ide  t r i i o d i d e s  have been repor ted .  

The vapor pressures o f  EuC12 and EuBr have been repor ted8"  and t h a t  o f  
21 0  EuF2 has been measured by Petze l  and Greis .  Th i s  i n v e s t i g a t i o n  was 

undertaken t o  complete v a p o r i z a t i o n  s tud ies  o f  t h e  d i v a l e n t  europium ha l i des .  

EXPERIMENTAL SECTION 

Anhydrous Eu12 was prepared by a  m o d i f i c a t i o n  o f  t h e  method o f  Tay lo r  

and c a r t e r .  l1 The wet mol ecul a r l y  d ispersed m i x t u r e  o f  hydrated europium 

t r i i o d i d e  and ammonium i o d i d e  was d r i e d  over  conc. H2S04 i n  a  vacuum 

dess ica tor .  The d r i e d  cake, con ta ined i n  a  g r a p h i t e  boat  and s i t u a t e d  i n  

a  Vycor apparatus,was heated s low ly  i n  a  stream o f  He d r i e d  by passage 

through P205 and l i q u i d  N2 t raps .  Dur ing t h e  heat ing  schedule apprec iab le  

amounts o f  f r e e  i o d i n e  were l i b e r a t e d  a t  temperatures below 150' - an 

i n d i c a t i o n  o f  decomposit ion o f  Eu13*xH20 t o  Eu12 even a t  these l o w  temperatures. . . 

F i na l  heat ing  t o  Q, 650° prov ided complete removal o f  a1 1  excess NH41 and 

t h e  produc t  mel ted i n t o  a  g reen ish  mass i n  t h e  c r u c i b l e .  The sample was 

cooled under He and i s o l a t e d  i n t o  an a r g o n - f i l l e d  d r y  box. Th i s  crude 

Eu12 was f u r t h e r  p u r i f i e d  by d i s t i l l a t i o n  from an outgassed g r a p h i t e  c r u c i b l e  

heated by i n d u c t i o n  a t  % 120O0 i n  h i g h  vacuum. The d i s t i l l e d  pa le  g reen ish  



y e l l o w  c r y s t a l s  were analyzed f o r  Eu and I by convent ional  a n a l y t i c a l  methods. 

Calcd. f o r  Eu12: EU, 37.46%; found: Eu, 37.52 - + O.ZO%, I .  62.37 +0.06X. 

Because of t h e  extreme hyg roscop i c i t y  o f  Eu12, X-ray d i f f r a c t i o n  pa t te rns  o f  t h e  

p o l y c r y s t a l l i n e  samples and res idues  from t h e  vapo r i za t i ons  were taken w i t h  

a Haegg-type Gui n i  e r  camera (Cu Ku r a d i a t i o n / P t  i n t e r n a l  standard, a, - - 
0 

3.9237 5 0.0003 A)  w i t h  t h e  samples sealed i n  f l a t  PVC bags. The l a t t i c e  

parameters and i n t e n s i t i e s  o f  t h e  d i f f r a c t i o n  l i n e s  were i n  agreement w i t h  
3 those repo r ted  f o r  t h e  monoc l in ic  form o f  Eu12. 

Vapor iza t ion  

Target  c o l l e c t i o n  Knudsen e f f u s i o n  measurements f o r  l i q u i d  Eu12 were 

made i n  t h e  temperature range 813°-11220 by use o f  t h e  procedures descr ibed 

prev iously .12 Graph i te  e f f u s i o n  c e l l s  were found t o  be bo th  s a t i s f a c t o r y  

and nonreac t ive  conta iners .  Three d i f f e r e n t  kni fe-edged o r i f i c e s  
2 (10.7 X lom4,  44.5 X and 58.8 X cm ) ,  t h e  areas o f  which were 

determined by p lan imeter  measurements o f  photomicrographs, were used i n  t h e  

f o u r  v a p o r i z a t i o n  experiments repo r ted  here in .  E f fusa tes  were c o l l e c t e d  

on l i q u i d  N c h i l l e d  copper t a r g e t s  and were analyzed f o r  Eu by X-ray 
2-1 3 f luorescence.  Mass spec t romet r ic  i n v e s t i g a t i o n  o f  t h e  vapor species 

over  1 i q u i d  Eu12 was a1 so e f f e c t e d  by use o f  a  Bendix Model 12-107 t ime-o f -  

f l i g h t  mass spectrometer i n  t h e  temperature range 964"-1072' w i t h  a 30 eV 

i o n i z i n g  e l e c t r o n  energy beam. Appearance p o t e n t i a l s  f o r  t h e  i d e n t i f i e d  
+ + + 

species, Eu12 , EuI and Eu , were ob ta ined by t h e  l i n e a r  e x t r a p o l a t i o n  

procedure w i t h  Hgy H20 and N2 as references.  

RESULTS 

The mass spec t romet r ic  data i n d i c a t e d  t h e  paren t  vapor species t o  be 

e n t i r e l y  EuI (g )  which. then fragments t o  EUI' and EU+ i n  t h e  r a t i o  
+ + 2+ % 

Eu12 :EuI :Eu % 34:100:81. No Eu13(g) was observed. Moreover t h e  f ragmenta t ion  

p a t t e r n  w i t h  t h e  h ighes t  i n t e n s i t y  , tha t  o f  ~ u ~ + , i s  i n  con fo rm i t y  w i t h  

r e s u l t s  ob ta ined f o r  E U C ~ ~ ~ ~  and E U B ~ ~ , '  bo th  o f  which a r e  known t o  

vapor ize  congruent ly .  The i o n  i n t e n s i t i e s  - vs temperature data i n d i c a t e d  
' + 

t h a t  Eu12 , EUI' and EU' a l l  de r i ved  f rom t h e  species having nHov(1291 K)  8 
66 kcal /g fw.  I n  a d d i t i o n ,  t h e  i n v a r i e n t  na tu re  o f  t h e  X-ray d i f f r a c t i o n  



pa t te rns  o f  t h e  v a p o r i z a t i o n  res idues  and t o t a l  v a p o r i z a t i o n  o f  a  t y p i c a l  

sampl e  from a  g r a p h i t e  c e l l  con f  i rm congrl tent v a p o r i z a t i o n  accord i  ng t o  
+ + 

equat ion (1 ) .  The appearance p o t e n t i a l s  f o r  Eu12 , EUI' and Eu were 

es tab l i shed as 8.85 eV, 9.g0 eV and 12.45 eV, respec t i ve l y ,  w i t h  a  poss ib le  

u n c e r t a i n t y  o f  - + 0.2 eV. 

The vapor pressure data de r i ved  f rom t h e  f o u r  independent v a p o r i z a t i o n  

experiments (40  data p o i n t s )  gave t h e  unweighted 1  i n e a r  1  eas t  squares 

equat ion  (2 ) .  A t  t h e  median temperature (1 241 K) , dHol 241 = 62.70 - + 0.34 k c a l l g f w  

2.303 l o g  P ' 

EU 1 2 (9  atm = -(31552 + l s g ) / ~  + (16.02 + 0 . 1 ~ )  - 

and  AS^^^^^ = 31.83 + 0.Z7 eu. By use o f  t h e  est imates o f  Brewer -- e t  a l .  4,5 

f o r  t h e  heat capac i t y  changes and en tha lpy  and entropy o f  f u s i o n  a t  t h e  m e l t i n g  

p o i n t ,  853 K,' t h e  median temperature da ta  were reduced t o  298 K  t o  g i v e  

f o r  r e a c t i o n  (3)  

AH 298 - - 69. 2 1  .0 kca l l g fw ;  dSoZg8 = 47 .8 + 1  .0 eu. The f r e e  energy o f  - 
v a p o r i z a t i o n  f o r  equat ion  (1 ) may be represented by ( 4 )  . 

A t  t he  ex t rapo la ted  b o i l i n g  p o i n t ,  2037 - + 15 K, AH', = 54.74 + 0.34 kca l /g fw 

and AS", = 26.88 - + 0.Z7 eu. 

DISCUSSION 

The general  v a p o r i z a t i o n  p a t t e r n  o f  Eu12 i s  i n  l i n e  w i t h  those observed 

f o r  EuCIZ and EuBr2 and t h e  t e n t a t i v e  2nd law thermodynamic data correspond 

t o  t he  t r e n d  i n  t h e  Eu( I1)  ha1 i d e  se r i es .  The f i n a l  t h i r d  law data 

r e d u c t i o n  i s  i n  .progress. 



Attempts were made to  analyze the  vaporization t a rge t s  f o r  both Eu and 

I by X-ray fluorescence, but analysis  of the  l a t t e r  has not been successful 

fo r  reasons we do not y e t  understand. 

The appearance potential  f o r  ( E U + / E U I ~ )  was combined with the  f i r s t  IP 
15 of Eu (5.64 eV) t o  derive the dissocia t ion energy of Eu12(g); Doo = 157.0 + 

4.6 kcallgfw. Combination of t h i s  datum (corrected t o  298 K )  with the 2nd 

1 aw bHoZg8 sub1 imation o f  Eu12(s) ( t h i s  work) and the  enthal py of vaporization 
17 of ~ u ( s ) l C  and decomposition of I ~ ( S )  gives fo r  Eu12(s), dHof 298 - - 

-138.4 + 5.0 kcallgfw. i his value appears in reasonable agreement with t h a t  

reported f o r  Sr12 (135.5 - + 5.0 kcal/gfw, Ref. 18) .  
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The Thermal Decomposition o f  NdOBr 

Dale E. Work 

INTRODUCTION 

A thorough understanding o f  t he  high-temperature decomposit ion modes o f  

t he  lan than ide  dx ide  ha l i des  must be based on r e l i a b l e  thermodynamic data; 

t he  present '  sketchy understanding o f  these processes a t t e s t s  t o  the  l a c k  o f  

such data. I n  an e f f o r t  t o  p a r t i a l l y  f i l l  t h i s  vo id,  a s tudy o f  t he  SmOBr 
1 system was undertaken and i t s  decomposit ion mode -- i n  vacuo was determined. 

The thermodynamic c h a r a c t e r i z a t i o n  o f  t h i s  decomposit ion proved very  compl ex, 

however, suggest ing s u b t l e  compl icat ions i n  t he  process which were n o t  

observed i n  t he  Eu304Br I n  o rder  t o  i s o l a t e  some o f  t h e  parameters 

a f fec t i ng  the  thermal decomposit ion o f  SmOBr and thus t o  p rov ide  a more 

s a t i s f a c t o r y  con tex t  i n  which t o  i n t e r p r e t  t h e  e a r l i e r  data, and i n  o rder  t o  

f u r t h e r  p rov ide  basic  thermodynamic data f o r  t he  ox ide  ha l ides ,  an i n v e s t i g a t i o n  

of t h e  NdOBr system was i n i t i a t e d .  

EXPERIMENTAL SECTION 

NdOBr was prepared by heat ing  the  sesquioxide a t  800' f o r  3-5 hours i n  a 

stream of  d r i e d  He sa tura ted  w i t h  bromine. Metal content  was assayed by 

i g n i t i o n  t o  t h e  sesqu'ioxide; bromine content  was determined by measuring the  

'weight  ga in  i n  t he  prepara tory  s tep  ( t h e  g rav ime t r i c  f a c t o r  i s  1.427). 

I n  add i t i on ,  t h e  sample was charac ter ized by X-ray powder d i f f r a c t i o n  (Haegg 
0 

Gu in ie r  camera, - t = 24 - + 1 O., i n t e r n a l  standard KC1, - a = 6.2930 - + 0.0001 A). 

The thermal decomposit ion o f  t h e  monoxide monobromide was t raced by a 

se r ies  of X-ray powder d i f f r a c t i o n  pa t te rns  as the  decomposit ion progressed. 

The gaseous decomposit ion product  was charac ter ized by mass spectrometry and 

by X-ray powder d i f f r a c t i o n  o f  t h e  condensed gaseous species. A Bendix Model 

12-107 t i m e - o f - f l i g h t  mass spectrometer was used. Appearance p o t e n t i a l s  were 

ob ta ined by a l i n e a r  e x t r a p o l a t i o n  technique us ing  mercury as a re ference.  

E q u i l i b r i u m  vapor pressures were determined as a f u n c t i o n  of  temperature 

by the  Knudsen e f f u s i o n  t a r g e t  c o l l e c t i o n  technique. The e f f u s a t e  c o l l e c t e d  

on the  copper t a r g e t s  was assayed by X-ray f luorescence, by use o f  a p rev ious l y  



described c o l  l e c t i o n  and a n a l y t i c a l  technique.3 Vapor pressures were 

measured over t he  temperature range 1194-1458" by use o f  outgassed molybdenum 
2 2 c r u c i b l e s  w i t h  o r i f i c e  area ranging f rom 1 X cm t o  1 X l o - '  cm . 

Both weight l o s s  data and X-ray powder d i f f r a c t i o n  were used t o  check f o r  

c r u c i  b l  e-sampl e i n t e r a c t i o n .  

/ 
RESULTS 

The prepara tory  method described above y i e l d e d  e s s e n t i a l l y  pure monoxide 

monobromide. Both metal and bromine contents were t y p i c a l l y  >99% o f  t h e i r  

t h e o r e t i c a l  values based on the  s to i ch iomet ry  NdOBr. 

The decomposit ion t r a c e  - v i a  powder d i f f r a c t i o n  data c l e a r l y  showed t h e  

monoxide monobromide t o  decompose t o  t h e  t e t r a o x i d e  monobromide, Nd304Br, 

which f u r t h e r  decomposed t o  the  sesquioxide. No o the r  d i s c r e t e  s o l i d  phase 

was observed. The d i f f r a c t i o n  pa t te rns  o f  NdOBr and Nd304Br were i n  

excel l e n t  agreement. w i t h  pub1 ished X-ray data.  4,5 

The mass spectrum o f  t h e  gaseous decomposit ion product  y i e l d e d  an 
+ 

appearance p o t e n t i a l  o f  11.8 eV f o r  t he  NdBr species. The f ragmentat ion 
+ 

p a t t e r n  showed the  ions  NdBr2 , ~ d + ,  and present  i n  t he  r a t i o  

2.0:1.0:1.6. Th i s  p a t t e r n  i s  very  d i f f e r e n t  from those r e s u l t i n g  from the  
2 1 mass spectra o f  t he  Eu304Br and SmOBr decomposit ion reac t i ons ,  and c l e a r l y  

shows t h e  gaseous decomposit ion product  t o  be t h e  t r ib romide,  NdBr3. 

Accordingly ,  t h e  decomposit ion r e a c t i o n  o f  NdOBr has been d e f i n i t i v e l y  

charac ter ized i n  t h e  temperature range s tud ied  as: 

Based on 67 data p o i n t s  obta ined f o r  t h e  e q u i l i b r i u m  vapor pressure o f  

NdBr3 over  a NdOBr-Nd304Br mix ture ,  i t  i s  c l e a r  t h a t  t he  measured vapor 

pressure i s  a f u n c t i o n  n o t  o n l y  o f  temperature, b u t  a1 so o f  o r i f i c e  s i ze .  
2 Using o n l y  those 23 data p o i n t s  obta ined w i t h  o r i f i c e  areas 5 1.1 X 1 cm , 

the  thermodynamic data f o r  r e a c t i o n  (1 ) are:  

'L 
aHoT 1. -1 05 - 3  kca l  /gfw 



These da ta  have been reduced - t o  298 K values, and reasonable agreement 

between second and t h i r d - l a w  c a l c u l a t i o n s  i s  obtained, though f u r t h e r  

ref i r lements i n  t h e  data r e d u c t i o n  remain t o  be made. Abso lu te l y  no c r u c i b l e -  

sample i n t e r a c t i o n  was detected.  

DISCUSSION 

The s i g n i f i c a n c e  o f  t h i s  research 1 i e s  n o t  o n l y  i n  t h e  genera t ion  o f  

fundamental thermodynamic da ta  ( t h i s  i s  t h e  f i r s t  such da ta  f o r  a  l an than ide  

oxide-bromide which decomposes t o  a tri bromide gaseous species),  b u t  a1 so 

i n  t he  c l a r i t y  i t  lends t o  t h e  e a r l i e r  vapo r i za t i on  s tudy o f  SmOBr. O f  

c r u c i a l  importance i s  t h e  observa t ion  o f  a  v a p o r i z a t i o n  c o e f f i c i e n t  <1 

(i.~., o r i f i c e  e f f e c t )  which, upon rev iewing  e a r l i e r  data, i s  a l s o  de tec ted  

i n  t h e  v a p o r i z a t i o n  o f  SmOBr. Thus t h e  " s u b t l e  compl ica t ions"  i n  t h e  SmOBr 

decomposit ion r k a c t i o n b  c i t e d  e a r l i e r ,  have been a t  l e a s t  p a r t i a l l y  resolved.  

Presumably, t h e  v a p o r i z a t i o n  c o e f f i c i e n t  <1 r e f l e c t s  a s t r u c t u r a l l y -  

r e l a t e d  k i n e t i c  r e s t r a i n t  impressed on t h e  system. The p rec i se  i n t e r p r e t a t i o n  

of t h e  o r i g i n  and s i g n i f i c a n c e  o f  t h i s  o r i f i c e - s i z e  e f f e c t  i n  t h e  NdOBr 

system, and i t s  e f f e c t  on t h e  v a p o r i z a t i o n  thermodynamics, i s  y e t  t o  be 

formulated.  

The thermodynamic data ob ta ined should be p a r t i c u l a r l y  use fu l  as a 

guide t o  es t ima t i ng  t h e  high-temperature entropy values o f  o t h e r  gaseous 

t r ib romides ,  and should p rov ide  a means f o r  checking t h e  v a l i d i t y  o f  var ious  

heat capac i t y  approximations requ i red  f o r  data r e d u c t i o n  i n  high-temperature 

l an than ide  chemist ry .  O f  p a r t i c u l a r  importance t h e r e  i s  t h e  appearance 
+ 

p o t e n t i a l  o f  NdBr2 from NdBr3, t h i s  being t h e  f i r s t  such data obta ined f o r  

any l an than ide  tri ha1 i d e  o t h e r  than f l u o r i d e s .  
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The C r y s t a l  S t r u c t u r e  o f  TmC2 

Rober t  L .  Se i ve r  

INTRODUCTION 

I n  1968 Krupka and co-workers1 r e p o r t e d  f o r  t h u l i u m  d i c a r b i d e  a h igh-  

pressure, low- temperature c r y s t a l  m o d i f i c a t i o n  which p r e v i o u s l y  had been 

observed, b u t  n o t  i d e n t i f i e d  i n  t h i s  l a b o r a t o r y ' s  v a p o r i z a t i o n  s tudy  o f  

TmC2(s). E a r l i e r  progress reports2'3 desc r i bed  a t tempts  t o  p repare  s i n g l e  

c r y s t a l s  o f  t h i s  phase and p r e l  i m i n a r y  c r y s t a l l o g r a p h i c  examinat ion o f  t h e  

p roduc t .  The m o d i f i c a t i o n  i s  a c t u a l l y  a  m i x t u r e  o f  two phases, t h e  s t r u c t u r e  

o f  one o f  which i s  descr ibed  here in .  

EXPERIMENTAL SECTION 

S t o i c h i o m e t r i c  amounts o f  t h u l i u m  c h i p s  and outgassed g r a p h i t e  were 

p laced i n t o  an outgassed tan ta lum ampoule which was sealed under argon by 

a rc -we ld ing .  The ampoule was heated i n d u c t i v e l y  t o  1650" f o r  12 hours i n  

vacuum, cooled,  i nve r t ed ,  and heated aga in  f o r  6  hours.  I t  was then  sealed 

i n t o  an evacuated qua r t z  tube  which was heated i n  a  tube  f u rnace  a t  1100" 

f o r  1000 hours and then  coo led  u n i f o r m l y  over  a  500 hour pe r i od .  

The ampoule was opened i n  an a rgon - f  ill ed dry-box and t h e  bu l  k o f  t h e  

sample s to red  t he re .  Small p o r t i o n s  were removed under sodium-dr ied p a r a f f i n  

o i l .  The sample was analyzed by X-ray powder d i f f r a c t i o n  (Haegg-type f ocuss ing  

monochromator camera); m ic roscop ic  examinat ion;  and Weissenberg and p recess ion  

s i n g l e  c r y s t a l  X-ray d i f f r a c t i o n .  I n t e n s i t y  da ta  were c o l l e c t e d  u s i n g  t h e  

mu1 t i p l e  f i l m  Weissenberg technique and Cu Ka. r a d i a t i o n .  

RESULTS 

G u i n i e r  powder d i f f r a c t i o n  photographs showed m a i n l y  t h e  p a t t e r n  r e p o r t e d  

by Krupka. Traces o f  g raph i t e ,  t e t r a g o n a l  TmC2 and cub i c  TaC were a l s o  

observed. The TaC was r e a d i l y  d i s t i n g u i s h e d  under t h e  microscope by i t s  g o l d  

c o l o r ,  w h i l e  t h e  bu lk '  o f  t h e  sample was b lack ,  w i t h  some s i l v e r y  faces  p resen t .  



Sing le  c r y s t a l  techniques showed two d i s t i n c t  phases, one orthorhombic 

and one hexagonal, on t h e  bas is  o f  which the  complex powder p a t t e r n  cou ld  be 

indexed completely.  The orthorhombic c e l l  (a  = 3.68 - + 0.01, b  = 12.40 - + 0.04, 
0 

c  = 13.58 - + 0.03 A) i s  a  subce l l  o f  t he  orthorhombic u n i t  c e l l  proposed by 

Krupka, w i t h  one- four th  t h e  volume. A l l  specimens o f  t h i s  type examined,.so 

f a r  have been twinned badly. 

One s u i t a b l e  c r y s t a l  o f  t he  hexagonal phase (a = 3.19 + 0.01, c  = 16.74 - + 
0 

0.07 A )  has been found. The f o l l o w i n g  cond i t i ons  f o r  r e f l e c t i o n  were 

observed: (1 )  OOa f o r  a  = 6n, - and (2 )  hka f o r  h  = k  + 35, a  = 6 n  - o r  

h  f k  - + 3n, - a # 6n. - These r e s t r i c t i o n s  and the  geometry o f  t he  Weissenberg 

method al lowed i n t e n s i t y  measurements o f  o n l y  56 independent observable 

r e f 1  ec t ions .  

The metal p o s i t i o n s  were l oca ted  by analogy w i t h  Ho2C, which has s i m i l a r  

l a t t i c e  parameters and a l s o  shows the  OOa, a = 6n - r e s t r i c t i o n .  Th i s  r e s t r i c t i o n  

i s  a  r e s u l t  o f  a  6 - f o l d  packing sequence a long t h e  c -ax i s  and i s  n o t  

symmetry-required i n  the  space group, ~ 3 1 ~ .  The metal atoms a r e  loca ted i n  

p o s i t i o n  2a, (0,0,1/4), and 4 f ,  (1/3, 2/3, - z ) ,  where - z i s  very  c l o s e  t o  1/6. 

A  d i f f e r e n c e  ~ o u r i e r  synthesis  showed twelve maxima o f  an i n t e n s i t y  c l o s e  t o  

t h a t  expected f o r  carbon, corresponding t o  t h e  formula TmC2. Four o f  t he  
0 

twelve a r e  c l e a r l y  ace ty len i c ,  w i t h  a  C-C d i s tance  o f  1.3 A. The o the r  e i g h t  

a r e  i n d i v i d u a l  peaks. A1 1  twel ve show te t rahedra l  metal coo rd ina t i on  a t  
0 

a  d is tance o f  about 2.1 A, a  very  reasonable environment f o r  carbon. 

DISCUSSION 

S o l u t i o n  o f  t he  s t r u c t u r e  o f  t he  hexagonal c r y s t a l  has been hampered by 

l a c k  o f  an absorp t ion  c o r r e c t i o n .  To prevent  hyd ro l ys i s  t he  c r y s t a l  was 

sealed i n t o  a  g lass c a p i l l a r y .  Re f rac t i on  o f  t he  g lass  made i t  very  d i f f i c u l t  

t o  o b t a i n  t h e  accurate c r y s t a l  dimensions. The present  data have been 

cor rec ted  rough ly  by assuming the c r y s t a l  t o  be spher i ca l .  I t  i s  be l ieved 

t h a t  t h i s  approximation acounts f o r  t he  f a i l u r e  o f  t h e  s t r u c t u r e  t o  r e f i n e  

t o  an R va lue below 0.12. A t  present  a search f o r  another c r y s t a l  i s  underway, 

and the  i n t e n s i t y  data w i l l  be r e c o l l e c t e d  on a  newly a v a i l a b l e  P icker  

automated d i f f r a c t o m e t e r  w i t h  Mo Ka r a d i a t i o n .  The e x t r a  ref lect ions 

access ib le  by t h i s  technique and the  accurate absorp t ion  c o r r e c t i o n  a t t a i  nab1 e  

should permi t  f u r t h e r  ref inement  o f  t he  s t r u c t u r e  and determinat ion  o f  

accurate an ion i c  s i t e s .  
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Ternary Systems o f  Lanthan ide( I I1 )  F luo r ides  

Carol G. B i e f e l d  

INTRODUCTION 

Ternary systems o f  lan than ides  and a  nonmetal such as oxygen, s u l f u r ,  o r  

selenium ( i  - .e., - Ln Ln Y ) as we l l  as a1 k a l i  metal -1anthan ide- f luor ide  systems 
x  Y Z  

a r e  we1 1  known. The purpose o f  t h i s  research i s  t o  s tudy t h e  t e r n a r y  systems 

c o n s i s t i n g  o n l y  o f  lan than ides  and f l u o r i n e  t o  determine i f  d i s c r e e t ,  s t a b l e  

compounds can be i s o l a t e d .  

EXPERIMENTAL SECTION 

Two methods were used f o r  t h e  product ion  o f  mixed lan than ide  f l u o r i d e s .  

I n  t he  f i r s t  method t h e  two c o n s t i t u e n t  f l u o r i d e s  were c o p r e c i p i t a t e d  r a p i d l y  

from an a c i d i c  s o l u t i o n  o f  t he  corresponding lan than ide  oxides. The r e s u l t i n g  

p r e c i p i t a t e  was mixed w i t h  an excess o f  ammonium f l u o r i d e  and dehydrated a t  

350" under a  cont inuous f l o w  o f  helium. The second method invo lved mix ing  t h e  

des i red  lan than ide  t r i f l u o r i d e s  and sea l i ng  the  mix ture ,  p rev ious l y  enclosed . 

i n  plat inum, i n  an outgassed, evacuated quar tz  ampoule. A f t e r  t h e  ampoule 

had been heated t o  1200" f o r  - ca. one day, t h e  sample was e i t h e r  quenched, 

annealed a t  a  lower temperature and then quenched, o r  a l lowed t o  cool  s low ly  

t o  room temperature. The necessary lan than ide  t r i f l u o r i d e s  were prepared i n  

a  manner s i m i l a r  t o  t h a t  used f o r  t he  c o p r e c i p i t a t i o n  procedure o r  were used 

d i r e c t l y  from a  group o f  samples prepared by Shinn. 1  

Two methods were used f o r  phase ana lys i s .  A l l  samples were examined by 

X-ray d i f f r a c t i o n  w i t h  a  Guinier-Haegg forward focussing powder camera 

(Cu h l )  i n  which p la t inum was used as an i n t e r n a l  standard (a = 3.9237 - + 
0 

0.0001 A). A  few samples were subjected t o  d i f f e r e n t i a l  thermal ana lys i s  
1  (DTA). The apparatus was e s s e n t i a l l y  t h a t  descr ibed by Shinn w i t h  t h e  

fo l l ow ing  mod i f i ca t i ons :  bo th  a  s t a i n l e s s  s tee l  and n i c k e l  DTA c e l l  s  were 

used, t h e  d i f f e r e n t i a 1  s igna l  was a m p l i f i e d  through a  Hewle t t  Packard v o l t -  

meter, then recorded on a  Bausch and Lomb recorder .  The sample and re ference 

ma te r ia l  (La203 i n  t h e  s t a i n l e s s  s tee l  and CaF2 i n  the  n i c k e l  c e l l )  were 

packed t i g h t l y  i n t o  t h e i r  respec t i ve  w e l l s .  Heat ing and cool  i n g  cyc les  were 

bo th  examined a t  a  temperature change o f  - ca. 5  t o  6"/min, w i t h  a  maximum 

o f  1 050" being reached. 



RESULTS 

Both X-ray powder d i f f r a c t i o n  r e s u l t s  and t h e  i n t e n s i f i e d  c o l o r  o f  a l l  bu t  

t h e  c o p r e c i p i t a t e d  products i n d i c a t e d  t h a t  some t ype  o f  i n t e r a c t i o n  occurred. 

Least squares f i t t e d  l a t t i c e  parameters, based on an orthorhombic c e l l  f o r  

t he  Gd-Er-F system and a hexagonal c e l l  f o r  a l l  o t h e r  systems, a r e  presented 

i n  Table I along w i t h  several  products which y i e l d e d  unindexable powder 

pa t te rns .  C e l l  volume i s  a l i n e a r  f u n c t i o n  o f  mole f r a c t i o n  f o r  t h e  La-Nd-F 

system (exp t  18, 20 t o  23), t h e  Gd-Er-F system (exp t  24 t o  28), and those 

products o f  t h e  La-Er-F system which were quenched and f o r  which t h e  mole 

f r a c t i o n  o f  ErF3 was l e s s  than 0.500 ( e x p t  2 t o  4 ) .  

DTA experiments on products o f  t h e  LaF3-ErF3 equimolar m ix tu res  conf ined 

i n  a s t a i n l e s s  s t e e l  c e l l  gave an enormous peak which commenced a t  E. 700' 

and increased as t h e  temperature was e levated.  Examinat ion o f  t h e  p la t inum 

l i n e r s  by X-ray f luorescence i n d i c a t e d  t h a t  t h e  sample had i n t e r a c t e d  w i t h  

t he  c e l l ,  and t h e  r e s u l t s  were thus quest ionable.  When a n i c k e l  c e l l  was 

employed, no peak was obta ined i n  t h r e e  heat ing  and c o o l i n g  cyc les .  Thus, 

p e r t i n e n t  in fo rmat ion  about a poss ib le  phase t rans fo rma t i on  temperature was 

no t  obta ined.  

DISCUSSION 

The La-Nd-F and Gd-Er-F systems e x h i b i t  a cont inuous s e r i e s  o f  s o l i d  

s o l u t i o n s  between t h e  respec t i ve  te rm ina l  phases. The powder p a t t e r n  f o r  

each m i x t u r e  always cons is ted  o f  l i n e s  belonging t o  o n l y  one phase, - i .e . ,  - 

no l i n e s  belonging t o  e i t h e r  c o n s t i t u e n t  t r i f l u o r i d e  were ever  observed, 

and c e l l  volume i s  a l i n e a r  f u n c t i o n  o f  mole f r a c t i o n .  . Product c o l o r  

i n t e n s i f i c a t i o n  would be expected o f  a s o l i d  s o l u t i o n  which randomized t h e  

s t ruc tu re ,  - i.e.,  - made i t  l e s s  symmetrical and caused t h e  f-f t r a n s i t i o n s  t o  

be " l ess "  forb idden.  F i n a l l y ,  t h e  s t r u c t u r e  o f  t h e  so l  i d  s o l u t i o n  was 

apparent ly  t h e  same as t h a t  o f  i t s  components s ince  t h e  r e l a t i v e  i n t e n s i t i e s  

o f  t h e  powder p a t t e r n  l i n e s  o f  a l l  were t h e  same. We b e l i e v e  t h a t  t h e  so l  i d  

s o l u t i o n  behavior  extends over  t h e  e n t i r e  temperature range s ince  an annealed 

equimolar m i x t u r e  o f  NdF3 and LaF3 ( e x p t  19) showed no change from the  quenched 

sample; however, f u r t h e r  annealed samples o f  d i f f e r i n g  mole f r a c t i o n s  f o r  bo th  

t h e  Nd-La-F and Gd-Er-F must be examined t o  s u b s t a n t i a t e  t h i s  b e l i e f .  



The behavior o f  t h e  La-Er-F system i s  l e s s  e a s i l y  expla ined.  A t  h i g h  

temperatures t h e  system behaves analogously  t o  those descr ibed above as l ong  

as t h e  mole f r a c t i o n  o f  ErF3 i s  l e s s  than 0.50. A t  low temperatures our  

present  l i m i t e d  da ta  i n d i c a t e s  t h a t  e i t h e r  several  phases a r e  present  o r  a 

phase which has a very  1 arge c e l l  ( c f . ,  Na5ErgFg2, a = 5.51 4, b  = 38.99, 
2 

- 
3 c = 7.798 ) o r  one o f  l ow  symmetry (c., 8-3NaF.ScF3 monoc l in ic  ) .  Since the  

DTA experiments prov ided no i n f o r m a t i o n  on the  t rans fo rma t i on  between t h e  h igh  

and l ow  temperature forms, t h e  t r a n s i t i o n  must be slow. Th is  conc lus ion  i s  

r e i n f o r c e d  by t h e  f a c t  t h a t  l i n e s  a t t r i b u t a b l e  t o  t he  s o l i d  s o l u t i o n  phase 

were present,  though broadened, i n  powder p a t t e r n s  o f  samples which had been 

annealed f o r  more than 12 days. The h igh  temperature behavior  o f  t h e  

ErF3- r i ch  samples remains unexplained. There i s  no i n d i c a t i o n  o f  s o l i d  

s o l u t i o n  behavior  and t h e  powder pa t te rns  a r e  complex. 

The f o l l o w i n g  general  conclus ions r e l a t e  t o  mixed l an than ide  f l u o r i d e  

systems. As l ong  as two trifl uor ides  o f  t h e  same s t r u c t u r e  type, e i t h e r  t h e  

L ~ F ~ - ~  o r  t h e  ~ ~ ~ - t ~ ~ e , ~  a r e  combined, o n l y  so l  i d  s o l u t i o n s  o f  t h e  same 

s t r u c t u r e  t ype  w i l l  be produced bo th  a t  h igh  and low temperatures. However, 

if t r i f l u o r i d e s  o f  d i f f e r e n t  s t r u c t u r e  types a r e  combined, a system o f  

d i f f e r e n t  c h a r a c t e r i s t i c s  r e s u l t s .  S i n g l e  c r y s t a l s  o f  t he  low temperature 

phase and o f  t he  h igh  temperature phase o f  a  composi t ion r i c h  i n  t h e  YF3 

s t r u c t u r e  type  ' w i l l  be needed t o  c h a r a c t e r i z e  these phases. 
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Ta b l  e I. Resul t s  o f  X-Ray Ana lys is  of Sampl es 

System Treatment Mol e F r a c t i o n  

1 La-Er-F unguenched 'ErF3 = 0.5019 

2 La-Er-F quenched 'ErF3 = 0.4304 

3 La-Er-F quenched 'ErF3 = 0.3319 

4 La-Er-F quenched 'ErF3 = 0.1995 

5 La-Er-F quenched 'ErF3 = 0.6665 

6 La-Er-F quenc hecl 'ErF3 = 0.8135 

7 La-Er-F annealed 689" 'ErF3 = 0.3319 

8 La-Er-F anneal ed 700" 'ErF3 = 0.5019 

9 La-Er-F annealed 700" 'ErF3 = 0.8135 

10 La-Er-F annealed 700" 'E~F, = 0.1995 

11 La-Er-F never heated above C O D D ~ .  prep , . , . 
500" anneal ed = ca. 0.5 
500" 'ErF3 - 

12 La-Er-F annealed 630° 'ErF3 = 0.8135 12 days 

13 La-Y-F quenched X '  =0 .4983  
YF3 

14 La-Y-F annealed 700" X = 0.4983 
F3 

15 La-Gd-F quenched X ~ d ~ ,  = 0.4542 

L a t t i c e  Parameters 

appeared t o  be same as 
3 bu t  2nd phase s t a r t i n g  
t o  grow i n  

a = 7.121 + 0..002 
c = 7.272 T 0.003 
p lus  anothzr  phase 

a = 7.130 + 0.002 
c = 7.291 T 0.002 
p l u s  2nd pFase 



Table I (Continued) 

Sys tern Treatment Mol e F r a c t i o n  L a t t i c e  Parameters 

16 La-Gd-F annealed 700" 

17 Nd-Er-F quenched o r  
annealed 

18 La-Nd-F quenched 

20 La-Nd-F quenched 

21 La-Nd-F quenched 

22 La-Nd-F quenched 

23 La-Nd-F quenched 

24 Gd-Er-F quenched 

25 Gd-Er-F quenched 

26 Gd-Er-F quenched 

27 Gd-Er-F quenched 

28 Gd-Er-F quenched 'GdF3 = 0.859 a = 6.551 + 0.008" 
b = 6.968 T 0.009 
c = 4.391 - T 0.004 

*Large u n c e r t a i n t i e s  due t o  t h e  d i f f u s e  l i n e s  i n  t h e  Gu in ie r  photographs 



The Vapor iza t ion  Thermodynamics o f  ZnF2 

Robert M. B i e f e l d  

INTRODUCTION 

An i n v e s t i g a t i o n  o f  t he  vapor i za t i on  thermodynamics o f  ZnF2 i s  being 

undertaken t o  determine i f  a  c o r r e l a t i o n  e x i s t s  i n  t he  r e l e v a n t  thermodynamic 
1 C) 
1 L values o f  YbF2, CdF2, and ZnF The p o s s i b i l i t y  o f  a  c o r r e l a t i o n  i s  being 

2;2 
considered because a l l  o f  t he  M ions  have complete ly  f i l l e d  e l e c t r o n i c  

subshel ls,  - i.e., - the  4 f ,  4d, and 3d respec t i ve l y .  A  l i n e a r  r e l a t i o n s h i p  

does e x i s t  between t h e  atomic numbers o f  t he  th ree  elements and the  standard 

en tha lpy  o f  sub1 ima t ion  o f  t he  ch lo r i des .  3 y 4  I n  1934 R u f f  and ~ e ~ 0 u c h e . r ~  

c a r r i e d  ou t  vapo r i za t i on  measurementson ZnF2 i n  t h e  temperature range o f  

1503 t o  1738 K. However, t h i s  temperature range corresponds t o  a  much h igher  

pressure range, 0.04 t o  0.78 atm, than t h a t  o f  i n t e r e s t  i n  t h i s  study, 

t o  l o m 3  atm. Since e x t r a p o l a t i o n  o f  t h e i r  data would i n t roduce  considerable 

unce r ta in t y ,  t he  present  s tudy was undertaken. 

EXPERIMENTAL SECTION 

Anhydrous ZnF2 was obta ined from Research Organic/ Inorganic Chemical 

Corp., Sun Val ley,  C a l i f o r n i a .  Chemical ana lys is6  f o r  Zn i n d i c a t e d  cons iderab le  

impur i t y .  Calcd f o r  Zn: 63.24%. Found: 61.S1 + 0.15%. The ZnF2 was 

p u r i f i e d  subsequently i n  t he  temperature range 800 t o  1000 K  by h igh  vacuum 

sub l imat ion  from an outgassed g r a p h i t e  c r u c i b l e .  Chemical ana lys i s  then 

gave f o r  Zn 62.64 - + 0 . l O %  X-Ray d i f f r a c t i o n  pa t te rns  taken on a  Haegg-type 
0 

Guin ie r  camera w i t h  an i n t e r n a l  P t  standard (a  = 3.9238 + 0.0001 A) and - 
Cu Kal r a d i a t i o n  y i e l d e d  l a t t i c e  parameters i n  agreement w i t h  the  repor ted  

7  values (a = 4.7034, c  = 3.1335 A). 

The h igh  temperature sub l imat ion  o f  ZnF2(s) was s tud ied  by a t a r g e t  

c o l l e c t i o n  Knudsen e f f u s i o n  technique. The sample was conf ined i n  symmetrical 

g r a p h i t e  e f fus ion  c e l l s  f i t t e d  w i t h  knife-edged o r i f i c e s .  A n a l y t i c a l  procedures 

u t i l i z e d  inc luded X-ray f luorescence ana lys i s  o f  t h e  e f fusa tes  and X-ray 

d i f f r a c t i o n  ana lys i s  o f  t h e  res idues.  Complete sub l imat ion  o f  ZnF2(s) from 

an outgassed c r u c i b l e  revealed no sample-crucible reac t i on .  The t a r g e t s  on 



which the  ZnF2 vapor was condensed were l i q u i d  n i t r o g e n  c h i l l e d ,  aluminum- 

backed, p la t inum p l a t e s .  The temperature o f  t h e  g r a p h i t e  c r u c i b l e ,  which M a s  

heated by r a d i a t i o n  from an i n d u c t i v e l y  heated ou te r  oven o f  e i t h e r  g r a p h i t e  

o r  a  W-Mo a l l o y ,  was measured by an i ron-constantan thermocouple which was i n  

physical  con tac t  w i t h  the  c r u c i b l e .  The heat ing  r a t e  was c o n t r o l  l e d  by a  

Leeds and Northrup #I0877 c o n t r o l  system, the  i n p u t  o f  which was t h e  

m i l  1  i v o l  tage ou tpu t  o f  the  thermocouple. 

RESULTS 

The conc lus ion  t h a t  ZnF2(s) subl imes congruent ly  accord ing t o  r e a c t i o n  (1  ) 

i s  supported by the  analogous vapor i za t i on  modes o f  t h e  o the r  Zn and Cd 

ha1 t h e  m a t r i x  i s o l a t i o n  study by Margrave and coworkers! and 

the  X-ray d i f f r a c t i o n  pa t te rns  o f  t he  sub l imat ion  e f fusa tes  and res idues.  

Due t o  poss ib le  temperature grad ien ts  i n s i d e  the  g raph i te  c r u c i b l e  and 

i n t e r a c t i o n  o f  ZnFi(g) w i t h  t h e  W-Mo oven reproduc ib le  vapor pressure 

measurements have n o t  been obtaSned. 

DISCUSSION 

To o b t a i n  c o n s i s t e n t  vapor pressure measurements temperature grad ien ts  

must be e l  iminated and the  subl ima t ion  reac t ion ,  (1 ) , must be i s o l a t e d  f rom 

i n t e r f e r i n g  reac t ions .  I n  an at tempt t o  a t t a i n  t h i s  goal a  n i c k e l  oven 

i s  being machined and a  complete ly  sealed g r a p h i t e  c r u c i b l e  w i t h  a  channel 

o r i f i c e  may be used t o  e l i m i n a t e  excess s c a t t e r i n g  o f  t h e  ZnF2(g) i n s i d e  the  

oven. I n  add i t i on ,  t h e  thermocouples w i l l  be c a l i b r a t e d  e x t e r n a l l y  i n  t h e  

presence o f  t h e  h igh  frequency f i e l d  t o  i n s u r e  e i t h e r  t h e  absence o f  o r  

a l l o w  c o r r e c t i o n  f o r  i n d u c t i o n  e f f e c t s .  
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The Crys ta l  S t r u c t u r e  Determinat ion o f  a  Yt terb ium Carbide 

Robert L. Se iver  

Workers i n  t h i s  labora tory1  have determined t h e  phase diagram and 

thermodynamic r e l a t i o n s h i p s  i n  t he  y t t e r b i u m  carbon system. However, 

at tempts t o  prepare s i n g l e  c r y s t a l s  o f  these phases f o r  s t r u c t u r a l  s tud ies  

have r e s u l t e d  i n  t he  fo rmat ion  o f  a  p rev ious l y  unrepor ted y t t e r b i u m  carb ide.  

An i n v e s t i g a t i o n  o f  t h i s  compound by X-ray c r y s t a l l o g r a p h i c  techniques i s  

c u r r e n t l y  i n  progress. 

EXPERIMENTAL SECTION 

The prepara t ion  was c a r r i e d  o u t  by Dr. John Smeggil, who combined 

elemental y t te rb ium,  g r a p h i t e  and a  small amount o f  copper i n  a  sealed 

t a n t a l  um ampoule. Ne i the r  copper nor t a n t a l  um r e a c t s  r e a d i l y  w i t h  g r a p h i t e  

a t  t h e  temperatures o f  i n t e r e s t ,  and the  copper forms a  mol ten a l l o y  w i t h  

t h e  y t te rb ium,  g r e a t l y  enhancing atomic illobi 1  i ty. The ampoule was heated 

by i n d u c t i o n  f o r  two hours a t  about 500' and two hours a t  around 1100°, 

then cooled and opened i n  an a r g o n - f i l l e d  g love box. To prevent  hyd ro l ys i s ,  

t h e  sample was examined under o i l  and c r y s t a l s  were sealed i n s i d e  g lass  

c a p i l l a r y  tubes f o r  X-ray examination. Not enough product  was a v a i l a b l e  f o r  

elemental ana lys is .  X-Ray a n a l y s i s  has been c a r r i e d  o u t  by Weissenberg and 

precession techniques, and i n t e n s i t i e s  o f  781 r e f l e c t i o n s  have been measured 

us ing  a  P icker  automated d i f f r a c t o m e t e r  and Mo Ka r a d i a t i o n .  

RESULTS AND DISCUSSION 

The product  has an orthorhombic u n i t  c e l l  (a = 4.284 - + 0.002, b  = 7.365 + 
0 

- 
0.004, c  = 6.885 - + 0.004 A )  and s i n g l e  c r y s t a l s  show Imma d i f f r a c t i o n  

symmetry. Resul ts  o f  a  Pat te rson synthes is  i n d i c a t e  t h a t  t h e  space group 

i s  Ima2, w i t h  meta ls  i n  t h e  4b spec ia l  p o s i t i o n s .  

I d e n t i f i c a t i o n  o f  a  new y t t e r b i u m  carb ide  cou ld  necess i ta te  a  major 

reeva lua t i on  o f  t h e  phase r e l a t i o n s h i p s  i n  t h e  y t t e r b i u m  carbon system. I t  i s  

poss ib le  t h a t  t he  phase w i l l  be found t o  be a  mixed yt terb ium-copper carb ide  

o r  a  y t t e r b i  um-copper a1 1  oy. 



REFERENCES --- 
1. J. M. Haschke and H. A. E ick ,  J. Am. Chem. Soc., $2, 1526 (1970). 



An I n v e s t i g a t i o n  o f  t h e  Europium Oxidef luoride-Europium 

~ e s ~ u ' i o x i d e  System 

Sandra Leonard Bacon 

INTRODUCTION 

O f  t h e  e x i s t i n g  lan than ide  ox ide f l uo r ides ,  t h e  vapor i za t i on  thermodynamics 
2  have been determined o n l y  f o r  samarium ox ide f luor ide , '  a l though Shinn d i d  

examine neodymium o x i d e f l u o r i d e  t o  determine the  mode o f  decomposit ion a t  

h igh  temperatures. Both these o x i d e f l u o r i d e s  decompose t o  t h e  respec t i ve  

sesquioxide and the  gaseous t r i f l u o r i d e .  The h igh  temperature vapor i za t i on  

behavior o f  europium o x i d e f l u o r i d e  i s  o f  p a r t i c u l a r  i n t e r e s t  s ince  europium 

has a  g rea te r  tendency t o  form d i v a l e n t  compounds than e i t h e r  neodymium o r  

samarium. Thus, t he  purpose o f  t h i s  i n v e s t i g a t i o n  was t o  cha rac te r i ze  the  

EuOF decomposit ion r e a c t i o n  w i t h  respect  t o  t he  vapor i za t i on  mode and t h e  

associated thermodynamic changes t o  e s t a b l i s h  c l e a r e r  r e l a t i o n s h i p s  among 

analogous lan than ide  species and e s t a b l i s h  needed thermodynamic data.  

EXPERIMENTAL SECTION 

3  EuOF was prepared by mix ing  s t o i c h i o m e t r i c  amounts o f  europium t r i f l u o r i d e  

and e i t h e r  t he  monoc l in ic  o r  cubic  form o f  t h e  sesquioxide and by heat ing  t h e  

r e s u l t i n g  m i x t u r e  t o  600° under a  f l o w  o f  d r i e d  he1 ium. The cub ic  sesquioxide 

was prepared by c a l c i n i n g  i n  a i r  t h e  ox ide  (900') obta ined by thermal 

decomposit ion o f  europium oxa la te .  The monoc l in ic  m o d i f i c a t i o n  was obta ined 
4 by heat ing  t h e  cub ic  form t o  1200°. Europium t r i f l u o r i d e  was prepared 

e i t h e r  by f l u o r i n a t i o n  o f  Eu203 w i t h  ammonium b i f l u o r i d e  o r  by dehydrat ion 

( a t  600" under d r i e d  he1 ium) o f  hydrated europium tr if l  uo r ide  p r e c i p i t a t e d  

from an a c i d  s o l u t i o n  o f  t he  ox ide.  

Samples o f  EuOF were analyzed chemica l ly  f o r  europium by standard 

a n a l y t i c a l  methods. Calcd. f o r  Eu: 81.28%. Found: 81 .I - + 0.5%. X-Ray 

d i f f r a c t i o n  pa t te rns  o f  t h e  sample taken on a  Haegg-type Guin ie r  camera w i t h  
0 

an i n t e r n a l  P t  standard (a - = 3.9238 - + 0.0001 A) and copper Kal r a d i a t i o n  
5 0 

y i e l d e d  l a t t i c e  parameters i n  agreement w i t h  the  repor ted  values (a - = 6.827 A, 

u = 33.05") w i t h  t h e  o n l y  i m p u r i t y  l i n e s  found being due t o  C-Eu203. 



The h igh  temperature v a p o r i z a t i o n  o f  EuOF(s) was s tud ied  by t h e  t a r g e t  

c o l l e c t i o n  Knudsen e f f u s i o n  technique descr ibed prev ious ly .6  Symmetriczl 

molybdenum e f f u s i o n  c e l l s  w i t h  kni fe-edged o r i f i c e s  were used i n  t h e  m a j o r i t y  

o f  t h e  experiments a f t e r  a v a r i e t y  o f  m a t e r i a l s  i n c l u d i n g  p lat inum, tungsten, 

and t h o r i a  i n  a molybdenum oven were found t o  i n t e r a c t  w i t h  t he  sample. 

E f fusa tes  from v a p o r i z a t i o n  experiments were c o l l e c t e d  on l i q u i d  n i t r ogen -  

cool  ed copper t a r g e t s  s i nce  prev ious experiments have shown t h a t  t h e  s t i c k i n g  

c o e f f i c i e n t  o f  europium species on copper i s  approx imate ly  un i t y .  The 

q u a n t i t y  of e f f u s a t e  on each t a r g e t  was determined by X-ray f luorescence 

s~ec t roscopy .  X-Ray powder d i f f r a c t i o n  examinat ion o f  t h e  e f f u s a t e  and 

res idue,  weight  l o s s  experiments, and mass spectrometry were used t o  

c h a r a c t e r i z e  t h e  mode o f  vapo r i za t i on .  

RESULTS 

A l l  samples o f  europium o x i d e f l u o r i d e  prepared by m ix ing  t h e  t r i f l u o r i d e  

w i t h  t h e  cub i c  form o f  t h e  sesquiox ide conta ined sesquiox ide i m p u r i t i e s ;  

however, when t h e  t r i f l u o r i d e  was mixed w i t h  monoc l in ic  sesquioxide, pure 

o x i d e f l u o r i d e  was obta ined.  

E f f o r t s  t o  cha rac te r i ze  t h e  mode of v a p o r i z a t i o n  were inconc lus ive .  The 
0 

condensed e f f u s a t e  always appeared as a f c c  phase w i t h  - a % 5.78 A .  Mass 

spec t romet r ic  measurements done i n  molybdenum e f f u s i o n  c e l l s  gave no evidence 

f o r  EuF . The f o l l o w i n g  species w i t h  t h e i r  r e l a t i v e  i n t e n s i t i e s  were found: 
+ + 

Eu :EuF :EuF2 , 33:100:24. The res idue  composi t ion depended on t h e  e x t e n t  

o f  l o s s  o f  f l u o r i d e  i n  t h e  o r i g i n a l  sample. I f  100% o f  t h e  f l u o r i d e  by 

weight  was l o s t ,  t h e  res idue  was B-EuZ03. Residues which had l o s t  - > 90% 
fl u o r i d e  by weight conta ined C-Eu203 and another  cub i c  phase, whereas, 

res idues  l o s i n g  < 90% f l u o r i d e  showed rhombohedra1 EuOF and C-Eu2Q3. 

Checking f o r  poss ib le  e f f u s i o n  ce l l -sample  i n t e r a c t i o n  from res idue  a n a l y s i s  

v i a  X-ray f luorescence and powder d i f f r a c t i o n  revea led  t h a t  molybdenum, - 
tungsten, t h o r i a ,  and p la t inum a l l  appa ren t l y  had reacted.  

A pressure equat ion based on r e a c t i o n  (1) cou ld  n o t  be es tab l i shed  

p r i m a r i l y  because pressure d i d  n o t  remain cons tan t  w i t h  temperature. 
. 

Vapor iza t ion  experiments done a t  a cons tan t  temperature es tab l i shed  t h a t  

t h e r e  was a cont inuous decrease i n  pressure w i t h  t ime. 



Several i n t e r e s t i n g  phases which apparent ly  r e s u l t e d  from c r u c i b l e  

i n t e r a c t i o n  were found. A cubic phase found i n  the  res idue from a vapor i za t i on  
0 

experiment performed i n  tungsten was cubic,  a = 10.760 A. A s i m i l a r  phase 

was found i n  several molybdenum c e l l  res idues.  A hexagonal compound 
0 

( a  = 9.590 - + 0.002, - c = 7.065 - 9 0.009 A) was found i n  a res idue from a t h o r i a  

c e l l  . 

DISCUSSION 

The f u l l  s i g n i f i c a n c e  o f  a 1 :1 m ix tu re  o f  B-Eu203 and EuF3 producing 

pure EuOF w h i l e  the  same m ix tu re  o f  C-Eu203 and EuF3 always showed excess 

C-Eu203 i n  the f i n a l  product  i s  n o t  y e t  c l e a r l y  understood, b u t  t h i s  behavior 

cou ld  be due t o  t h e  fo rmat ion  o f  a s o l i d  s o l u t i o n  between the  cub ic  ox ide  

and EuOF. 

Mass spectrometry r e s u l t s  i n d i c a t e  conc lus i ve l y  t h a t  EuF2 i s  one o f  t he  

vapor species ( a t  l e a s t  from molybdenum e f f u s i o n  c e l l s ) .  Th i s  conclus ion 

i s  supported by comparing the  experimental  appearance p o t e n t i a l s  (12.5 - + 1 eV, 

EUF'; 10.5 - + 2 eV, EUF~') w i t h  those generated by e l e c t r o n  bombardment from 

EUF: (13.5 - + 0.7 eV, EUF~'; 19.5 - + 0.7 eV, EUF'; and 27.0 - + 0.7 eV EU+) 

and a l s o  w i t h  those o f  Group If f l u o r i d e s  '-11 (Q 12-13 eV f o r  M F ~ +  and MF'). 

The X-ray d i f f r a c t i o n  data o f  t h e  e f f u s a t e  a r e . n o t  so conclus ive.  The 

l a t t i c e  parameters o f  t h e  cubic p a t t e r n  which appears regard less  o f  temperature 
0 

o r  c e l l  ma te r i a l  do n o t  co inc ide  w i t h  those (a = 5.480 A)  r e ~ o r t e d  f o r  - ~ - - 
E U F ~ . ~ ~ . ~  Catalano and ~ e d f o r d '  r e p o r t  a  composit ion r e g i o n  from 

EuF2. 29'EUF2. 44 which has an unsolved s t ruc tu re ,  b u t  i t s  s t rongest  1 i nes  can 
0 

be indexed on a f c c  c e l l  w i t h  - a = 5.78 A. Thus, i t  i s  be l ieved the  e f f u s a t e  

corresponds t o  t h i s  in te rmed ia te  f l u o r i d e  and r e s u l t s  f rom i n t e r a c t i o n  o f  

EuF2 and F as they h i t  t h e  c o l l e c t i o n  sur face.  The ana lys i s  o f  t h e  res idue 

proved t h a t  t he  o x i d e f l u o r i d e  decomposes t o  the  cub ic  sesquioxide. 

The exponet ia l  t ype drop i n  pressure w i t h  t ime a t  constant  temperature, 

may be expla ined e i t h e r  by a d i f f u s i o n  c o n t r o l l e d  process o r  by a r e a c t i o n  

w i t h  more than one degree o f  freedom. Cool ing and reheat ing  t h e  sample 

produces an increase in pressure when no change should be observed i f  

d i f f u s i o n  problems a r e  being encountered. A1 1 evidence p o i n t s  toward s o l  i d  

s o l u t i o n  fo rmat ion  between EuOF and Eu203, a case i n  which F = 2 (C = 2 and 

P = 2).  



As the  s o l u t i o n  i s  formed t h e  vapor pressure i s  lowered, and as t h e  

sample under s tudy becomes depleted i n  f l u o r i d e ,  t he  pressure f a l l s  o f f  even 

more. Formation o f  a  s o l i d  s o l u t i o n  i s  reasonable s ince  Catalano and Bedford 13 

p o i n t  o u t  t he  a v a i l a b i l i t y  o f  i n t e r s t i a l  holes i n  t h e  EuOF f l u o r i t e  l a t t i c e .  

The s o l i d  s o l u t i o n  i s  d e f i n i t e l y  temperature dependent, probably due t o  the  

s t a b i l i t y  o f  rhombohedra1 EuOF a t  room temperature. 

I n v e s t i g a t i o n s  i n t o  the  reac t i ons  o f  molybdenum and p la t inum w i t h  EuFg(s) 

revealed t h a t  some reduc t i on  occurs i n  t he  s o l i d  s t a t e  du r ing  vapor i za t i on  

a t  1500" i n  bo th  cases. Thus the  EuF2 may r e s u l t  from reduc t i on  o f  t he  

c e l l  ma te r i a l  . 
The brown ma te r ia l  found when a  t h o r i a  e f f u s i o n  c e l l  was used y ie ld.ed a 

hexagonal pa t te rn .  On t h e  bas is  o f  t he  X-ray d i f f r a c t i o n  p a t t e r n  and some 

s i n g l e  c r y s t a l  data, t h e  s t r u c t u r e  appears t o  belong t o  t h e  a p a t i t e  f am i l y .  

The formula E ~ ~ T h ~ ( E u 0 ~ ) ~ 0  was deduced from t h e  observed i n t e n s i t i e s  and 

by analogy t o  compounds which e x h i b i t  t h e  a p a t i t e - t y p e  s t r u c t u r e .  

Many unanswered quest ions remain concerning t h i s  system. 
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