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Synthesis  and character izat ion of . 

some reduced zirconium halides* 

Richard L. Daake 

Under the  supervision of John D. Corbett  
From the  Department of Chemistry 

Iowa S t a t e  Universi ty 

High temperature equilibrium experiments have revealed severa l  new 

zirconium subhalides as well as nonstoichiometry among the  better-known 

t r i h a l i d e  s . Product charac te r iza t ion  by standard &avime t r i c  and e lec t ron  

microprobe analyses w a s  a l l i e d  with X-ray powder and s ing le  c r y s t a l  work. 

Accurate l a t t i c e  parameters f o r  phases of known c e l l  type were determined 

from high precis ion X-ray powder da ta  obtained by Guinier methods with S i  

powder a s  an i n t e r n a l  standard. Weld-sealed Ta tubing served as a strong 

i n e r t  container mater ia l  f o r  a l l  subhalide react ions .  

Up t o  50 g batches of Z r C l  and the  h i t he r to  unreported Z r B r  have been 

prepared s toichiometr ical ly  from Z r X 4  and t h i n  (3-4 m i l s )  Z r  turnings .  

V i r t ua l l y  10% y i e ld s  of 7 99.5% pure ZrCl and Z r B r  were subsequently 
3 3 

made by reacting.wel1-ground mixtures of Z r X 4  with the  very s o f t  g raph i t i c  

monohalides. Since Z r I  does not  e x i s t ,  Z r I  was prepared from Z r 1 4  and 
.3 

Z r I X e 8 ,  the  most reduced iodide phase. 

Lowerand upper phase l i m i t s  of the  t r i h a l i d e s  have been determined 

*USED Report IS-T-736. This work w a s  performed under Contract 
W-74.05-eng-82 with t he  Energy Research and Development Administration. 



from equi l ib ra t ions  of Z r X  with "ZrX2" and Z r X 4 ,  respect ively .  A s  ex- 
3.0 

pected, phase breadths increase from X=C1 t o  X = I .  La t t i ce  parameter 

s h i f t s  were measured as a function of composition f o r  Z r X  ( x = B ~ , I ) .  3 

New compounds i n  the  Z r 4 1  and Z r - B r  systems were prepared e i t h e r  by 

i sop i e s t i c  equ i l ib ra t ion  of Z r X  and Z r X  'and/or v i a  t ranspor t  i n  a thermal 
3 

gradient .  One equilibrium subbromide phase, Z r B r l e 8 ,  and two subchlorides, 

Z r c 1  1. .7 and zrC12 .5 , have been i den t i f i ed ,  and powder pa t te rns  of Z r B r  1.8 

and ZrCl have been indexed on hexagonal u n i t  c e l l s .  
1 *7  

A s ingle  c r y s t a l  s t ruc ture  determination has shown the  Z r C l  phase 
2.5 

t o  be the  first Group N B  M6 c l u s t e r  compound. It c r y s t a l l i z e s  i n  space 

group Ia3d with ~ = 1 6  and is' i s o s h u c t u r a l  with ~ a ~ ~ 1 ~ ~ .  The s t ruc tu r e  

cons i s t s  of Zr6Cl12 3+ u n i t s  l inked v i a  i n t e r c l u s t e r  bridging ' ~ l  atoms. 

The M6 group i s  approximately octahedral  with an average Z r - Z r  d is tance of 

3.207(&) i. A l l  c l u s t e r s  a re  symmetrically equivalent  and each is  bridge- 

bonded t o  only s i x  of i t s  e igh t  near neighbors. 

Z r B r  has been shown from powder i n t ens i t y  data  ' t o  be similar but not  

i so s t ruc tu r a l  with Z r C 1 .  Both have the  ~ 3 m  space group and show a 3Lslab 

c a x i s  repeat  of pseudo cubic c lose  packed (abca) X-M-M-X &-layer shee t s  - 

k i t h  s t rong i n t e r l aye r  Z r - Z r  and Zr-X bonding but- weak i n t e r s l a b  (x-X) 

bonding. They d i f f e r  only i n  t he  i n t e r s l a b  stacking sequence, with coor- 

d lnatfon about halogen tyfgonal ant ipr ismat ic  i n  Z r C l  but  prismatic i n  

Z r B r .  Valence region XFS spectra  of both meta l l i c  phases show a d band 

extending t o  the  Fermi l eve l .  



INTRODUCTION 

Invest igat ions  of binary t r a n s i t i o n  metal subhalides i n  recen t  years 

have revealed a la rge  number of new compounds with an i<triguing va r i e ty  

of s t r u c t u r a l  and physical  p roper t i es  a l l i e d . w i t h  a propensity toward 

metal-metal bonding. Since 1960 several  reviews of the  s t r u c t u r a l  , 

chemistry of metal-metal bonded. t ransi t ion metal ha l ides  have appeared in  

the  l i t e r a t u r e  (1-8) . 
The type of metal l ic  aggregation in these compounds va r i e s  from 

simple pa i r ing  i n  4 -Nb14 (9) t o  extended two-dimensional double metal 

sheets  i n  ZrCl (10,11). Between these  extremes a re  found the  M' u n i t s  3 
of Nb C 1  (12) ,  M6xgn+ and M6XI2 

n+ 
3 8 

groups with various degrees of i n t e r -  

c l u s t e r  halogen bridge bonding which y ie ld  two-dimensional ( z . ~ .  , ~ b ~ ~ 1 ~ ~ )  

(13) o r  three-dimensional (e .g .  , Ta C 1  ) (14) network s t ruc tu r e s ,  the  
6 15 

I ~ X l n l t e  metal cilafn s t ruc ture  of -21331 ('15,16), and a number of 
3 

po ten t i a l l y  nonstoichiometric layered MX polytypes. 
2 

The development of experimental methods f o r  preparation of high 

pur i ty  t r a n s i t i o n  metal subhalides has been the  object  of considerable 

research.  A few reduced t r a n s i t i o n  metal ha l ides  such as Re? (xs~, 9 
B ~ , I )  vaporize congruently and can therefore  be pur i f ied simply by sublima- 

t i o n  ( 7 , 8 )  However, t h i s  tendency. markedly decreases as one moves 

t o  the  l e f t  i n  the  t r a n s i t i o n  metal s e r i e s ,  y ie lding t o  dispropor t ionat ion 

t o  metal and higher v o l a t i l e  ha l ides .  

'F'or the  group IVB' metals, a majori ty of the  chemical' l i t e r a t u r e  of 

the  ha l ides  has focused on the  optimization of y ie ld  and pu r i t y  of the  



P 
MX phases and t h e i r  d ispropor t ionat ion behavior. Heretofore,  with t he  

3 
exception of Z r C l  ( l o ) ,  compounds more reduced than the  t r i h a l i d e s  were 

e i t h e r  unknown o r  very poorly characterized.  Most of the  synthet ic  work 

on these  systems has been i n  g l a s s  conta iners  probably f o r  l ack  of equip- 

ment t o  s e a l  i n e r t  mater ia ls  l i k e  Ta under vacuum o r  i n  an i n e r t  atmos- 

phere. 

Since the  o r ig ina l  preparation of Z r C l  i n  ,1923 by R u f f  and wa l l s t e in  3 
(19) v i a  reduction of Z r C l  with A l ,  numerous experimental approaches t o  4 

the  preparation of pure zirconium subhalides have appeared i n  the  l i t e r a -  

t u r e .  

Newnham and Watts (20) obtained very f i n e l y  divided superstoichio- 

metric blue-black t r i h a l i d e s  ( x = c ~  , ~ r ,  I) i n  small y i e ld s  by atomic 

hydrogen reduction of Zrx4(g) i n  a glow discharge. Although not contami- 

nated with metal o r  lower ha l ides ,  the  products gave unreportably poor 

X-ray powder d i f f r a c t i o n  pat terns .  

Watt and Baker (21) attempted prepara.tion of Z r I  by reducing Z r 1 4  
3 

with a v a r i e t y  of metal's ( ~ 1  , ~ e  ,Ge , ~ g )  which form v o l a t i l e  iodides.  

Aluminm w a s  concluded t o  be the  b e s t  reductant  t r i e d ,  bu t  it was s t i l l  

incompletely consumed a f t e r  h e a t i n g w i t h  a l a rge  excess of Z r 1 4  a t  300' 

f o r  t en  weeks. 

Both S t r u s s  and Corbett  (22) and Copley and ,Shelton (23) r epo r t  easy 

product separatkon and good y i e l d s  of green macrocrystal l ine t r i ch lo r ide  

by a non-equilibrium reduction of molten ZrC14 with an excess of Z r  f o i l .  

Af t e r  a 3-day reac t ion  period a t  4;10°, copley and She l tonobta ined  3-58 



y ie ld s  of olive-green needles mixed with a small quant i ty  of unreacted 

ZrC14 which was sublimed from the  t r i ch lo r ide  a t  115'. The composition 

of t h e i r  product var ied between ZrC12.8 and ZrCl depending on the  
3.0 

extent  of heat-treatment. S t r u s s  and Corbett (22) obtained somewhat 

l a r g e r  y i e ld s  by employing the  more forcing condit ions of a 12-day 

6 0 0 ~ / 5 0 0 ~  reac t ion  i n  a weld-sealed tantalum container and, although 

ana ly t i c a l  da t a  were not givc$n, thej.r powder pa t te rn  w a s  repor tedly  i n  

exce l len t  agreement with those of Dahl, e t  ax., (15) . and Watts (16) f o r  

ZrCl 
3 ' 

Troyanov, e t  a l . ,  (24) a l s o  achieved high y ie lds  of > 996 pure ZrCl 3 
by reduction of zrC14(l) a t  550' and 60 a t m  with Z r  powder i n  a ro ta ted  

autoclave which contained 1 cm s t e e l  b a l l s  f o r  exposure of f r e sh  metal 

surface.  This technique w a s  found super ior  t o  the  s ta t ionary  bomb method 

employed by Troyanov, Marek, and Tsire l 'n ikov (25) t o  prepare Z r B r  by ,  3 
heating metal powder wi.t.h ~ r ~ r , + ( l )  f o r  3-14 weeks at 400-500' (30-40 atrn). 

Larsen and Ledd.y (26) who a l so  uscd a s ta t ionary  bomb technique found 

several  cycles  of regrinding followed by reheat ing a t  500-700° necessary 

t o  obta in  Z r X  ( x = c ~  , ~ r ,  I) of "reasonable" pur i ty .  (NO detectable  reduc- 
3 

t i o n  of ZrF w a s  observed even a f t e r  three  days a t  7 0 0 ~ .  ) Dahl, & g.  , 4 
(15) a l s o  used t h i s  method t o  prepare Z r X  powders f o r  s t r u c t u r a l  s tud ies  

3 
and always found metal i n  the  powder pa t te rns  of t h e i r  products. The 

reported weLgli-1; percentages of unreacted zirconium (38.8, 3.0,  and 3.4 

f o r  X-Cl,I]r,  and I ,  respect ively)  were computed from analyses a.ss~uning 

ad.mixture with Z r X  
3.00 

and absence of e i t h e r  intermediate phases o r  Z r X  
3 

nonstoichiometry. 



Nonstoichiometry of the  Zirconium Tr iha l ides  

Although the  l i t e r a t u r e  of the  zirconium t r i h a l i d e s  contains frequent 

reference t o  t h e i r  nonstoichiometry, the  nonequilibrium nature of many 

experiments which have been pi~rpor ted t o  y ie ld  nonstoichiometric t r i h a -  

l i d e s '  and the  lack of good X-ray da t a  t o  demonstrate phase pu r i t y  leave 

inuch .I;u Be desi red.  

Previous thermogravimetric effus ion s tud i e s  of Z r X  disproportiona- 
3 . . 

t i o n  a t  temperatures up t o  4-50' suggest t h a t  the  t r i ch lo r ide  (23) and 

tribromide (27) a r e  not  l i n e  compounds but e x i s t  over a range of homo- 

genei ty  from Z r X  t o  Z r X  with no detectable  change i n  the  powder 
2.8 3.0 

pa t te rn .  (A shear mechanism has  been proposed f o r  the  associated 

s t r u c t u r a l  e f f e c t s  (23). ) However, because of the  nonequilibrium nature 

of the  disproportionation method, and the ,very  poor c r y s t a l l i n i t y  of the 

"second stage" Z d l 1 ,  6 and Z r B r l ,  res idues  claimed t o  form by 

f u r t h e r  d ispropor t ionat ion,  t he  "first stageg' Z r X Z .  res idues  may well 

conta in  undetected "second stage" products. Troyanov,and Tsire l 'n ikov used 

similar methods t o  obtain " f i r s t  stage" compositions of ZK1 2.82 (28 )  

ZrBr2. 75 (25). However, t h e i r  "second stage" products were claimed t o  be 

pure stoichiometric d iha l ides  but  again were poorly c r y s t a l l i n e  and 

characterized only by elemental analyses which o f f e r s  no proof of phase 

pur i ty .  

The d.j.sproportionation behavior of Zrl is a l s o  d i f f i c u l t  t o  assess  
3 

from the  l i t e r a t u r e .  Sa le  and. Shelton (29) have suggested t h a t  z ~ I ~ ,  86 

and Z r i 2  cnmpositions prepared by t r i i a d i d e  dispropor t ionat ion a r e  . . 



d i s t i n c t  phases and conclude t h a t  both a r e  s t r u c t u r a l l y  similar t o  Z r I  3 
because of the  strong s imi l a r i t y  'of t h e i r  powder pa t te rns  t o  t h a t  of the  

stoichiometric t r i i od ide .  However, admixture of amorphous lower iodides 

with undisproportionated t r i i od ide  may have l ed  t o  incorrect  conclusions 

from these nonequilibrium experiments. Baev and Shelton (30) have 

reported hea t s  of formation f o r  a number of Z r I  "phases" (n=3.2, 3.17, n 

3.0, 2.8, and 2.5) , but no X-ray o r  ana ly t i c a l  d a t a  were given. 

Perhaps the  most conclusive evidence i n  the  l i t e r a t u r e  f o r  non- 

stoichiometry of a zirconium t r i h a l i d e  i s  t h a t  presented by Troyanov, 

Marek, and' Tsirel 'nikov (25) who observed a steady decrease (with increas- 

ing composition) f o r  the  hexagonal - a l a t t i c e  parameter of Z r B r  
X 

by annealing Z r B r  
2-75 

under ~ r ~ r ~ ( ~ )  pressures of 4,  20, and 760 t o r r  but  

a t  unspecified temperatures f o r  unspecified durat ions .  They reported t h a t  

a=6.738(2) 1 f o r  Z r B r  and 6.752 A f o r  Z r B r 2 , 8  based on di f f ractometer  
- .  3 0 

da t a  but  gave no indicat ion of any corresponding change i n  the  c parameter. 

Analogous "equi l ibra t ions"  of ZrC12. ( f i r s t  s tage ZrCl disproportiona- 3 
t i o n  res idues)  with ZrC14 i n  sealed tubes a t  320' (50 t o r r )  and 370' 

(200 t o r r )  for unreported durat ions  produced f i n a l  res idues  of ZrCl 2.80 

and Z e 1 2 ,  9 9 ,  respec t ive ly ,  both of which gave the  same hexagonal - a 

parameter of h.373(3) 1 (28).  ( 1 t  is  doubtful  t h a t  equil ibrium waseven 

c lose ly  approached i n  the  320' experiment,,. but  probably w a s  a t  370°.) 

With the  exception of products prepared by atomic hydrogen reduction 

(20) of z ~ x & ( ~ ) ,  the  only h i t he r to  reported superstoichiometric zirconium 

t r i h a l i d e  i s  the  Z r I  composition made by Baev and Shelton v i a  reduction 
3 2 

of zr1&(1) with an excess of Z r  f o i l  (30). However, i n  the  absence of 
' 



X-ray powder da t a  it is not c l e a r  t h a t  t h i s  product was a pure phase. 

I n  r e l a t ed  equilibrium work S t r u s s  and Corbett  (31) have shown 

t h a t  hafnium t r i i o d i d e  has a compositional range of homogeneity a t  475' 

(3.0 < 1/Hf < 3.5) with a c l e a r  va r i a t i on  i n  both hexagonal l a t t i c e  

constants.  

Single  c r y s t a l s  of Z r X  have been grown by Larsen, e t  . al.  , (32,33) 
3 

from an A 1  Jk - ZrX4 eu t ec t i c  melt by reduction of solvated zr(IV) with 
C, 

A 1  chips o r  Z r  powder a t  230-310'; a s ing le  c r y s t a l  s t ruc ture  of Z r B r  
3 

has recen t ly  been completed (9). Unfortunately MX y ie ld s  a r e  r e l a t i v e l y  
3 

low, and slow contamination with a brown microcrysta l l ine  disproportiona- 

t i o n  product of approximate composition ( Z ~ X  ) A l X  occurs i n  the  
2 2 ,  3 

chlor ide  and bromide systems. The f a c t  t h a t  the  same decomposition 

products a r e  obtained by d iges t ing  Z r X  i n  the  corresponding molten 
3 

aluminum t r i h a l i d e s  suggests t h a t  the  pure zirconium t r i h a l i d e s  a r e  not 

thermodynamically s tab le  i n  the  presence of excess A12X6, thus  e l iminat ing 

t h i s  method f o r  quan t i t a t ive  preparation of ultra pure t r i h a l i d e s .  Reduc- 

t i o n  of a e u t e c t i c  melt (76 mole percent ~ 1 ~ ~ 1 ~ )  a t  200' 

with a def ic iency of Z r  metal has produced black hexagonal prisms of a 

novel ternary phase Zrl$14C152 (35) which has an average oxidation s t a t e  

of 3.33. 

Lower Halides 

Swaroop and Flengas (36) reported preparation of zirconium dichlor ide  

by reduction of Z r C l  with a 5% excess of Z r  powder i n  a Pt-l ined fused 
3 

s i l i c a  ampoule. However, t h e i r  "ZrC12" powder pa t te rn  shows considerable 



overlap with t h a t  of Z r C l  a s  well  as other  unident i f ied  l i n e s  which do 
3 

not correspond t o  any phases found i n  t h i s  laboratory.  

Copley and Shelton (23) obtained constant-weight res idues  analyzing 

as Z r C l i n 6  from thermogravimetric effus ion s tud ies  of t he  t r i ch lo r ide  

disproportionation over the  temperature range 310-450'. Similar  s t ud i e s  

on Z r B r  (27) between 325' and 425' yielded Z r B r x  res idues  of var iab le  
3 

composition (1.1 < x < 1.4). Unfortunately, a l l  of these  "second stage" 

res idues  gave very d i f fu se  X-ray d i f f r ac t i on  pa t te rns  of unreportable 

qua l i ty .  

Z r I  disproportionation a t  360-390' i n  a g l a s s  tube with one end 
3 

protruding from. the  furnace t o  permit condensation of Z r 1 4  w a s  reported by 

Sa le  and Shelton (37) t o  produce stoichiometric d i iodide . However, the  

absence of repor table  ana ly t i c a l  da t a ,  the  s t r i k i n g  s i m i l a r i t y  of t he  

reported X-ray powder da t a  t o  t h a t  of Z r I  and the  low reac t ion  tempera- 3 ' 
t u r e s  leave the  suspicion t h a t  t h e i r  product may well  have been a mixture 

of t r i i o d i d e  with a more-reduced but  amorphous mater ia l .  Because.of the  

nonequilibrium nature of the  dispropor t ionat ion experiment, and t he  

p o s s i b i l i t y  of reac t ions  with g l a s s ,  it i s  doubtful  t h a t  any such res idues  

represent  pure phases, 

A number of 'workers have in fe r red  o r  assumed the  presence of s to ich i -  

ometxic d iha l ides  i n  thermodynamic s tud ies  of the  .m /"MXZn equil ibrium 
3 

i n  the Z r - C 1  ( 2 8  , '38,39), 2s-Rr (7.5,40,41) , arid Z r - I  (29) systems, and 

s imi l a r l y  i n  the  Ti-Br (42) and Ti-I  (43) systems. Atomic hydrogen 

reduction of f inely-divided Z r F ( s )  a t  350' has been purported t o  produce 4 
a black (metastable) "difluoride" , but y i e l d s  were extremely low ( < 10 mg) 



and ana ly t i c a l  d a t a  of questionable accuracy (4.4)'. High temperature 

( >  700') equ i l ib ra t ions  of ZrF4 with excess Z r  f o i l  i n  t h i s  laboratory 

have indicated t h a t  there  a r e  no reduced equilibrium phases i n  t h i s  system 

(45) * 

I r i  s t a t i c  thermodynamic s tud ies  of the  Z r - C l  system, Uchimura and 

Funaki (39) in te rpre ted  the fou r  breaks they observed i n  the P versus T 

curve i n  terms of equ i l i b r i a  between compositionally adjacent p a i r s  of 

the  (assumed) stoichiometric "phases" Z r C 1 4 ,  Z r C 1 3 ,  Z r C 1 2 ,  Z r C 1 ,  and Z r .  

I n  s p i t e  of the  poor agreement of t h e i r  Z r C l  /zrC12 equilibrium measure- 
3 

ments with those of o ther  workers, t h e i r  r e s u l t s  on t he  zrC12/zrC1 (560- 

680') and z r C l / ~ r  (750-900') e q u i l i b r i a  a r e  the  only avai lable  da ta .  The 

f r e e  energy of formation they r epo r t  f o r  ZrCl (56.1 kcal/mol) i s  probably 
. . 

more r e l i a b l e '  than Dean' s value of 68.4 kcal/mol determined electrochemi- 

c a l l y  i n  aqueous HC1.  ( ~ e  o r ig ina l l y  prepared ZrCl (patent  name   irkl lor") 

v i a  reduction of a SrC12-NaCl-ZrC14 melt (63: 9: 3) onto graphi te  a t  650' 

(46) * 

St rus s  and Corbett  (22) have reported preparation of highly c ry s t a l -  

l i n e  stoichiometric Z r C l  by an isothermal equ i l i b r a t i on  of Z r C l  1.4 
(obtained from a preliminary reduction of ~ r C l ~ )  with an excess of f resh 

metal f o i l  i n  a sealed Ta container.  Troyanov and ~ s i r e 1 " n i k o v  (47) 

ernp3oye(i. a two-zone furnace t o  heat  Z r  f o i l  a t  750-800' i n  a molybdenum 

glass boat a t  one end of a quar tz  ampoule while maintaining s o l i d  t e t r a -  

chlor ide  a t  i t s  sublimation temperature of 330" (1 a t m )  a t  the  o ther  end. 

Black gleaming s ca l e s  of Z r C l  found growing on the  f o i l  gave an X-ray 

pa t t e rn  v i r t u a l l y  i den t i ca l  t o  t h a t  reported by S t ru s s  and Corbett  (22) 



except f o r  nonobservance by Troyanov and Tsire l 'n ikov (47) of the  l i n e  

0 

a t  d=9.73 A .  These workers a l so  reported rhombohedra1 l a t t i c e  parameters 

of - a=9.12(1) 1, oC =21.62(8)', space group R l m ,  and a calcula ted densi ty  

of 4. 6gg/cm3 f o r  Z=2. 

That the  s t ruc ture  f i n a l l y  published by Troyanov (48) was i n  ser ious  

e r r o r  (R=o. 29) has been amply discussed by Adolphson (10) who recen t ly  

campleted refinement of the ZrCl structure'  on a monclinic c e l l  t o  a 

res idua l  of %A. The hexagonal p l a t e l e t  which he used f o r  da t a  co l l ec t i on  

was prepared i n  Ta by a 30-day react ion-equi l ibra t ion of Z r C h  with a 

la rge  e i ce s s  of electropolished Z r  f o i l  i n  a 70@900° temperature gradient .  

His s ingle  c r y s t a l  da t a se t  has s ince  been re-refined on a hexagonal c e l l  

i n  space group R?m f o r  an a l t e r n a t e  s t r u c t u r a l  perspective (11). 

Es sen t i a l l y ,  the  s t ruc ture  of ZrCl cons i s t s  of c lose  packed shee t s  

of Z r  o r  C 1  atoms each with an i n t r a shee t  atom separa t ion 'o f  3.42 A ( the  

hexagonal - a parameter) bound t i g h t l y  v i a  strong Z r - Z r  and Z r - C l  i n t e r -  

sheet  i n t e r ac t i ons  i n t o  C 1 - Z r - Z r - C 1  s l abs  i n  a pseudo cubic close packing 

(abca) arrangement. These s labs  then s tack along the  - c d i r ec t i on  i n  the  

sequence ahca. hcab cabc (horcaf tcr  abbrevialed A-B-C) t o  give a 3-slab. 

repeat  of 26.6 i. (Ref i n e d  l a t t i c e  parameters based on Guinier powder 

data w i l l  be presented l a t e r  i n  t h i s  work.) The long i n t e r l aye r  C 1 - C 1  

d is tance of 3.61 i s  commensurate. with a weak (van de r  ~ a a l s )  in t e r ac t i on  

between s l abs ,  which apparently gives  r i s e  t o  the  g raph i t i c  nature of t h i s  

mater ia l .  



Purpose of the  Present  Work 

. . 

Among the of the work reported here have been the  development 

of simple techniques f o r  improving product y ie ld  and pu r i t y  of ZrX 3 ( ~ 4 1 ,  

B ~ , I ) ,  the  study of the  nonstoichiometry of these  phases, and determina- 

t i o n  of more precise  l a t t i c e  constants  f o r  them. However, the  primary 

emphasis here has been the  preparat ion and charac te r iza t ion  of compounds 
> 

more reduced than the  t r i h a l i d e s  i n  the  Zr-X ( x = c ~  , B ~ , I )  systems. 
\ 

Although compositions wi$h X / Z ~  <3.0 have been obtained by severa l  workers 

using nonequilibrium methods, none of these  res idues  have been properly 

character ized by X-ray d i f f r ac t i on ,  and reported elemental analyses a r e  

therefore  of l i t t l e  value since phase pu r i t y  was not  es tabl ished.  . . 



EXPERIMENTAL PROCEDURE 

Preparation and Handling of Compounds 

Preparat ive  methods 

Zirconium t e t r aha l i de s  were prepared by r eac t i on  of halogen with a 

1% excess of reactor-grade (&0.05% ~ f )  Zr f o i l  a t  400° followed by 

sublimation of the  product back over t he  ho t  metal and through a coarse 

f r i t  t o  remove entrapped halogen. Fur ther  pu r i f i c a t i on  w a s  accomplished 

by vacuum sublimation a t  < t o n .  Subsequent t r a n s f e r s  and manipula- 

t i o n s  of these  and a l l  o ther  zirconium compounds were ca r r i ed  ou t  i n  a 

dry  box with an atmosphere of pre-purif ied nitrogen which cons tan t ly  

rec i rcu la ted  through a column of Molecular Sieve. 

Tantalum tubing with caps o r  crimps weld-sealed under 0.5-1 a t m  He 

' served as a s t rong iner-1; conta iner  f o r  preparat ion of a l l  reduced com- 

po&ds. For l a r g e  batches of Z r X ,  10-25 cm long, 13 o r  19 mm 0.d. tubes 

with 0.4 mm w a l l s  were f i t t e d  with 0.7 mm t h i ck  formed Ta caps t o  provide 

the  d u r a b i l i t y  necessary t o  withstand intermediate r e ac t i on  pressures  of 

20-40 atm. 

With the ad$antage of Ta con ta iners ,  the  preparat ion of decagram 

q u a n t i t i e s  of high pu r i t y  Z r X  and Z r X  ( x = c ~ , B ~ )  is qu i t e  f a c i l e .  However, 3 
obta ining pure iritermediate phases r equ i r e s  more sophistocated techniques 

and o f ten  much longer reac t ion  t ir~les.  Even then,  only m i l l i g r a m  y i e ld s  

of some phases a r e  obtained v i a  t r anspor t  i n  a temperature gradient .  

Biphasic isothermal equ i l i b r a t i ons  of nonadjacent phases (e.g., Z r X  



and Z r X  )have been done i n  tubes  of various design. The simplest  experi- 
3 

ment involves placing reac t ing  mater ia ls  i n  opposite ends of a sho r t ,  

sealed tube p a r t i a l l y  crimped i n  the  middle. A more su i tab le  design 

employs concentric 9.5 and 6.4 mm 0.d. tubes crimp-welded together  a t  one 

end with the outer  tube capped a t  the  other.  Reaction containers  of t h i s  

type can withstand i n t e r n a l  pressures up t o  30 a t m  but were r a r e l y  used 

under such s t r ingen t  condit ions.  I n  cases where the  t o t a l  equilibrium 

of reac t ive  gas phase species  (mostly zrx4) w a s  expected t o  be 

considerably l e s s  than t h a t  of the  He present,  and espec ia l ly  when an 

intercompartment cons t r i c t ion  served t o  separate s o l i d  phases, the  Ta 

caps were electron-beam welded under vacuum, 

A t h i r d  type of biphasic equ i l i b r a t i on  w a s  designed t o  est imate the  

equil ibrium Z r X  (g) pressure i n  a two-phase region by a r e s t r i c t e d  volume 4 

decomposition of a pure phase. The s t a r t i n g  mater ia l  f i l l e d  a 1-2 cm 
' 

long,  6 mm o .d. crimped but unwelded tube which was contained i n  a l a r g e r  

sealed tube of known volume. The system was slowly heated t o  a desi red 

equ i l i b r a t i on  temperature f o r  a few days,  and quenched whereupon zrx4(g) 

condensed onto the  walls of the  ou te r  tube but d id  not r e r e a c t  appreciably 

with the s o l i d  phase because of t he  crimp i n  t he  smaller  tube. The 

equilibrium z ~ x ~ ( ~ )  pressure (2 1%) was then calcula ted based on ana lys i s  

of Z r X  f o r  halogen and on the  f r e e  volume. 4 

The method of S t r u m  and Corbett (22) w a s  empJ oyed f o r  preliminary.  

preparation of ZrCl and Z r B r .  While the  use of Z r  f o i l  does permit c lean 

product separation from the  metal,  t he  strongly-adhering nature of t h i s  

product required considerable labor ious  scraping. Furthermore, first 



batch y i e ld s  had compositions of I.. 3 <X/M < 1.5 which necess i ta ted reequi- 

l i b r a t i o n  with a l a rge  excess of clean f o i l  t o  obtain a layer  of the  pure 

monohalide. The development of a f a i r l y  th ick  product l ayer  (2-4 mils)  

on the  f o i l  suggested the  p o s s i b i l i t y  of complete consumption of the  metal 

if s u f f i c i e n t l y  t h i n  Z r  turnings  were employed. 

High pur i ty  (>99. %) ZrCl and Z r B r  were prepared stoichiome t r i c a l l y  

i n  decagram quan t i t i e s  and v i r t u a l l y  10% y i e ld s  from 3-4 m i l  Z r  turnings 

and ZrX4.. A one week reac t ion  period a t  4.50' served t o  reduce most of the 

ZrX4 t o  Z r X  and w a s  followed by a slow e leva t ion  of the  temperature over 
3 

the  next 5-8 days t o  825' where it was maintained f o r  another week before 

air cooling. 

This technique has not  only improved reac t ion  e f f ic iency  by permit- 

t i n g  complete 'consumption of the  Z r ,  but  has  made possib16 the  quan t i t a t ive  

preparation of up t o  50 g r a m  batches of high pur i ty  ZrCl and,ZrBr which 

show no metal l i n e s  i n  the  X-ray powder pa t te rns .  

I n  pract ice  , compositions of 1 .01< X/M <. 1 .03 a r e  prepared t o  ensure 

t h a t . a l 1  metal i s  consumed. The product i s  ground, then screened through 

a I00 mesh sieve as a f i n a l  precaution t o  remove any product chunks which 

may r e s u l t  from the  presence of a few unusually th ick  turnings.  ( ~ e s s  

.than 0.1% by weight of a t yp i ca l  product fa i ls  t o  pass t h i s  t e s t .  ) 

The a v a i l a b i l i t y  of pure ZrCl and Z r B r  has i n  turn s impl i f ied produc- 

t i o n  of s izab le  quan t i t i e s  of >99.5% pure ZrCl and ZrBr by heat ing 3 3 
stoichiometric amounts of Z r X  and Z r X 4  t o  500' f o r  a few days followed by 

cooling t o  150' over a 2-3 day period before quenching. This procedure i s  



pa r t i cu l a r l y  f r u i t f u l  because the  r e l a t i v e l y  hard Z r X 4  a c t s  as a grinding 

agent f o r  the  very s o f t ,  graphitic.monoha1ides t o  produce a la rge  Z r X  

surface a r ea  and thereby grea t ly  reducing k i n e t i c  problems which have 

plagued reduction of the  t e t r aha l i de s  by Z r  powder. Because of the  non- 

existence of Z r I ,  t he  t r i i od ide  is prepared from Z r I  and the  di iodide.  4 

Although g l a s s  may be a su i t ab l e  conta iner  f o r  preparation of the  

t r i h a l i d e s  by heating well-ground stoichiometric mixtures of Z r X  and Z r X 4  

a t  400-500~, it i s  probably not s u f f i c i e n t l y  i n e r t  t o  be acceptable f o r  

0 reac t ions  o r  equ i l ib ra t ions  at  much above 600 . 

Product Characterization 

Analyt ical  procedures 

Elemental analyses f o r  C 1  o r  B r  were done by dissolving 0.2-0.4 g 

subhalide samples i n  approximately 10 m l  of a so lu t ion  1 . 3  M each i n  HF - 
and HNO using a capped polyethylene b o t t l e  t o  prevent loss ,  of HX during 

3 
the  exothermic d i sso lu t ion .  Subiodide samples were placed i n  ground-glass 

stoppered f l asks ,con ta in ing  25 m l  of a so lu t ion  0.5 - M each i n  HF and HNO 
3 - 

and 0.1 g dissolved hydraeine sulfate t o  reduce the  I formed i n i t i a l l y  
3 

t o  I-: (1n 1 - M ac id ,  several  hours a r e  required t o  y ie ld  a co lor less  

solut ion. )  Halogen analyses were completed by standard gravimetric tech- 

nique s . 
Analyses f o r  Z r  were performed by weighing' 0.3-0.6 g samples by 

di f ference d i r e c t l y  i n t o  a preweighed c ruc ib le ,  which w a s  then placed i n t o  

a mortar containing a few m l  of water,  covered with a watch g l a s s ,  and 



heated i n  an oven a t  120' f o r  a few hours. Reaction of the sample with 

water vapor leaves  a white residue which i s  then f i r e d  t o  the  oxide. 

The e lec t ron  microprobe was used t o  est imate X/M r a t i o s  f o r  t rans-  

ported phases as these were never avai lable  i n  > I 0 0  mg quant i t i es .  

X-ray d i f f r a c t i o n  techniques 

DebyeScherrer powder pa t te rns  f o r  qua l i t a t i ve  work were taken on a 

11.46 cm camera using Ni-f i l tered Cu KL rad ia t ion .  Powder pa t t e rn s  of 

exce l len t  qua l i t y  f o r  high precis ion l i n e  pos i t ion  measurements (20.02 mm, 

+O. 005') were obtained with the  evacuable Model XDC-700 Guinier camera - 

(IRDAB, ~tockholm) equipped with a quar tz  monochromator t o  provide a 

c lean Cu K, incident  beam. A high precis ion mill imeter sca le  w a s  photo- 

graphical ly  pr inted on the  f r o n t  s ide  of the  f i lm  using an IRDAB Model 

XDC-750 sca l ing  device. This procedure e l iminates  the  need f o r  a f i l m  

shrinkage correct ion. .  The back s ide  of ,the film w a s  covered with a paper 

tape before developing t o  maximize l i n e  and sca le  sharpness and t o  

minimize para l l ax  i n  reading the  f i l m .  

Specia l  techniques were developed f o r  preparation and t r ans f e r  of 

a i r  sens i t ive  samples f o r  Guinier pat terns .  A small amount (-0.1 mg) of 

a 200 mesh S i  powder (NBS standard reference mater ia l  64.0) was mixed with 

~ 0 . 5  mg of sample and tamped f i rmly onto the  cen te r  port ion of a 7 mm 

diameter c i r c l e  of Scotch tape mounted over a 5 rnm hole i n  a polyethylene 

holder. The s m a l l  c i r c u l a r  piece of tape containing the  sample was i n  

t u rn  placed on the  adhesive s i de  of a l a r g e r  piece of tape by which it was 

fastened t o  one s ide  of a c i r c u l a r  b rass  sample holder before t r ans f e r  t o  



the  camera i n  a small metal can, 

I n  cases where multiple photographs of d i f f e r e n t  durat ion were desired 

f o r  the  same sample, the  camera box was backf i l l ed  with a i r  jus t  long 

enough (<5 s e c ) '  t o  remove the  f i l m  c a s se t t e  and. then reevacuated during 

f i lm  development and reloading. Even f o r  the  extremely a i r  and moisture 

sens i t ive  t r i h a l i d e s ,  l i n e  broadening was never noticed f o r  successive 

f i l m s  nor f o r  Z r C l  o r  Z r B r  samples s tored f o r  severa l  days i n  the  d ry  
3 3 

box o r  i n  evacuable containers.  However, t he  triiodLde does appear t o  

r e a c t  slowly with t he  Scotch tape.  Therefore, Guinier pa t te rns  o f ' Z r I  3 
were taken immediately a f t e r  loading the  sample. 

One of the  major drawbacks of the  f l a t - p l a t e  Guinier technique is 

the  tendency of morphologically anisotropic  c ry s t a l l i ne  substances t o  take 

on a preferred o r i en t a t i on ,  r e su l t i ng  i n  enhancement o r  a t tenuat ion of 

cer ta in .  r e f l e c t i ons .  Although t h i s  e f f e c t  reduces the  r e l i a b i l i t y  of 

Guinier i n t e n s i t y  d a t a  (pa r t i cu l a r l y  f o r  p l a t e l e t  phases), it is sometimes 

possible t o  use t h i s  e f f e c t  t o  l e a r n  something about the  o r ien ta t ion  of 

the  u n i t  c e l l  with respec t  t o  c r y s t a l  morphology o r  perhaps t o  gain valu- 

able  i n s igh t  i n to  in tekcef lec t ion  re la t ionsh ips  which can i n  turn a i d  i n  

indexing the  powder pa t te rn  of a pa r t i cu l a r  phase. 

Since preferred or ien ta t ion  does not  a f f e c t  l i n e  pos i t ions ,  the  

'Guinier technique can be used t o  obtain very precise  l a t t i c e  constants  f o r  

phases of known c e l l  type. Raw f i l m  sca le  readings f o r  both S i  standard 

and sample l i n e s  were input t o  the  Guinier Film Measuring Program (GFMP) 

wri t ten  by Robert L. Daake, This  program computes an extrapolated index 

0 (8=0 ) har,eil or, m.nh i npi~ t .  S i  1 i n e  , a, camera constant,  and produces 



4 . 2  standardized values of 0 ,  d ,  1 0 ~ d - ~ ,  and 10 s l n  0 f o r  each sample l i n e .  

When ref ined c e l l  constants a r e  t o  be computed f o r  indexed phases, 

values of hkl  and 20 f o r  a numbcr of unambiguously assignable r e f l ec t i ons  

a r e  input t o  the  Ce l l  Dimension Refinement (CDR) program wr i t t en  l o c a l l y  

by F. Takusagawa. The constants so obtained a r e  then input  t o  t h e  1969 

version of the  ~ a r t h ;  program (49) t o  obta in  calcula ted l i n e  pos i t ions  f o r  

comparison with the  observed powder pa t te rn .  This program has a l so  been 

used t o  compute l i n e  i n t e n s i t i e s  corrected f o r  Lorentz-polarization accord- 

ing t o  the  r e f l ec t i on  geometry and method of monochromatization o f . t h e  

incoming X-ray beam. 

XPS s tud i e s  

X-ray photoelectron spectra  of Z r ,  ZrC1, Z r B r ,  and ZrC14 were taken 

by D r .  Mirtha ~maza a t  Argonne National Laboratory on a McPherson ESCA 36 

'. photoelectron spectrometer with a Mg K,, source and modified f o r  handling 

a i r  and mois t~lre-sensi t ive  compounds by marriage with an argon atmosphere 

d ry  box (2-6 ~ p ~ n  H20 and 0 ) attached t o  the  spectrometer v i a  an O-ring 2 

f lange . 
M6asurernents were made under a va.cuum of t o r r  with a several  

atom layer  of gold vaporized on to ' po t en t i a l l y  insu la t ing  samples f o r  

ca l ib ra t ion .  Ten-scan spec t ra  of des i red  regions were taken over 20eV 

i n t e r v a l s  of 11.1 poin t s  each. 



Single  c r y s t a l  work 

Although osc i l l a t i on  photographs of single-appearing Z r X  c r y s t a l  
X 

p l a t e l e t s  of uncertain composition (1.6 < x  < 1.8 f o r  X 4 1 ;  1 .8  < x < 2.0 

f o r  X = I )  give s ingle  spo ts ,  zero and f i r s t  l e v e l  photographs of both 

phases show extensive s t reaking along the  t r a n s l a t i o n . a x i s  ind ica t ing  

t h e i r  unsu i t ab i l i t y  f o r  s ingle  c r y s t a l  s t ruc ture  de.terminations. Approxi- 

rr.ate l a t t i c e  parameters were obtained from these  f i lms ,  however. 

A very small (0.03 mm diameter) and near ly  spher ical  gem-like c r y s t a l  

of a h i t he r to  unreported phase i n  the  Z r - C 1  system w a s  fouqd acceptable 

f o r  the  co l lec t ion  of three-dimensional s ingle  c r y s t a l  d a t a  on an auto- 

mated (50) four -c i rc le  di f f ractometer  with Mo K,, r ad i a t i on  ( A  =0.70954 %). 

Crysta l  alignment w a s  accomplished by inpu t t ing  t o  t he  computer 12-17 

operator-measured po la r  coordinates f o r  spots  on Polaroid f i l m s  taken a t  

several  a r b i t r a r y  c r y s t a l  o r ien ta t ions .  These r e f l ec t i ons  were searched 

and tuned by the instrument t o  obta in  precise  values of X , @ , (.J , and 

28. The computer then assigned b e s t - f i t  small i n t e g r a l  indices  t o  these 

r e f l ec t i ons  and output l a t t i c e  parameters, c e l l  s c a l e r s ,  an o r ien ta t ion  

matrix f o r  the  se lected un i t  c e l l ,  and indices  of the  input  re f lec t ions .  

A t  t h i s  point  a rhombohedra1 t o  cubic c e l l  transformation option w a s  

evoked a f t e r  which th ree  noncoplanar moderately s t rong r e f l e c t i o n s  of 

f a i r l y  high 28 were se lected as standards f o r  i n i t i a l  and periodic 

retuning during da ta  collection (0°<28 <50°). 

Af te r  checking t h e ' f ' i r s t  759 r e f l ec t i ons  f o r  a pr imit ive  cubic c e l l ,  

a body-centering ex t inc t ion  w a s  indicated;  r e f l ec t i ons  with h+k+l 



19 

(permutable) 2n were t he r ea f t e r  not checked. O f  the  4267 allowed . . ' 

r e f l ec t i ons ,  1809 were observed with FOBS>3SIGF and INT>3SIGI. The 

systematic absence of hh l  r e f l ec t i ons  f o r  2h + 1 # 4n eliminated e igh t  of 

the  t en  body-centered space groups (51) while addi t ional  absence of Okl 

r e f l ec t i ons  f o r  k ,  (1) # 2n prompted choice of the  cen t r i c  space group 

Ia3d (No. 230) as opposed t o  the  acen t r ic  163d (No. 220). Removal of f i ve  

symmetry exl;inct r e f l e c t i ons  (each "observed" only once a.nd. a l l  among the  

sLx weakest r e f l ec t i ons  i n  the  da t a se t )  and el imination of 17 symmetry 

allowed r e f l ec t i ons  having (I Fobs - Faver I IFaver )> 0.15 l e f t  1788 pieces 

of da t a  which were averaged t o  give a f i n a l  reduced da tase t  of 404 inde- 

pendent r e f l ec t i ons .  

The f i n a l  l a t t i c e  parameter refinement which gave - a=21.141(3) f o r  

the  cubic c e l l  w a s  ca r r ied  out by input t ing the  hkl arid 20 values of 14 

moderately. s trong r e f l ec t i ons  t o  the  CDR program. 



The Zirconium Tr iha l ides  

The present s tud ies  on the  zirconium t r i h a l i d e s  d i f f e r  i n  a number of 

respec t s  from those of o ther  workers. F i r s t ,  the  syntheses reported here 

involve isothermal equ i l ib ra t ions ,  not  nonequilibrium disproportionations.  

Second, sealed Ta containers have provided bu'l;h the  iner tness  and strength 

which g lass  conta iners  cannot provide a t  elevated temperatures and pres- 

sures ,  e spec ia l ly  f o r  prolonged periods. Third,  higher reac t ion  tempera- 

t u r e s  and considerably longer reac t ion  periods have not only increased 

confidence i n  the  attainment of equil ibrium, but  have a l s o  r e su l t ed  i n  

highly c r y s t a l l i n e '  products f o r  X-ray character izat ion.  

Experimental evidence - f o r  nonstoichiometry 

The compositions repnrt.erJ. as phase l im i to  i n  Table I 'were p~epared  

i n  two-compartment Ta tubes by moderately long-term (6-22 days) equi l ibra-  

t i o n s  of t r i h a l i d e  ~ L t h  bracketing phases ( E . ~ .  , Z r X 4  o r  " z ~ x ~ " ) .  
1 

Ind i r ec t  evidence that the t.riiod.ide phase mAy extond t o  a lower 

composition l i m i t  near Z r I  was obtained from an attempted sto'ichiometric 
2.6 

preparation of Z r I  from Z r 1 4  and Z r  turnings.  Since appreciable meeL;al 
2 

remained a f t e r  eleven days a t  750°, the  product mixture was ground t o  

expose f resh  metal surface and reheated a t  850' f o r  f i v e  days, a f t e r  which 

4% of the  me.ta1 was s t i l l  unconsumed. I n  con t ras t  .Lo the  strongly-adher- 

ing nature of Z r X  ( x = c ~ , B ~ )  on excess Z r  f o i l  o r  turnings ,  the  Z r I x  product 

of t h i s  reac t ion  was e a s i l y  separated from the  turnings  by l i g h t  grinding 



-, Table 1. Nonstoichiometry of the  zirconiun t r i h a l i d e s  

phasea No. Prod-lc t Equi l ibra ted Temp. Time P Analyt ica l  
Limit Expts. Color Yith b e g g  ) (days) (atm . ) % Recovery 

olive-green 

Z r C l  
3.03 

2 olive-green ZrC l4 440 9 20 100.1 

1 zrBr2. 87 o l ive  -'green Z r B r  435 14 B r  only 
1.3 

Z r B r  2 blue -black ZrBr4  435 6 12 
3-23 B r  only 

blue -black I only 
+ 

zr13. 40(5) 1 
green-black Z r 1 4  475 8 3 mass gajln 

F .  

a A l l  products pure t o  X-zays. 

b!L'wo similar 7-day equ i l ib ra t ions  a t  600' ( ~ > 2 5  a t m )  with a ZlCl /zrcl2 mixture gave products 
3 

o of compositions 2.87 (99.97% recovery) and 2.91 (100.0% recovery) which show small and t race  

amounts of ZrC12, respect ively ,  implying t h a t  the  t r i ch lo r i de  lower l i m i t  is  v i r t u a l l y  t enpera twe  

independent up t o  6 0 0 ~ .  

C 
See t e x t  f o r  discussion.  

$roduct s to ichionetry  was computed from mass gain assuming react ion with z r ~ ~ ( g ) .  

i 



followed by screening. A f i n a l  product composition of Z r I  was estima- 
2.5 

t ed  from the  mass l o s t  by the  turnings.  

Except f o r  th ree  weak l i n e s  of the  di iodide ( t o  be discussed i n  the  

next s ec t i on ) ,  a Debye-Scherrer pa t te rn  of t h i s  Z r I  product was index- 
2.5 

0 
able  on a f l  - Z r I  type hexagonal c e l l  with a=7.27 A and c=6.& i. This 

3 - - 

pa t t e rn  i s  given i n  Table 2 along with the  p r ac t i c a l l y  i den t i ca l  powder 

pa t t e rn  reported by Sa le  and Shelton (37) f o r  the  "Zr12"  residue of a 

Z r I  disproportionation.  These workers noted a s t r i k i n g  s imi l a r i t y  3 
between the  powder pa t te rn  of t h e i r  "diiodide" and t h a t  of the  Z r I  3 
s t a r t i n g  mater ia l  qu i t e  probably because t h e i r  "diiodide" composition 

was ac tua l l y  a mixture of Z r I  (ice., the  t r i i od ide  lower l i m i t )  with 
3- - 

more-reduced but amorphous products . 
Although not an equilibrium product, Z r I  

2.90 
i s  a l s o  included i n  

Table '1 because of the  implication of substoichiometry. Approximately 

1.5 g of t h i s  mater ia l  was obtained as 5-15 mm long blue-black needles 

along with 0.2-0.3 g Z r 1 4  and a few mg of I:, ( read i ly  soluble i n  C C ~ ~ )  

a f t e r  an attempt t o  reduce a Z r I  composition at  900' f o r  seven day5 i n  
2 5 

the  presence of a la rge  excess of Zr f o i l .  The system pressure was 

estimated from the  bulge i n  the  Ta caps t o  be 15-20 a t m  (considerably 

higher than expected),  with Z r  apparently the  only condensed phase a t  9 0 0 ~ .  

The Z r I  needles appear t o  have formed a t  a "cold" spot  i n  the  tube 
2.9 

during slow cooling o f  the  system i n  a Marshall furnace. The composition 

of Z r I  
2.90 

was determined by a standard gravimetric iodide ana lys i s  of 

0.2 g of medium t o  l a rge  hand-picked needles. 

Precise  l a t t i c e  parameter measurements of t r i h a l i d e s  a t  var ious  



Table 2. Comparison of a DebyeScherrer pa t te rn  of a Z r I  composition 
2.5 

with the  l i t e r a t u r e  pa t te rn  of zirconium "diiodide" 

Z r I  ( t h i s  work)a "Zr12"  ( s a l e  and ~ h e l t o n )  
b 

2.5 

'obs 
h k l  'obs 

%xcept f o r  th ree  (*) Z r I 1  ,8 l i n e s ,  the  pa t te rn  of Z ~ I  f i t s  a 
2.5 

f i  - Z r I  ty-pe hexagonal c e l l  with a=7.27k and c=6.64.8. (A Guinier pa t te rn  
3 - 

of Z r I 1  ,0 appears i n  Table A-1 .) 



compositions lend fu r the r  support t o  nonstoichiometry f o r  Z r B r  and Z r I  3 3' 
These r e s u l t s  a re  presented i n  Table 3 along with comparative d a t a ' f o r  

HfI The hexagonal l a t t i c e  parameters f o r  Z r B r  a t  four  d i f f e r e n t  compo- 
3 ' 3 

s i t i o n s  a r e  a l s o  p lo t ted  i n  Figure 1 as a function of composition. 

Although the  behavior of t he  Z r I  parameters p a r a l l e l s  t h a t  of HfI 
3 3 

( a  increases  and c decreases as I/M inc reases ) ,  both parameters of Z r B r  
-. - 3 

decrease with increasing composition and with no apparent break a t  

Z r B r  
3.00 

o r  superstructure l i n e s  i n  the  powder pa t te rns  of nonstoichio- 

metric compositions. For ZrCl the  composition range i s  f a i r l y  small 3 ' 
(2.94 < X/M < 3.03) and no l i n e  pos i t ion  s h i f t s  have ever been observed in  

Guinier pa t te rns  of t h i s  phase. 

The p - Z r X  ( x = c ~ , B ~ , I )  s t r uc tu r e  w a s  f i r s t  deduced from powder da ta  
3 

t o  cons i s t  of p a r a l l e l  i i n e a r  chains of face-sharing Z r X 6  octahedra formed 
I ' . $ 1  

b7 

.by f i l l i n g  appropriate octahedral  holes i n  a close packed hal ide  l a t t i c e  

( 1 , 6 )  , The tendency of macroscopic Z r X  needles (prepared i n  t h i s  labo- 
3 

r a to ry )  t o  f r a y  i n t o  a multitude of very t h i n  f i b e r s  when cu t  o r  crushed 

i s  a c l e a r  ind ica t ion  of the  weak in te rcha in  bonding. 

Magnetic s t ud i e s  on 13 -Tic1 (52) and ,&-MI3 ( M = z ~  , ~ f )  (53) , on the 3 
other  hand, a r e  consis tent  wi*h strong in t racha in  metal-metal in te rac t ions ,  

but  whether the  metal ions a r e  paired o r  equally spaced along the  chains 

was answered only recent ly .  I n  a s ing le  c r y s t a l  s t r uc tu r e  of Z r B r  3 ' 
Kleppinger, Calabrese, and Larsen in fe r red  equal spacing from the  near 

. spher ic i ty  of the  thermal e l i p so id s  (9). It is puzzling, however, t h a t  

the  hexagonal l a t t i c e  parameters, a=6.7275(2~) 1 and g=6.2992(14) 1, 

reported by these  workers a re  near ly  i d e n t i c a l  t o  those given here f o r  



Table 3. Hexagonal lattice . . constants for~nonstoichiometric zirconium 
b 

trihalidesa and hafnium triiodide 

Phase Preparative 
Composition N~ Method 

'IB?. R7 21 6'.7565(5) 6.3245(5) ZrBr3--ZrBr 1-3 (435O, i4dld 
ZrBr 

3.00. 21 6.7472(6) 6.3135(5) ZrBr + ZrBr4 (450' ,I&) 

ZrBr 
3.10 21 6.7399(5) 6.3050 (5) ZrBr3. Oo+ ZrBr (408,7d) 3.23 

ZrBr 21 6-7309(5) 6.2995 (6) ZrBr3--ZrBr4 (435O, 14d) d 
3.23 

26 7.285(1) 6.659(1) zr11e8 + Zr14 (600~,10d) ZrI 
3.0 

ZrI 3.4 22 7.235(1) 6.698(2) . ZrIZi9 -- Zr14 (475O, .be 4 

a~his work. 

'~ef erence 3.  
C The number of unambiguously assigned lines input to the CDR pro- 

gram. 

$iphasic equilibration. 



Figure 1. Variation of hexagcnal l a t t i c e  .parameters of B - Z r B r  with composition 
3 



Z r B r  
3.23 

: Since the  di f ference between - a and ( ~ i ~ u r e  1) remains f a i r l y  

constant  as the  tribromide composition v a r i e s ,  it i s  not c l ea r  whether 

the  independently determined l a t t i c e  constants  a r e  accidenta l ly  similar 

because of d i f f e r e n t  methods and/or standards f o r  l a t t i c e  constant de te r -  

mination, o r  whether the  c r y s t a l  used f o r  d a t a  co l l ec t i on  wasunknowingly 

superstoichiometric. 

A couple of observations support the  l a t t e r  postula te .  F i r s t ,  the  

method of preparation described by Larsen, Moyer, Gil-Arnao, and Camp 

(32,33) involves reduction of a ZrBr4-A12Br6 eu t ec t i c  melt with meta l l i c  

Z r  o r  A 1  a t  270-290'. Brown-black hexagonal needles of Z r B r  repor tedly  
3 

grow separate  from the  metal near the  gas-l iquid i n t e r f ace  by decomposi- 

t i o n  of some Zr(111)-containing solvated species.  F i r s t  batch y i e ld s  a re  

t yp i ca l l y  only 5%, and i n  l i g h t  of the  severa l  mole r a t i o  excess of solvat-  

ed Zr(IV), it would be r a the r  surpr i s ing  f o r  t r i h a l i d e  c r y s t a l s  grown under 

such oxidizing condit ions .not t o  approach'the upper l i m i t  composition. 

Secondly, s ing le  c r y s t a l  needles of Z r X  grown by the  above method 
3 

a r e  reportedly yellow-green f o r  X=C1, brown-black f o r  X = B r ,  and black f o r  

X=P. Ln cont ras t ,  needles of' s l i g h t l y  su'bstoichiometric t r i h a l i d e s  gYot4ii 

from the  gas phase i n  t h i s  laboratory a r e  golden-green f o r  X = C l , B r  and 

blue-black f o r  X = I  while powders of stoichiometric Z r X  prepared here are '  
3 

olive-green f o r  X = C l , B r  and greenish-black f o r  X = I .  Furthermore, Z r B r  3 123 
prepared here by equ i l ib ra t ing  olive-green Z r B r  with Z r B r 4  at  435' 

3 
f o r  14 days is  blue-black i n  color  and leaves a deep blue halo on a mortar 

a f t e r  grinding,  while' ZrBr leaves  a res idua l  golden-green color;  
3.0 

Hence both color  and.condi t ions  suggest t h a t  the  recent ly  reported 



s t ruc ture  of 6 - Z r B r  was perhaps unknowingly done on a s ign i f i c an t l y  3 
superstoichiometric tribromide c ry s t a l .  It is of pa r t i cu l a r  i n t e r e s t  t h a t  

no supers t ructure  was reported even though the  examined c r y s t a l  was grown 

a t  temperatures below 300' where long-range ordering of defec t s  would be 

favored. 

Mechanisms for nonstoichiometry 

A shear mechanism f o r  development of substoichiometry during ZrX 3 
dispropor t ionat ion has been proposed by Copley and Shelton (23),  whereas 

a combination ca t ion  vacancy,.-substitution mechanism has been suggested 

by S t r u s s  and Corbett (31) f o r  superstoichiometry i n  hafnium t r i i o d i d e  . 
The absence of an observable break a t  ~ r /Z r ;3 .0  i n  Figure 1 is r a t h e r  

puzzling i n  l i g h t  of the  di f ference i n  the  mechanisms proposed f o r  sub- 

stoichiometry and superstoichiometry. Perhaps both mechanisms a r e  opera- 

t i v e  i n  the  neighborhood of Z r B r  3 a  OO. H,owever, a break i n  one o r  both 

l a t t i c e  parameter curves does apparently occur somewhere between Z r B r  
3.10 

and Z r B r  
3 23' 

The ~msymmetrical dashed e r r o r  bars  i n  Figure 1 f o r  the  

ZrBr 
3 23 

composition simply ind ica te  the  p o s s i b i l i t y  of undetected ZrBr4 

which may have condensed onto the  Z r B r  ' upon cooling the  high a c t i v i t y  
3+ 

( ~ = 1 2  atm) z ~ B ~ J z ~ B ~  system from 435'. It is ce r t a in ly  reasonable under 
3+ 

these circumstances, although not provable from ava i lab le  da t a ,  t h a t  both 

curves might break simultaneously but i n  opposite d i r ec t i ons  somewhere 

Between Z r B r  and ZrBx 
3.23' 

If, on the  o ther  hand, Z r B r  
3.23 

is  a precise ly  pure phase, perhaps a 

break i n  only the  - c parameter can be understood i n  terms of a mechanism 

s imi la r  iii p L i c i y l e  but  opposite i n  e f f e c t  t o  the  shear  process proposed 



by Copley and Shelton (23) f o r  achieving substoichiometry i n  the  p - Z r X  3 
s t ruc ture .  

Charge balance requ i res  s a t i s f a c t i o n  of the  cat ion vacancy - subst i tu-  

t i o n  formalism proposed by S t ru s s  and Corbett  ( I I ~ ~ + = ~ ~ ~ + + v ~ )  f o r  H f I  
3 

superstoichiometry '(31). The presence of extended Z r - Z r  i n t e r ac t i ons  

along the  metal chain i n  these s t ruc tu r e s  e l iminates  the  d i s t i n c t i o n  

4+ 4+ 
between int rachain  M ~ +  and M ions.  Occasionally i so la ted  M ions may 

occur i n  the  otherwise empty in te rcha in  i n t e r s t i c e s ,  shortening the  average 

chain length  and decreasing the  average in terchain  dis tance ( the  5 l a t t i c e  

parameter) . 
The mechanism f o r  substoichiometry proposed by Copley and Shelton (23) 

involves organization of add i t iona l  metal atoms i n t o  001 shear planes. 

Superstoichiometry on the  other  hand might give r i s e  t o  001 vacancy shear 

planes r e s u l t i n g  i n  an increased repuls ion along the  d i r ec t i on  between 

adjacent ha l ide  l aye r s  which a r e  bisected by these  metal-va.cancy planes. 

Although speculat ive ,  these ideas  a r e  consis tent  with a gradual decrease 

i n  the  - a parameter while allowing f o r  a r a t h e r  sudden a t tenuat ion of the  

decrease i n  t he  parameter as the  tribromide upper l i m i t  is  approached. 



The Zirconium "Dihalides" 

I n  s p i t e  of r e l a t i v e l y  frequent reference t o  "dihalides" i n  the  

thermodynamics l i t e r a t u r e  of t he  Zr-X systems, compositional and s t ruc-  

t u r a l  character izat ion of these  mater ia ls  has remained far from adequate. 

The di iodide - 

The incomplete consumption of zirconium turnings  i n  an at tempted.  

stoichiometric preparation of Z r 1 2  by reac t ion  with Z r 1 4  a t  750' f o r  

eleven days And 850' f b r  f i v e  days is  espec ia l ly  puzzling in l i g h t  of the 

ease of making ZrCl and ~ r ~ r  by t h i s  method. From the  shiny surface  of 

the  unconswned (4%) metal,  it at f i r s t  appeared t h a t  Z r I  w a s  the  most 
3 - 

reduced phase i n  the  Z r - I  system. However, the  f a c t  t h a t  f u r t h e r  reduc- 

t i o n  was f i n a l l y  achieved by using f r e s h  metal indicated t h a t  the  surface 

of the  turnings  had become blocked with a t h i n  product o r  impurity l aye r  

through which d i f fus ion ,  and hence f u r t h e r  reduction,  became extremely 

slow. Reequil ibration of the  Z r I  with a 50-fold excess of f r e s h  Z r  
2.5 

f o i l  a t  750' f o r  two weeks gave a loosely-adhering black p l a t e l e t  phase 

of compo~i t ion Z r I l ,  ( 9 9 . 9 5  recovery) on thc  f o i l .  This matcr ia l  has 

a unique powder pa t te rn  ( ~ ~ ~ e n d i x  Table A-1) qui te  d i s t i n c t  from Z r I  
2 5 

and Shelton' s , "diiodide"  a able 2) . Several  o ther  pure  Z r I x  products 

made by reduction of Z r I  o r  Z r 1 4  with a la rge  excess of Z r  f o i l  o r  turn- 
3 

ings  invar iably  have compositions of ' 1.8 < x c 1.95 with exce l len t  (> 99. %) 

ana ly t i c a l  recover ies  and the  same powder pa t te rn .  This phase w i l l  hence- 

f o r t h  be re fe r red  t o  gener ical ly  as t he  di iodide.  

The morphology of the  di iodide has been observed t o  vary from la rge  



1-2 mm t r i angu la r  o r  hexagonal p l a t e l e t s  t o  needles up t o  1 cm long. Close 

examination of these needles under the  microscope revealed them t o  be 

s tacks  of paper-thin p l a t e l e t s  randomly'joined a t  various points .  Their 

general  overa l l  appearance ra i sed  suspicion t h a t  they may have formed 

d i r e c t l y  from Z r I  s ingle  c r y s t a l s  produced during an intermediate stage 
3 

of the  reduction. 

I n  order t o  t e s t  the  implied topo tac t ic  r e l a t i onsh ip  between the  Z r I  
3 

and Z r I  phases, a few well-formed needles of Z r I  
2 2.90 

( re fe r red  t o  i n  the  

previous sec t ion  of t h i s  chapter)  were heated very slowly t o  750' over 

th ree  days i n  the  presence of excess Z r  and maintained there  f o r  15 days. 

I n t e r e s t i ng ly ,  the  general  c r y s t a l  s i z e  and shape as well as t he  mirror- 

smooth p l a t e l e t  faces  were . re ta ined ,  although the  l a r g e r  Z r I  s ing le  3 
c r y s t a l s  had degenerated t o  needle-pla te le t  bundles. Osc i l l a t ion  (+lo0) - 

photographs o f . t h e s e  c r y s t a l s  gave s ing le  spots  when or ien ta ted  with the  

p l a t e l e t  face  perpendicular t o  the  beam, but gave stacked multiple spots 

when the incident  beam w a s  roughly p a r a l l e l  t o  t he  p l a t e l e t .  However, i n  

a l l  cases the  needle g i s  ( a l so  the  spindle ax i s )  gave a ~ r ~ s t a l l o g r ~ ~ h i c  
0 

repeat of 3.75 oomparod with a needle ' axis repea t  of 6.70 A Tur. L l ~ r  

trj.7.od.ide. s ing le  c r y s t a l s  f ro i i~  which they were derived. 

One of the  very small Z r I  c r y s t a l s  which gave no multiple spo ts  1.8 

was selected f o r  zero and f i r s t - l e v e l  Weissenberg phot,ographs. I n  s p i t s  

of very bad s t reaking of the  spots  along the  t r ans l a t i on  ax i s  ( ind ica t ive  

of two dimensional d i sorder  perpendicular t o  the  spindle a x i s ) ,  the  f i lms 

were of s u f f i c i e n t  qua l i t y  t o  obtain approximate orthorhombic l a t t i c e  

parameters of - a=3.75 1, 2~6 .85  1, and c=15.0 i. 



The dibromide and.sesquibromide - - 

A number of s t a t i c  thermodynamic s t ud i e s  (25,40,41) have e i t h e r  

produced o r  assumed Z r B r  compositions by thermal decomposition of Z r B r  2 3 ; 
vacuum dispropor t ionat ion i n  an effus ion c e l l  (27)  has  yielded Z r B r x  

res idues  with x=l -1-1 ..4 . Perhaps because of t h e i r  poor ~ r ~ s t a l l i n i t ' ~  no 

X-ray powder d a t a  on any o f . t h e s e  res idues  have been published. Hence 

the  l i t e r a t u r e  conta ins  no conclusive evidence f o r ,  o r  X-ray character iza-  

t i o n  o f , e i t h e r  a dibromide o r  any zirconium subbromide o ther  than Z r B r  3 ' 

I n  the  present  study,  biphasic equ i l i b r a t i ons  of ~ r ~ r  with Z r B r  3 
were employed a s ' a  major.means of examining the  intermediate region.  

However, because of the  approx5mately s to ichiometr ic  "dibromide" res idues  

claimed by some workers t o  form during tribromide dispropor t ionat ion,  

preparation of a Z r B r  composition was attempted i n  t h i s  laboratory  by 
2.0 

0 
heat ing a well-ground mixture of Z r B r  and ZrBrlC over seven days t o  650 

and equ i l i b r a t i ng  t h e r e . f o r  two more days. The olive-green product of 

t h i s  r eac t ion  w a s  shown qui;te c l e a r l y  f r0m.a  powder pa t t e rn  t o  cons i s t  

of a mixtwe of ZrBr and Z r B r  with some new phase(s) .  The tr ibromide i n  
3 

t h i s  nonequilibrium multiphasic mixture w a s  simply an ou te r  l a y e r  on the 

produc.1; granules and was e ' a s i ly  removed by washing with anhydrous acetone 
. . 

o r  1% methanol i n  t r ichloroethylene.  The exce l l en t  q u a l i t y  Guinier 

powder pa t t e rn  obtained f o r  t he  vacuum-dried black ZrBrr xreidue (x=1.32 

based on ~ r )  i s  given i n  Appendix Tab1 e A -2. The presence of perhaps 

20-4% Z r B r  i n  t h i s  mater ia l  makes an est imated composition of Z r B r  
1.5(1) 

reasonable f o r  t h i s  phase. Lines of the  sesquibromide have appeared i n  

powder pa t t e rns  of numerous r eac t i on  products but always i n  the  presence 



.of both Z r B r  and Z r B r  They a r e  espec ia l ly  prominent i n .  react ions  of 
3 

r e l a t i v e l y  shor t  durat ion and ne t  compositions g rea te r  than Z r B r i a 5 .  

Longer duration preparations of compositions more reduced than 

Z r B r  produce a si lvery-gray Z r B r  phase which has a much simpler 
. . 1.7 Y 

powder pa t t e rn  ,than t h a t  of the  sesquibromide. Unfortunately, l i k e  the  

sesquibromide, t h i s  phase has never been obtained i n  pure form, but  

always as a coating on the  Z r B r  s t a r t i n g  mater ia l  and of ten  i n  the  

presence of tribromide when ne t  system compositions were more oxidized 

than Z r B r l ,  3. 

Apparently, attainment of thermodynamic equil ibrium between Z r B r  o r  

Z r B r  and Z r B r  a t  temperatures where system pressures ' a re  manageable i n  3 Y'  

Ta containers ,  may require  many months. Experience has shown t h a t  both 

Z r B r  and ZrBr a r e  much e a s i e r  t o  prepare i n  pure form than a r e  the  i n t e r -  3 
mediate phases. For exanple, a ZrBr-ZrBrb mixture (net  reac t ion  compo- 

s i t i o n  ~r/Zr=1.7)  was slowly heated over a ?-day period i n  a shor t  tube 

of minimal f r e e  volume t o  600' followed by a 26-day reac t ion  period. The 

presence of an unintended temperature gradient  resu l ted  i n  product 

zoning--a hard olive-green plug of Z r B r  mixed with Z r B r  ahd the  new 
3 

Z r B r  phase at one end, and a loose granular si lvery-gray product contain- 
Y 

ing Z r B r  and ZrBr but no tribromide and analyzing as ZrBr lml l2  (loo.% 
Y 

recovery) a t  the  o ther  end. A product of composition ZrBr prepared 
1 .2  

under the  same condit ions i s  iden t i ca l  except f o r  the  r e l a t i v e l y  stronger 

Z r B r  l i ne s .  Compositions Z r B r  1.15 and ZrBrl, prepared by reac t ing  

Z r B r  and ZrBr f o r  t en  days a t  750' a l so  show corresponding new l i n e s ,  
3 

but  s t i l l  more weakly. Judging from the  i n t e n s i t y  of Z r B r  l i n e s  r e l a t i v e  
Y 



Table 4. Guinier powder pa t te rn  of Z r B r  (ZrBr + Z r B r  1.42 l . 8 (2 ) )  

Z r B r  

ZrBrl -42 h k l  h k l  

a 
Iobs ZrBrl, 8 ZrBr 

h k l  

+he powder pa t te rn  of Z r B r  
1.8(2) 

is given i n  Appendix Table 8-3 

r e l a t i v e  t o  ' a pr imit ive  hexagonal c e l l  with _a=3.5257 (2) and 2=13.726(2) , 
and the  Guinier pa t te rn  of Z r B r  in .Table  A-6. 



t o  those of Z r B r  f o r  various biphasic compositions, an extrapolated compo- 

s i t i o n  of Z r B r  
1.8(2) 

is  reasonable f o r  the  pure new phase, he reaf te r  

re fe r red  t o  gener ical ly  as the  dibromide. 

A l l  23 new l i n e s  i n  the powder pa t te rn  of Z r B r l e b 2   able 4) have 

been indexed on a hexagonal. u n i t  c e l l  with - a=3.5257(2) and - c=13.726(2) 

which is reasonable f o r ,  but does not  prove, a 2-slab MX2 ty-pe s t ruc tu r e  

l i k e  those of 2S-Nbl+xSe2 (54.55). . . 

The powder pa t t e rn  of ZrBr is given i n  Appendix Table A - 3  i n  terms 
1 .8  

of the  primitive hexagonal c e l l  on which it has been indexed. Accidental 

overlap with three  observed Z r B r  l i n e s  is appropr ia te ly  indicated and 

Z r B r l a 8  i n t e n s i t i e s  f o r  l i n e s  at  those posi t ions  have been estimated by 

subtract ion of overlapping i n t e n s i t i e s  assuming a 50-50 mixture. 

It can be in fe r red  from the  foregoing t h a t  the  sesquibromide i s  

probably a metastable phase prepared by rapid  reac t ion  of ZrBr with 

Z r ~ r ~ , , ( ~ )  under moderately oxidizing condit ions and temperatures below 

700°, while the  substoichiornetric "dibromide" may be the  only thermo- 

dynamically s t ab l e  phase between Z r B r  and Z r B r  Unfortunately, ser ious  
3 ' 

k ine t i c  problems have prevented preparation of t h i s  phase i n  high pur i ty ,  

hence determination of e i t h e r  phase l i m i t  has been thwarted. 

The "dichloride" - 

X-ray d i f f r a c t i o n  da ta  f o r  a powdered product al leged t o  be zirconium 

dichlor ide  was first published i n  1965 by Swaroop and Flengas (36), bu t  

i s  i n  gross disagreement with r e s u l t s  obtained i n  t h i s  laboratory.  These 

workers reduced 95-9s  pure ZrCl with an excess of reactor-grade Z r  
3 



powder i n  a platinum-lined s i l i c a  container.  Analyt ical  recover ies  varied 

from 96% t o  105%, and while the  powder pa t t e rn  of t h e i r  product does not 

show l i n e s  of P t  o r  P a l 2 ,  the  p o s s i b i l i t y  of a ternary phase was ignored. 

This is pa r t i cu l a r l y  unfortunate i n  the  l i g h t  of a recen t  observation by 

L a s c e l l e s  and Shelton (56) t h a t  Z r 1 4  vapor r e a c t s  r ap id ly  with both copper 

and s i l v e r  even a t  200' t o  give velvet- l ike  M Z r  I products. 
3 12 

The only o ther  powder d i f f r a c t i o n  d a t a  f o r  "ZrC12" i n  the  l i t e r a t u r e  

i s  t h a t  presented by S t ru s s  and Corbett  (22) who f i r s t  noticed t ranspor t  

of a Zr-rich phase while studying the  reduction of MC14 with M ( M = ~ %  H f ,  

% ~ r ) .  Their  preliminary powder pa t te rn  f o r  the  "dichloride" is substan- 

t i a l l y  i n  agreement with t h a t  t o  be presented here. 

Analogous t o  the  Z r - B r  system, an attempt t o  make stoichiometric 

ZrC12 ( a t  500') from ZlCl and ZrC14 resu l ted  i n  a th ree  phase mixture of 
0 

ZrC13,  unreacted ZrC1, and a new phase with a very s t rong  l i n e  a t  d=6.46 A. 

An unintended temperature gradient  had again resu l ted  i n  product zoning 

i n to  an olive-green plug a t  one end (containing 4 0 - 6 s  ZrCl ) , and a 
3 

brownish-black free-flowing granular product a t  the  o ther  end analyzing 

as Z I C ~ ~ . ~ ~  (based on two analyses f o r  ~ r )  and which contained 5-1C% 

unrcacted ZrCl and 3-$ ZrCl A two-compartment equ i l i b r a t i on  of t h i s  
3 ' 

zrC1l. 83 with ZrCl a t  500' f o r  22 days gave a product ( ~ l C 1 ~ .  66, 99.9% 

recovery) with an i den t i ca l  powder pa t te rn  except f o r  the  complete absence 

of t r i c h l o r i d e  l i n e s .  

Another attempt was made t o  prepare an equil ibrium ZrC12,0 composi- 

t i o n  from ZrCl  and Z r C 1 4  by the  more fo rc ing  condit ions of a &week 

reac t ion  at  600' followed by grinding and reheating a t  6.50' ( ~ ~ 4 0  atm) 



f o r  two more weeks. Again, t r ue  thermodynamic equilibrium was not 

a t t a ined  but was more c lose ly  approached since only a f a i n t  t r a c e  of 

ZrCl was evident i n  the  powder pat tern .  However, s u f f i c i e n t  ZrCl (20- 
3 

3%) was present t o  leave, the  impression t h a t  zirconium "dichloride" may 

well be substoichiometric even a t  its upper l i m i t .  

Approximately 20 g of a ZrCl 1.74 composition f o r  use i n  biphasic 

equ i l ib ra t ions  w a s  prepared from ZrCl and Z r C 1 4  v i a  a 38-day reac t ion  at 

575'. A powder pa t te rn  of the  homogeneous-looking granular blue-black 

product showed only a small amount of ZrCl ( < 1%) and a f a i n t  t r a c e  

(I-%) of ZrCl which may have formed by reac t ion  with ~ r C l ~ ( ~ )  on cooling. 
3 

Two-compartment equ i l ib ra t ions  of the  Z r C 1  product with ZrCl a t  605' 
1 *7 

f o r  eleven days and a t  700' f o r  three  days gave products of composi-- 

t i o n  Z r C l  1.54 (99.9% recovery) and X r C l  1.51 (100.1% recovery),  respec- 

t i v e l y ,  indicat ing t h a t  the "dichloride" which coated unconsumed ZrCl 

c r y s t a l l i t e s  i n  the  ZrCl mixture could indeed be f u r t h e r  reduced by 
1.7 

providing f r e sh  (uncoated)ZrCl as a k i n e t i c a l l y  more access ible  ~ r C h ( ~ )  

s ink.  

The implication of a concentrat ion gradient  across the  ou te r  dichlo- 

r i de  l aye r  of Z r C l  product granules l eads  t o  inference of a homogeneity 1.7' 
region f o r t h i s  phase. To t e s t  t h i s  pos tu la te , .  biphasic equ i l ib ra t ions  

of a ZrCl 1.45 composition with d ich lor ide / t r i ch lor ide  mixtures were 

performed f o r  twelve days a t  600' and f i f t e e n  days a t  500°. Equilibriulil 

was not even c losely  approached i n  the  l a t t e r  case ,  but  a t  600' a composi- 

t i o n  of ZrC11,75 (99.8% recovery) was obtained which showed a t r ace  of 

Z r C l  and perhaps 5-% Z r C 1 ,  Wi th  no knowledge of the  composition p ro f i l e  3 



across  the  product granules,  assessment of the  upper l i m i t  of the  "dichlo- 

r ide"  phase is  d i f f i c u l t ,  although an  estimated l i m i t  of Z r C l  1.75(5) '" 
reasonable i n  l i g h t  of avai lable  da ta .  

Transport & proper t i es  - of ZrC1, .7 

This phase w a s  f i n a l l y  obtained i n  pure form only by t ranspor t  i n  a 

temperat&e, gradient .  Reaction condit ions and y i e ld s  a r e  given i n  Table 5. 

Elect ron microprobe analyses on severa l  f e rn s  and p l a t e l e t s  from the  42- 

day react ion gave ~1/~3&1.75(5)  with no obvious re la t ionsh ip  between 

c r y s t a l  form and composition. (A p e l l e t  of composition zrCll ,  46 w a s  used . 

as the  reference standard. ) 

One,of the  apparently more important f a c t o r s  con t ro l l ing  both yie ld  

and product morphology i s  the  temperature a t  the  hot  end, where ZrC14(g) 

is apparently reduced t o  ZlCl (g) and/or ~ r C l ~ ( ~ )  by the  z ~ c ~ / z I c ~ ~ . ~  
3 

so l i d  phase mixture. Average autogenous ~ r C l ~ ( ~ )  pressures a r e  estimated 

t o  vary from 1 atm f o r  a hot-end temperature of 700' t o  g r ea t e r  than 20 
0 

a t m  a t  850 . In te res t ing ly ,  no t ranspor t  occurs (even i n  a 9 0 0 ~ / 6 0 0 ~  

gradient)  from a zrCl/Zr mixture ( P ~ ~ ~ O = ~  a t m  of ZlC14). 

The t ranspor t  rate has been observed t o  vary from 1-15 mg per week 

0 
and seems t o  be g r e a t e ~ t  f o r  a hot-end temperature of 750 . I n  a l l  cases 

reac t ion  tubes  were incl ined 10-300 from the  hor izontal  t o ,  encourage 

convection i n  the  gas phase. Deposition zones never exceeded 5 cm 

( A t  (50') implying a r a t h e r  l imi ted  a c t i v i t y  range f o r  zrC14(g) and 

possibly a l s o  a f a i r l y  small homogeneity range f o r  the  deposit ing phase. 

A s  ind5cated i n  Table 5, the  p l a t e l e t  form seems t o  dominate f o r  



Table 5. Some attempts t o  t r anspor t  the  ZrCl phase 
1 *7 

S t a r t i n g  Temperaturs Reaction. Tube Product Zone Product Crysta l  
Material  ' Gradient Time, pa Length (cm from hot Yield Morphology 
(c l / z r )  (days,atm) (cm) end) (mg) 

a Calculated from the  mass of recovered zrC14(s) and the "average" temperature. 

b~bbrev ia t ions :  p q l a t e l e t  , f=f s r n  , pgem-like ; l i s t e d  i n  decreasing order of abundance. 



products transported from 700' ,t (hot-end)> 800°, while under intermediate 

condit ions a fern- l ike  growth pa t t e rn  i s  more common. For reac t ions  with 

hot-end temperatures ardund 700°, very small ( < 0.5 mm diameter) p l a t e l e t s  

deposi t  a t  the  cold end but i n  l e s s  than 1 mg y ie lds .  However, i n  the  

€350' reac t ion ,  much l a r g e r  (some 1-2 mm i n  diameter) paper-thin hexagonal 

p l a t e l e t s  grow on o r  near the  s o l i d  a t  the  hot  end. I n  f a c t  some of these 

c r y s t a l s  a r e  so t h i n  t h a t  they transmit  red l i g h t  under t h e  microscope; 

grinding t h i s  phase leaves  a pink t inge  on the  mortar. 

For intermediate condit ions,  there  i s  f requent ly  a steady morpho- 

l o g i c a l  change across  the  deposit ion zone with very t h i n  p l a t e l e t s  near 

the  hot end fading i n to  p l a t e l e t s  with fern- l ike  pa t te rns ,  then i n t o  f e rn s  

which,thicken u n t i l  branches have a t r i angu la r  c ross  sect ion.  Similar  

sp i re - l ike  growth has a l s o  been observed from the  s ides  of th ick  tr iangu- 

lar  p l a t e l e t s .  

Osc i l l a t ion  photographs of s p i r e s  and f e r n s  have shown them t o  be 

po lycrys ta l l ine  , whereas the  t h i n  parallepiped p l a t e l e t s  (with 60' and 

120' interedge angles)  a r e  s ing le  w i t h  a spindle a x i s  repea t  of 3.38 i. 
However, zero and first l e v e l  photographs show very bad s t reaking pa ra l l e l  

t o  the  t r ans l a t i on  ax i s .  The implication of two-dimensional d isorder  

p a r a l l e l  t o  the  p l a t e l e t  face i s  f u r t h e r  supported by banding between 

c e r t a i n  p a i r s  of r e f l e c t i o n s  i n  powder pa t te rns  of microcrysta l l ine  

products , 

An exce l len t  qua l i t y  powder pa t t e rn  ( ~ ~ ~ e n d i x  Table A*) of t h i s  

phase a t  its lower l i m i t  ( ~ r C 1  ) has been obtained from the  jet-black 1.6 
macrocrystalline p l a t e l e t  product of a 35-day biphasic equ i l ib ra t ion  of 



microcrysta l l ine  ZrCl with excess Z r C l  a t  6 0 0 ~ .  The development of 
3 1.2 

macrocrystalline p l a t e l e t s  by reduction of microcrystal l ine ZrCl h i n t s  
3 

a t  a growth mechanism which may involve r ec rys t a l l i z a t i on  from the  gas 

phase. 

Indexing t h i s  Z r C l i e 6  powder pa t t e rn  on a hexagonal c e l l  with 

a=3.3830(2) and c=19.390(1) was accomplished by using preliminary da t a  - - 
from o s c i l l a t i o n  and Weissenberg photographs of transported Z r C l  1.7 
p l a t e l e t s .  Although the  s t ruc tu r e  d f  t h i s  phase i s  unknown, the  un i t  

. . 

c e l l  dimensions a re  qu i t e  reasonable f o r  a 3-slab MX2 s t r uc tu r e  possibly 

similar t o  ~ S - N ~ ~ + ~ S ~  (0.12 < x < 0.25) which is t r igona l  (space group ~ 3 m )  

with - a=3.33 and - c=17.9 (57). The only three  observed r e f l e c t i o n s  

(100, 008, and 109) which break the  rhombohedra1 ex t inc t ion  condit ions 

i n  the  powder pa t te rn  of ZrCll ,6 ( ~ ~ ~ e n d i x  Table A-4) a r e  absent i n  t rans-  

ported ZrClie7 products. 

If in t e r l aye r  coordination about Z r  is assumed t o  be t r i gona l  an t i -  

pr ismat ic ,  as i s  the  case f o r  a l l  binary zirconium ha l ides  of known 

s t ruc tu r e ,  then the  only 3-slab sequences possible a r e  abc bca cab and 

abc acb cab. 'The f a c t  t h a t  no powder pa t te rn  simple enough t o  represent  

a I s -MX s t r uc tu r e  (abc abc . . .) has ever been observed i nd i ca t e s  prefer- 
2 

ence f o r  t r i gona l  pr ismat ic 'coordinat ion about halogen. Hence, of the  

two proposed sequences, the  first seems most f ea s ib l e  f o r  t he  postulated 



The Monohalides 

The preparat ion and s t ruc tu r e  of Z r B r  - - -- 

The existence of the  h i t he r to  unreported zirconium monobromide w a s  

e a s i l y  confirmed by heat ing ZrBr4 with a la rge  excess of Z r  f o i l  a t  800' 

f o r  a few days. Analysis of t he  black p l a t e l e t  phase scraped from the  

f o i l  gave a ~ r / ~ r  r a t i o  of 1.02+0.02. - Because of the  similar physical 

proper t ies  and some resemblance of t he  Z r B r  Guinier pa t t e rn  t o  t h a t  of 

ZrC1, an attempt w a s  made t o  index a Guinier pa t t e rn  of Z r B r  so  prepared. 

The 001 and 110 r e f l e c t i o n s  were e a s i l y  assigned and preliminary hexagonal 

l a t t i c e  parameters determined. However, the  calcula ted powder pa t te rn  of 

Z r B r  based on ZrCl pos i t iona l  parameters gave general ly  poor agreement 

with the  observed pa t te rn .  

A consideration o f  polytypism i n  a va r i e ty  of layered MX2 compounds 

l e d  t o  so lu t ion  of t h i s  problem. A t r ial  s t ruc tu r e  was developed f o r  the  

a l t e rna t e  (A -C -B ) s l a b  stacking sequence 'by using , iden t ica l  f r a c t i o n a l  

coordinates f o r  halogen but with z'  = 1/3 - z. f o r  Z r .  A comparison of 

calcula ted.  and observed pa t te rns  f o r  both ZrCl and Z r B r  i n  each of 

the  two possible 3-slab sequences  a able 6) l e ads  t o  the  obvious conclu- 

s i o n  t h a t  Z r B r  does have the a l t e r n a t e  stacking and t h a t  ZrCl and Z r B r  a re  

i so typ ic  but  not  i so s t ruc tu r a l .  

The s t ruc tu r e s  of Z r C l  and ZrBr a r e  similar i n  t h e i r  t r i gona l  a n t i -  

prismatic i n t e r l aye r  coordination about zirconium .but opposite i n  coordina- 

t i o n  about halogen. This i s  ea s i l y ' s een  i n  a side-by-side comparison of 

the  l ayer  sequences f o r  these i so typ ic  compounds: 



Table 6. Compar i sonof1  withIcalc f o r  A-B-C and A-C-B Z ~ X "  
obs 

b  h k l  
C 

I c a l c  Iobs I c a l c  I c a l c  Iobs I c a l c  
A -B-C ZrCl A-C-B A-B-C Z r B r  A -C -B 

%exagonal f r ac t i ona l  coordinates f o r  the  A-B-C s t ruc tu r e  calcula-  
t i o n s  were obtained from the  l i t e r a t u r e  (11) and those f o r  the  A-C-B 

. 
s t ruc tu r e  were derived as described i n  t he  t ex t .  The hhl r e f l e c t i o n s  
have been omitted here because of t h e i r  t o t a l  i n s e n s i t i v i t y  t o  stacking 
sequence. 

b ~ n t e n s i t i e s  estimated v i sua l ly .  For Iobs= f , 0 > 4 5 O .  
C In tegrated i n t e n s i t i e s  from a microdensitometer film scan. 



Layer Type : X M M X  X M M X . . X . M M X  - 
~ r ~ l  (A-B-c): . a b c ' a  - - - b c . a b  - - c a b c  - - 
Z r B r  (A -C -B) : - a r b c a  - c a b c  - - c a b  - 

The f a c t  t h a t  a &cent s ing le  c r y s t a l  study i n  t h i s  laboratory has 

shown ScCl (58) t o  be i so s t ruc tu r a l  with 2 r ~ r  r a i s ed  suspicion about the  

. s k u c  t u r e  type of HfC1. Izmailovich , Troyanov , and. T s i r e l  ' nikov (59) 

recen t ly  reported an indexed powder pa t t e rn  f o r  H f C l  along with hexagonal 

l a t t i c e  parameters of 2=3..377(2) % and - c=26.65(2) 1 and space group ~ 3 m  

from which they in fe r red  isostruct.uralism with Z r C 1 .  Apparently the  

p o s s i b i l i t y  of polytypism w a s  not  recognized; r e f l e c t i o n  i n t e n s i t i e s ,  

although reported t o  be i n  good agreement with those of S t r u s s  and Corbett  

(22) ,  were ignored i n  discuss ion of the  s t ruc ture .  A comparison of powder 

d i f f r ac t i on  i n t e n s i t i e s  from the  l i t e r a t u r e  with calcula ted pa t t e rn s  f o r  * 

both polytypes of HfCl l eads  t o  the  inescapable conclusion t h a t  t h i s  

compound a l so  adopts the  Z r B r  (A-c -B) s t ruc ture .  I n t e r e s t i ng ly ,  mono- 

chlor ides  of Gd and Tb h a v e r e c e n t l y  been shown by s i n g l e . c r y s t a 1  s tud ies  

t.o adopt the Zrr ; l l  (A-EX) st.ruct.~me ( 6 0 ) .  

The non-existence of Z r I  - -- 

Attempts t o  prepare Z r I  a t  temperatures up t o  900' by providing a 

la rge-excess  of Z r  f o i l  o r  turnings  gave Z r I  as the  most reduced 1.8 



Attempted i n t e r ca l a t i on  of Z r X  

The physical  p roper t i es  of Z r C l  and ZrBr a r e  reasonable manifesta- 

t i ons  of t h e i r  c r y s t a l  s t ruc tures .  For ins tance,  t h e i r  g r aph i t i c  charac- 

t e r  i s  c l e a r l y  r e l a t e d  t o  the weak i n t e r s l a b  (van der  Waals X-X) i n t e r -  

ac t ions  and suggests t he  poss ib i l i ty '  of i n t e r ca l a t i on  with Lewis ac ids  o r  

. . 
bases , 

Consideration of a shor t  review of i n t e r ca l a t i on  complexes of Lewis 

bases and layered s u l f i d e s  (61) led .  t o  se lec t ion  of ammonia, pyridine , 
. . 

and hydrazine . as. * r i m e  candidates f o r  preliminary work. Heating ZrCl 

i n  a sealed Pyrex ampoule with pyridine ( d i s t i l l e d  from Molecular s i eve )  

f o r  seven weeks a t  its bo i l ing  point  of 115' f a i l e d  t o  produce e i t h e r  the 

physical  swelling o r  detectable  l a t t i c e  parameter changes associated with 

i n t e r ca l a t i ve  processes. A similar treatment of Z r B r  f o r  6.5 weeks a l so  

gave negative r e s u l t s  as d id  contact  of Z r B r  with NH (1) f o r  e i g h t  days 3 
at  25' (P-10 atm) i n  a thick-wall Pyrex ampoule. Room temperature equi l i -  

b ra t ion  of Z r B r  with hydrazine f o r  f ou r  days i n  a stoppered v i a l  produced 

no evidence of i n t e r ca l a t i on ,  nor d id  equ i l i b r a t i on  with l i q u i d  tr iphenyl-  

phosphine a t  300" f o r  t en  days i n  a sealed tube. 

A t t emp t s to  i n t e r ca l a t e  N a  o r  K i n t o  ZrCl a t  25' using dry ethylene- 

diamine as a solvent  resu l ted  i n  complete d i sso lu t ion  of the  metal a f t e r  
. . 

a few hours followed by a.bronze co lora t ion  of a small port ion o f ' t h e  ZrCl 

r ~ o t  covered.by solvent.  T h i s  bronze matcr ia l  may woll bo idon t ioa l  t o  the - 
bronze ZrClH phase recen t ly  prepared i n  t h i s  laboratory by r eac t i ng  Z r C l  

(even a t  25') with H ~ ( ~ )  (62). 

I n t e r ca l a t i on  of Lewis ac id s  w a s  a l s o  Lried. Z*l was heated a t  120" 



f o r  21 weeks i n  an evacuated, sealed tube with a pressure of a 

few mm generated by excess A l C l  ( s ) .  X-ray powder da ta  gave no evidence 
3 

f o r  any kind of react ion.  S t i r r i n g  ZrCl a t  25' with a so lu t ion  of I2 i n  

C C 1  again gives negative r e s u l t s ,  although a t  40' an amorphous red-brown 4 

product (believed t o  be z ~ I & )  coa t s  the  ZrCl a f t e r  a few hours. 

E l e c t r i c a l  conductivitx 

Another physical property of ZrCl and Z r B r  which deserves mention i s  

e l e c t r i c a l  conductivity . Troyanov (48) using presumably s ing le  c r y s t a l s  

of ZrCl (average s i ze  4 ~ 4 ~ 0 . 1  mm) , obtained. by unspecified methods r e s i s -  

-2 
t i v i t i e s  of roughly 10' ohmacm parperdfcular t o  the  p l a t e l e t s  and 10 

ohmacm p a r a l l e l  t o  them. Although the  values he gives a r e  of questionable 

precis ion,  the  indicated e l e c t r i c a l  anisotropy is e n t i r e l y  consis tent  with 

the  s t r u c t u r a l  observation by Adolphson (10) t h a t  the  metal b i l ayers  i n  

ZrCl p a r a l l e l  the  p la te le t .  fa,ces. 

Fur ther  evidence f o r  the  high e l e c t r i c a l  conductivity of both Z r C l  

and Z r B r  has been obtained i n  t h i s  work by two-probe measurements on 

2 1-1. .5 g pel.l.et,s 'nf these  phases compressed a t  7 ~ ~ / c r n  t o  97% of the  

t heo re t i c a l  dens i t i e s .  Resistances measured between p e l l e t  f aces  w i t h . a  

VTVM were found t o  be l e s s  than 0.1 ohm f o r  both Z r C l  and Z r B r .  

X-ray photoelect.ron spect.ra -- of Z r X  

X-ray photoelectron spec t ra  of the  valence region of these compounds 

give f u r t h e r  evidence f o r  extended de loca l iza t ion  of e lec t rons .  The 

r e s u l t s  presented i n  Figures 2 ( 2 ~ 1 )  and 3 . ( Z r ~ r )  show a well-developed 

nle.l;allic d bail9 w l l i c l ~  extends t o  the Pelmi l e v e l  f o r  both compourida, D s t s  



Figure 2. Valence region X-rzy photoelectron.  spectrum of ZrCl 



Figure 3. Valence region X-rzy photoelectron spectrum of Z r B r  



f o r  the  valence region a r e  l i s t e d  together  with se lected core energies i n  

Table 7 .  

Both valence and core energies f o r  Z r  a re  s l i g h t l y  ( 0 . 3 e ~ )  higher i n  

Z r B r  than i n  Z r C 1 .  This is  opposite ' the trend predicted from e lec t ro -  

negat ivi ty  arguments alone,  and may r e f l e c t  the  di f ference i n  i n t e r l aye r  

coordination about halogen. Perhaps the  Z r  atoms i n  ZrBr can e lec t ro -  

s5a t i c a l l y  "see" the  halogen atoms i n  the nonadjacent but equivalent ly  

positioned second-nearest l ayer  b e t t e r  than i n  ZrCl where the  coordination 

about halogen i s  t r igona l  ant ipr ismat ic .  It may i n  f a c t  be t h i s  s t ronger  

i n t e r ac t i on  of Z r  with second-layer halogen which makes Z r B r  s t r u c t u r a l l y  

l e s s  suscept ible  t o  grinding damage than is ZrCl (judged from l i n e  broaden- 

ing i n  Guinier f i lms) .  Perhaps the  increased i n t r a l aye r  X-X d is tance 

(3.50 1 i n  ZrBr compared with 3.42 1 i n  ~ r C 1 )  g ives  the Z r  atoms a l a r g e r  

"window" i n  ZrBr:  I n  l i g h t  of the  "advantages" of the  A-C-B. s t r uc tu r e ,  it 

i s  indeed puzzling t h a t  , Z r C 1  adopts the  A-B-C sequence i n  t he  f i r s t  place. 

A s  expected, the  Z r .  valence -and core energies  i n  ZrCl a r e  intermedi- 

a t e  t o  those i n  A-Zr metal and ZICl,+. I n  the metal,  each. Z r  is  surround- 

ed by s i x  i n t r a l aye r  atoms a t  3.23 1 ( the  hexagonal 2 parameter) and 
0 

t r i gona l  pr ismat ical ly  by three  a t  3.18 A i n  two neighboring layers .  The 

i n t r a l aye r  M-M d is tance i n  ZrCl i s  considerably g r ea t e r  (3.42 i) than i n  

the  metal while the  i n t e r l a y e r  M-M separation is smaller  (3.09 i) and 

ind ica t ive  of strong metal-metal bonding. 

I n t e r e s t i ng ly , t he  C 1  2p peaks f o r  ZrCl a r e  s i gn i f i c an t l y  sharper than 

f o r  ZrC14 while the  Z r  3d peaks have a similar width f o r b o t h  compo&ds. 

This e f f e c t  is  e a s i l y  understood from the  f a c t  t h a t  i n .  ZrCl,,, there.  a r e  



Table 7. X-ray photoelectron peaks ( e ~ )  f o r  some zirconiwn-halides 

' ~ n e r ~ i e s  f o r  t h i s  insu la t ing  phase have been corrected f o r  charging 
e f f e c t s  r e l a t i v e  t o  a few monolayers of a Au standard vaporized onto the  
sample surf300 , 

b ~ i v e n  as 178.5eV i n  reference 63 r e l a t i v e  t o  a hydrocarbon C i s  
standard. 

C This band occurs a t  182.6eV i n  ZrO2 standardized aga ins t  the  C i s  
l i n e  (285 .0e~)  of surf ace deposited hydrocarbons (63) . 



0 0 

three  unique Z r - C l  d is tances  (2.307 i, 2.498 A , and 2.655 A )  and e igh t  

d i f fe ren t  C l - C l  d i s tances  (ranging from 3.30 t o  3.81 k )  while the  chemi- 

c a l  environment f o r  a l l  Z r  atoms i s  iden t i ca l  (64). I n  ZrC1, however, 

there  i s  oniy one unique atom of each kind, hence sharp peaks f o r  both 

C 1  2p and Z r  3d. 

Thermal s t a b i l i t y  of Z r X  and r e a c t i o ~  with g l a s s  

Uchimura and Funaki (39) have shown t h a t  up t o  900O zrC14(g) i s  the  

only detectable  z f l l n ( g )  species i n  the  Z r - C 1  system. Unfortunately, 

measurements on the ~ r C l / ~ r  equil ibrium were done between 750' and 900' 

on samples which were d i r e c t l y  i n  contact  with g l a s s  and the  r e s u l t s  may 

therefore be somewhat i n  e r ro r .  However, zrC14(g) pressures calcula ted 

from t h e i r  da t a  a re  within 3% of those determined here by a r e s t r i c t e d  

volume decomposition of ZrCl i n  Ta a t  975' (pobs=2.9 a t m ,  Pcalc=2,8 a t m )  

0 and at 1050 ( ~ ~ ~ ~ = 1 0 , h  a t m ,  Pcalc=7.2 atm) . 
ZrCl remains a s o l i d  phase even at 1 0 5 0 ~ .  If heated t o  1 1 0 0 ~  ( ~ = 1 5 -  

20 atm) there  is s t i l l  no evidence of melting. I n  an attempt t o  contain 

the  > 50 atm pressures expected a t  1200°, a sealed 0.4 mm 0.d. Ta tube 

containing ZrCl was placed ins ide  s 6 mm 0.d. capped tube along with 

s u f f i c i e n t  ZrCl t o  produce an in te r tube  pressure of 15 atrn of ~ r C l ~ ( ~ )  

when completely disproportionated.  Even with these  precautions,  t he  inner  

tube ruptured,  r e s u l t i n g  i n  the  complete disproportionation of i ts  

contents.  Hence it is only poss ible  t o  conclude t h a t  Z r C l  melts a t  

g rea te r  than 1 1 0 0 ~ .  - 
If e i t h e r  ZrCl o r  Z r B r  i s  heated i n  a fused s i l i c a  ampoule a t  800- 



850' f o r  a few days, the  Z r X  t u rn s  from a blue-black t o  a. bronze co lor  

with a considerable broadening of the  powder pa t t e rn  and a general l i n e  

s h i f t  t o  lower angles. Furthermore, the  g l a s s  becomes badly etched i n  

areas  where it d i r e c t l y  contacts the  Z r X  phase. I f  however, the  sample 

is f i r s t  placed i n  an open Ta boat and heated under the  same condit ions 

the  powder pa t te rn  remains v i r t u a l l y  unchanged. and the  g l a s s  unetched. 

If Z r X  i s  heated with 0.33 mole f r ac t i on  Z r 0 2  ( a  ne t  Z r  2+ oxidation 

s t a t e )  a t  850' f o r  8 days, f a i r l y  sharp powder pa t t e rn s  of Z r X l  - xOx a r e  

obtained (nixed with unconsumed Zro2) which a r e  qua l i t a t i ve ly  i den t i ca l  

t o  those obtained by heating Z r X  i n  fu sed . s i l i c a .  From measurements on 

the  sh i f t ed  110 and 001 l i n e s  the  Z r C l  l a t t i c e  appears t o  have expanded 

by approximately % i n  - a and 1% i n  2,  whereas f o r  Z r B r  the  l a t t i c e  expan- 

s ions  were 1.76% and 1.45%, respect ively .  The powder pa t t e rn  of Z r X l  - .Ox 

i s  of considerable b e t t e r  qua l i t y  f o r  X=Br than f o r  X=C1 and shows a 

d i r e c t  correspondence ( i n  number and i n t ens i t y )  with l i n e s  i n  the  Z r B r  

powder pa t te rn .  Prec i se  l a t t i c e  constants (Appendix Table A-7) of 

a=3.5646(2) and c=28.479(5) were determined from 22 r e f l ec t i ons  f o r  - - 

ZrBrl-xOx. From a qua l i t a t i ve  oomparicon of E d 2  l i n o  i n tona i t i oc  i n  

powder pa t te rns  of the  mixture before and a f t e r  reac t ion ,  x  is probably 

l e s s  than 0.1. I n  l i g h t  of t he  f a c t  t h a t  02- i s  usual ly  considered t o  be 

smaller  than ~ 1 - ,  the  expansion of both l a t t i c e  parameters of ZrX1 - xOx 

r e l a t i v e  t o  those of Z r X  i s  probably the  r e s u l t  of ex t rac t ion  of e lect ron 

dens i ty  from the  Z r - Z r  b i l ayer .  X-ray photoelectron spec t ra  of these  

mater ia ls  would be very helpful  i n  t e s t i n g  t h i s  hypothesis. 



THE CRYSTAL STRUCTURE OF Zr6C112C16/2 

S t ruc ture  Determination 

I n i t i a l  pos i t ions  f o r  one general (96-fold) Z r  and two general  C 1  

s e t s ,  c ~ ( I )  and Cl(11) , were obtained from the  e lec t ron  densi ty  map out- 

put  by MULTAN (65) f o r  input t o  ORFLS (66). Five cycles  of l e a s t -  

squares refinement produced a conventional res idua l  of 0,21. 

Although a preliminary e lec t ron  microprobe analysis1 had suggested 

t he  composition Z r C l Z m 2 ,  examination of the e lec t ron  densi ty  map generated 

by the program ALFF (67) revealed a new 48-fold s e t  of C1-size peaks 

belonging t o  spec ia l  s e t  g i n  the  se lected space group. subsequent 

e lec t ron  microprobe analyses on two very small (0.01-0.02 mm) gem c r y s t a l s  

gave C I / Z ~ = ~ .  5(2) .  

Inclus ion of t h i s  Cl(111) s e t  among the  atoms input t o  ORFLS yielded 

a res idua l  of 0.137 a f t e r  three  cycles.  Anisotropic refinement (with 

appropriate r e s t r i c t i o n s  on the  spec ia l  s e t )  resu l ted  i n  R=O ,113 and 

Rw=O ,125. The program Omega (67) m i t t e n  l o c a l l y  by C . R . Hubbard w a s  

then used t o  reweight the  da tase t .  The f i n a l  refinement converged a f t e r  

I Only two of the  15-20 c r y s t a l s  of t h i s  transported phase were considered 
la rge  enough (diameter > 0.03 mm) f o r  s ingle  c r y s t a l  work; both were 

'mounted successfully.  The c r y s t a l  on which X-ray d i f f r a c t i o n  da t a  had 
not been co l lec ted  was demounted, washed with t r ichloroethylene t o  remove 
the  s i l i cone  grease,  and used f o r  a preliminary e lec t ron  microprobe 
analysis .  
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three  cycles  a t  R = O . l l l  and Rw=O. 096 with no sh i f t / e r ro r  g r ea t e r  than 

0.01. F ina l  atomic parameters a re  given i n  Table 8 while a l i s t i n g  of 

observed and calcula ted s t ruc ture  f a c t o r s  appears i n  Table 9 ,  

The f i n a l  d i f ference map w a s  f l a t  t o  +1 electron/A3 except f o r  a peak 

of m a x i m u m  height seven electrons/AJ at  the  c l u s t e r  cen te r  (16-fold 

spec i a l  pos i t ion  - a ) .  The s i z e  and shape of t h i s  peak represents  roughly 

3-5 e lec t rons  per  c l u s t e r  and may simply be the  r e s u l t  of program termina- 

t i o n  e r ro r s .  It is in t e r e s t i ng  t h a t  small res idua l  peaks a r e  f requent ly  

observed a t  the  center  of phenyl r i ngs  i n  s t ruc ture  so lu t ions  of organic 

and organometallic compounds (68) as wel l  as i n  metal c l u s t e r  compounds 

(69). Although the  f i n a l  agreement f a c t o r  can be improved by pu t t ing  a 

2 
carbon atom a t  the  c l u s t e r  cen te r  ( ref ined B=2.2 A ) , the re  is  no c l e a r  

j u s t i f i c a t i o n  f o r  doing so i n  t h i s  case. However, t h i s  p o s s i b i l i t y  cannot 

be disproved from avai lable  d a t a  e i t h e r  s ince  the  e lec t ron  microprobe 

analyses would not have detected elements l i g h t e r  than sodium. Further- 

more, the  observation of t h i s  phase i n  only one of e igh t  t ranspor t  

at tempts  a able 5 ) ,  and then i n  extremely small y i e ld s ,  does leave some 

suspicion t h a t  t h i s  compound could be an i~r~pwi-by s t ab i l i z cd  phnco, 

~ n t e r a t o m i c  d i s tances  and angles  

Per t inen t  interatomic dis tances  and angles with associa ted standard 

devia t ions  were calcula ted by the  program ORFFE (70) using as input  the 

variance-covariance matrix from the  f i n a l  refinement cycle of ORFLS (66). 

These r e s u l t s  a r e  presented i n  Table 10 along with corresponding values 

f o r  T a C l Z a 5 .  It i s  unfortunate t h a t  the  isos t ructural ism of these  two 



à able 8. Final  atomic parameters f o r  Zr C1 
6 15 

A .  Frac t iona l  coordinates f o r  .the independent atoms 

A tom Ia3d S e t  x Y z 

02 B. Anisotropic temperature f a c t b r s  (A ) 

A tom 105 nil 1 0 5 ~ ~ ~  i o 5 ~ 3 3  1 0 5 ~ 1 2  io5pI3 



Table 9. Observed and ca lc 'ha ted  s t r u c t m  f a c t o r s  f o r  Z r  C 1  
6 15 

2 3 8  
3 2 5  
4ZP 

2 4 4  
5  1  

259  
36b 

79 
8 5  

632 
128 
i l l  
331  

9 0  
6 1 7  

6 8  
2 6 5  
706  

I 2  
F C  

3 5 5  
107 
a 7 5  
0 16 
3 9 0  
522 
4 5 5  

7 s  
l  t 7  
6 5 5  

€ 7  
73 

3 2 3  
166 
4 30 
461  
1 5 2 .  
143 

75 
3 3 4  
106 
1 7 5  
i 17 

81 
1 4 s  
La* 
5 3 9  
127  

1 3  
FO 
8 2  

5 7 7  
4 2 7  
0 1 2  
272  
177 
3 4 6  

21  6  
3 1 3  
4 0 0  
26 0  

9 9  
280  
34 2 

51 
125  
410  
159  
212  
316  
11 9 
5 3  1 

6 2  
24 3  
6 5 0  

F C  
3 7 6  
14 1  
4 2 5  
a 2 9  
34 7  
502 
4 2 8  

5  7  
157 
2 7 3  
131 

9 7  
3 4 3  
1 7 7  
$ 2  1  
0 3 5  
2 1 2  
170 

8 9  
3 3 8  
131 
163  
2a6  
LOO 
? 9 8  
5 2  1  
C42 
120 

F C  
123 
5 5 5  
4 0 2  
500  
it* 
19 1  
34 0  

7  1 9 0  104  2  2  8 5  120 
7  3  I20  181 3  1 a09  4 3 9  
8 0 2 0 2  2 7 0  5  1  4 9 3  4 a 1  
8  2  240 2 3 5  6  0  155  188  
8  4 261 2 5 7  6  2  8 0  d b  
9  1 3CI 2 9 6  6  0 100 I c 7  
9  9  2C3 2 0 2  o 6 103 6 1  

LO 0  2C4  2 2 2  1 I  LO6 LUl 
LO 2  179  I 9 2  7  5  3 0 8  2 9 2  
LO 6  3eO 3 3 1  b 0 1 0 5  1 2 5  
I 1  1  173  2 0 8  i i d e  107  
11 7  164 183  5 3 109  199  
11 l l  125  I 2 9  12 6  d S  1 0 5  
I 0  417  3 9 0  . 1 3  7 123 1 2 r  
12 8  2 1 2  2 0 3  11 0  P I  165 , . 
I6 0  86 I 2 0  19 4 119 1'. 
16 2  2 7 8  2 8 2  
14 6  107  151 H = 21 , 

1 4  8  9 3  5 2  L L F O  F C  
14 10 146 151 3  2  . 5  1 1 7  
1 5  5  108 140  8  I 1 7 c  1 8 0  
1 0  0  143 1 6 8  8 5 117 167  
16  2  8 5  6 7  8  7  12a 130  
16 4 113 1 2 6  9  6 103 9 8  
17 3  270  2 6 2  9  8  9 3  1 0 7  

I C  7  2 5 e  2 3 9  
H = 1 9  11 8 106  1 2 1  

K L FO F C  1 2  I 8 9  3 1  
5  4 75 4 2  12 3  O C  LIP 
6  1  3 0 8  2 7 1  
6  3  101 1 6 7  H = 2 2  
7  2  130 1 7 2  K L F C  F C  
7 4  8 6  107  2  0  Se 1 7 8  
7  6  4 2 8  3 5 2  4  0  131 1 8 r  
8  I  142 194  5 1 *LO 3 8 8  
8 3 125  I 6 5  L 5 2 5 1  3 0 2  
8  5  4 4 9  3 8 5  6  2  9 5  9 1  
9 2  8 8  6 3  6 4  8 3  9 1  
9  6  7 9  LOO 7  3  1 7 7  L7J 

10 1  2 6 9  2 5 0  7  7  I 6 5  2IO 
LO 3  112  1 1 6  8  4 13Q I 7 2  
L O  7  3 3 9  301  9  5  145  2 0 4  
10 9  I 0 8  1 0 3  11 5  9 5  104  
1 1  2  115 136  12 0  5 7  134 
I1 6  I6C 1 6 8  
1 1 1 0  121  152  ~ = 2 3  

.I2 3  101 1 2 5  K L F C  F C  
I2  5  213  2 2 3  6  I  1 2 2  155  
12 7  8 4  6 9  6  3  1 1 7  1 5 9  
I 2  9 114  1 4 7  8  I 111 152  
I 2 1 1  109  1 3 4  8  5  113 152 
13  4 121 160  
14 5  96 1 0 7  n s 24 
16 3 120 1 8 2  K L F C  F C  

4 0  1 0 5  l i l  
ti = 20 4 2  8 6  7 8  

K L F O  F C  6 0 1 4 0  1 9 3  
0  0  642  551 6  4  102 127  
2  0  I 2 0  1 4 2  

C1 S 2 5  
K L  FO F C  
2 1 LZb 1 8 s  



Table 10. Interatomic dis tances  ( X )  and angles  f o r  M C 1  ( M = z ~ , T ~ ) ~  
6 15 

I n t r a c l u s t e r  interatomic dis tances  

- ---- 

M - M  3.199(4) 

3.215(4) 

M - I  

M - 11 2.494(6) 

2.511(6) 

M - 111 2.588(5) 

I n t r a c l u s t e r  anglesC I n t e r c l u s t e r  M - 1 1 1 - M  angle 

angle 

138.5(41° 

1 4 2 . 0 ~  

?Resu l t s  f o r  Ta C1 a re  from reference 14. Abbreviations: 
6 15 

1=c1(1) ; 11*1(11) ; 111=c1(111) . 
b ~ h e s e  p a i r s  of d is tances  a r e  equal wi thin  given standard deviations.  

C 
These aneles  a.re not  ava i lab le  f o r  Ta  C 1  6 15' 



compounds was not discovered u n t i l  f i n a l  s tages  of the  Z r  C 1  refinement. 
6  15 

Zr6Cl15 is the  first M6 c l u s t e r  compound reported f o r  the  Group IVB 

t r a n s i t i o n  metals. Unlike the  i so s t ruc tu r a l  Ta C 1  (14) which has been 
6 15 

shown by Kuhn and McCarley (71) and recen t ly  confirmed by Schafer and 

Giegling (72) t o  be t he  most reduced compound i n  the  Ta-C1 system, Z r  C 1  
6 15 

i s  the  middle of f i v e  compounds i n  the  Z r - C 1  system. Perhaps a very 

narrow s t a b i l i t y  range and/or extreme k ine t i c  problems i n  forming t h i s  

l i n e  compound contr ibute  t o  i t s  r a r e  appearance. Even attempts t o  pre- 

pare t h i s  e lus ive  phase s toichiometr ical ly  from Z r C l  and Z r C 1 4  o r  by a 

r e s t r i c t e d  volume decomposition of Z r C l  have not  produced Z r  C 1  
3 6  15 

observable i n  powder pat terns .  

Es sen t i a l l y  the  M C 1  ( M = z ~ , T ~ )  s t ruc ture  cons i s t s  of an i n f i n i t e  
6  15 

3-dimensional linkage of M 6C112 '+ groups v i a  i n t e r c l u s t e r  bridging 

i a-a 
chlorides--in conventional symbolism, ( M 6C112 )clgI2 (i f o r  Geri~lan - 

i n s e r  and - a f o r  auser) .  In con t r a s t  t o  Nb F (73) and Ta6115 (74) both 
6  15 

of .which c r y s t a l l i z e  i n  space group I m 3 m  with Z=2 and have s i x  near 

neighbor c l u s t e r s ,  Zr6Cl15 (2-16) has e igh t  near neighbor c l u s t e r s  but  

i s  bridge-bonded t o  only s i x  of them. The Nb F s t ruc ture  can be thought 
6 15 

a-a 
of as two in te rpene t ra t ing  and p a r a l l e l  c l u s t e r  networks with a l l  M-X -M 

Loud arlgles p rec i se ly  180", whereas i n  TaX1  and Z r  C1 these angles 
4 15 6 15 

a re  142.0' ad 138.5', respec t ive ly ,  with a l l  c l u s t e r s  l inked i n to  a s ingle  

i n f i n i t e  network . 
While the  M6 groups i n  Nb F and Ta I form a per fec t ly  regular  

6 15 6 15 



octahedron surrounded by a regular  cube of xi atoms and a per fec t  x ~ - ~  

octahedron, the  precise  l oca l  4-fold symmetry is l o s t  i n  M C 1  ( M = z ~ , T ~ )  
6 15 

while the  3-fold and lower symmetry is  re ta ined.  Perhaps the  'most out- 

standing fea ture  of the  M C 1  s t r uc tu r e  is. the  'presence of four  s e t s  of 
6 15 

symmetry r e l a t ed  but nonintersecting 3-fold axes on which a l l  c l u s t e r s  

a r e  centered.  Furthermore, near neighbor c l u s t e r s  which have no common 

bridging chlor ine  atoms always occur along a common 3-fold ax i s .  

I n  a l l  of the  M X c l u s t e r  compounds, each X atom bridges two and 
6 1 5  . .  

i 
only two metal atoms--either i n t r a c l u s t e r  (X ) over 'an M pseudo-octa- 

6 

hedral  edge o r  i n t e r c l u s t e r  (xa-")-,-while each M i s  bonded t o  fou r  o ther  

i a 
i n t r a c l u s t e r  M-atoms as well as t o  fou r  X and one X . A l l  c l u s t e r s  i n  

Zr6Cl15 a r e  s t r u c t u r a l l y  i den t i ca l  and pos i t iona l ly  in terconver t ib le  by 

symmetry. An ORTEP (75) generated drawing o f .  the  c l u s t e r  centered at  

(0 ,0 ,0)  is shown i n  Figure 4 as viewed down one of the  th ree  symmetry- 

equivalent  c e l l  axes. A s  i n  Ta6ClI5, the  approximately octahedral  Z r 6  

group sits ins ide  a d i s t o r t ed  cube defined by the  twelve c l i  atoms--one, 

approximately centered on each cube edge--with a Z r  atom displaced from 

the  cen te r  of each face  by approximately 0.24 toward the  c l u s t e r ,  cen te r  

r e su l t i ng  i n  a CII -Zr -CI I I  ang le  of 169'. Whereas the  M~ group i n  Ta6Cl15 

i s  prec i se ly  pctahedra1,within the  e r r o r  l i m i t s  given by Bauer and von 

Schnering (14) ,  the  Z r 6  'group i n  Zr CI i s  s l i g h t l y  elongated along a 6 15 
unique three-fold ax i s .  , The average Z r - Z r  d is tance of 3.207 is consid- 

erably  longer than the  Ta-Ta dis tance of 2.924 1, but approximately equal 

t o  the  average M-M d is tance of 3.205 i n  G€ - Z r  (6 neighbors a t  each 

3.179 4 and 3.231 A ) .  It is e spec i a l l y  i n t e r e s t i ng  t h a t  ZlCl has a much 3 



Figure 4. Cluster centered at  (0,0,0) , viewed down [oo~] 



shor te r  Z r - Z r  separation (3.07 1) than Z r  C 1  but  an almost i den t i ca l  
6 15 

crysta l lographic  densi ty .  

An e lec t ron  count shows the  M6 group of Z r  C 1  t o  have nine bonding 
6 15 

e lec t rons  as opposed t o  f i f t e e n  f o r  Ta6Cl15. According t o  the  molecular 

n+ 
o r b i t a l  scheme proposed by Cotton and H a a s  (76) f o r  the  i so l a t ed  M6X12 

group, e igh t  of these e lec t rons  would go i n t o  the  A and TIU bonding 
1g 

molecular o r b i t a l s  leaving one unpaired e lec t ron  i n  e i t h e r  the  .AzU o r  T 
2g 

bonding molecular o r b i t a l ,  whichever i s  of lower energy. Bauer and von 

Schnering (14) have used magnetic measurements t o  confirm the  presence of 

one unpaired e lec t ron  per  c l u s t e r  i n  the  15-electron Ta X ( x = c ~ , B ~ )  
6 15 

compounds. Attempts i n  t h i s  laboratory t o  obta in  s u f f i c i e n t  quan t i t i e s  

of Zr6Cl15 f o r  similar measurements have been unsuccessful. Perhaps with 

s i x  fewer bonding e lec t rons  per  c l u s t e r  than Ta6ClI5, Z & l p e 5  may be 

s tab le  with respect  t o  disproportionation t o  Z r C l l  e 8  and Z r C l  only under 
3 

extrcmcly l imi ted  cundl.l;lons and may not  even e x i s t  a t  temperatures where 

k i n e t i c  hindrance t o  preparation of t h i s  phase i s  not  dominant. 
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FUTURE. WORK 

I n  addi t ion t o  determination of precise  l a t t i c e  constants  f o r  Z r X  3 
( x = c ~  , ~ r  , I) and confirming the  nonstoichiometry of these phases, the  

I 
present work has r e su l t ed  i n  the  i den t i f i c a t i on  and X-ray character iza-  

t i o n  of severa l  new, o r  h i t he r to  poorly characterized zirconium subhalides. ' .  

While the  basic  aims of t h i s  work have been accomplished, there  remain a 

number of p o s s i b i l i t i e s  f o r  f u tu r e  work on the  Zr-X systems. Further-  

more, some of the  r e s u l t s  obtained as well as techniques developed i n  the  

course of t h i s  work suggest possible research on r e l a t ed  systems. 

F i r s t ,  some long-term (perhaps many months) biphasic equ i l ib ra t ions  

a re  needed t o  determine composition l i m i t s  f o r  the  Z r B r  phase and the  1.8 

upper composition l i m i t  of both the  ZrCl phase and the  di iodide.  A 
1 .? 

more precise  determination of the  t r i i o d i d e  lower l i m i t  and a more de- 

t a i l e d  study of the l a t t i c e  parameter va r i a t i on  across  the  composition 

range of the  t r i i o d i d e  a r e  a l so  needed. 

Recent s t ud i e s  on the  s t r e s s  corrosion cracking of the  nuclear f u e l  

rod mater ia l '  Zircaloy-2 by f ission-produc t iodine and cesium have sug- 

gested t h a t  chemical reac t ions  can nucleate cracks i n  smooth specimens . 

(77). Hence at tainment of s t r u c t u r a l  and thermodynamic da t a  on the  Z r I  1.8 

phase i s  c l ea r ly  e s s e n t i a l  f o r  a b e t t e r  understanding of the  nature of 

%his  chemical corrosion. 

Second, perhaps t ranspor t ing agents such as those employed by ScKifer 

( g . g .  , A l C 1 3 ,  GaC13,  I?ecl3) (78) i n  growing c r y s t a l s  of various t r a n s i t i o n  



metal subchlorides can be used t o  improve y i e ld s  of ZlCl and Zr6Cli5m 1.7 
Other t r a n s i t i o n  metals (e.g. ,  - Re, Nb, e t c . )  which a r e  known t o  form 

gaseods subhalide molecules might a l so  serve t o  provide more "reducing 

power" i n  the  deposit ion zone. I n  e i t h e r  case ,  the  ob jec t  is  t o  provide 

gaseous subhalide species  which can e i t h e r  reduce ~ r C l ~ ( ~ )  o r  a i d  i n .  

disproportionation of ZrCln(g) species  t o  ~ r C l ~ ( ~ )  and t he  deposit ing 

s o l i d  phase. 

I n  the  Zr-Br and Z r - I  systems there  has been no obvious t ranspor t  

of phases more reduced than t he  t r i h a l i d e s .  However, a few (-0.05 mm 

diameter) gem-like crysta1.s have been observed i n  a Z r - I  system reac t ion  

when pac i f ica t ion  of the metal prevented complete reduction t o  the  

di iodide lower l i m i t  ( Z ~ I  ). ' The near ly  per fec t  shape of these  multi- 1.8 

faceted c r y s t a l s  implies growth from the  gas  phase. Although no ana ly t i -  

c a l  d a t a  a r e  ava i lab le ,  these "gems" may represent  a c l u s t e r  compound l i k e  

Ta6115 (74). Ta6114. (71,79), o r  Nb6111 (80,81). Since Ta6Bri5 has been 

shown from powder da t a  (14) t o  be i s o s t r u c t u r a l  with Ta C 1  . , perhaps 6 1, 

Zr6Bri5 can a l s o  be prepared under appropriate conditions. 

Third,  the  iner tness  of Ta t o  Z r  subhalides a t  temperatures where 

reac t ion  with g l a s s  i s  troublesome, suggests t h a t  accurate s t a t i c  thermo- 

dynamic measurements on the  z ~ x / " z ~ x ~ "  and Z ~ / Z ~ X  equ i l i b r i a  'can be 

ca r r ied  out  i n  g l a s s  providing the  subhalides and/or metal a r e  contained 
. . 

i n  Ta o r  sqme other  su i t ab ly  i n e r t  container.  A s  noted e a r l i e r  i n  t h i s  

work, the  powder pa t te rns  obtained f o r  Z r X  ( x = c ~ , B ~ )  do not de t e r i o r a t e  

when heated t o  850' f o r  several  days i n  an open Ta boat sealed i n  fused 

sf 1.1 (:a,, r l r  1.1: does .the glaas bcoo~~lo otohed.. Th i s  s i  mp1 R mnd.if i ca t ion  of the  



apparatus employed by Uchimura and Funaki (39) i n  t h e i r  thermodynamic 

study of the  Zr-C1.system would not  only increase the  r e l i a b i l i t y  of the  

da t a ,  but  would a l so  permit longer reac t ion  times i n  order t o  obta in  more 

c ry s t a l l i ne  products f o r  X-ray i den t i f i c a t i on .  

Fourth, it may be possible t o  prepare ternary phases of the  type 

n- n- 
MxZr6Xl8 O r  MxZr6114 with i so l a t ed  Zr6xL8 ( x = c ~  , ~ r )  O r  Zr6114 c l u s t e r  

anions by appropriate choice of counter cat ion salts. Simon, von.Schner- 

ing ,  and Schafer (82) have reported easy preparation of up t o  1 mm 

, diameter gem-like c r y s t a l s  of K4Nb6cll8 i n  1.5 g y i e ld s  by reduction of 

Nb C 1  with Nb i n  a K C ~ / L ~ C ~  eu t ec t i c  melt.  They a l s o  have employed a 
3 8 

stoichiometric sol id-sol id  reac t ion  by heating a pressed p e l l e t  of compo- 

s i t i o n  &KC1 + Nb6Cl14 and have s i m i l K l y  made the  i so s t ruc tu r a l  K 4 ~ b i ~ r l 8 .  

I n  l i g h t  of the  f a c t  t h a t  both C s  and I w e  23% f i s s i o n  products, the  

C s - Z r - I  t e rnary  system should perhaps receive spec ia l  a t t en t i on .  

F i f t h ,  t he  easy preparation of Z r B r  immediately suggests the  probable 

exis tence of the  h i t he r to  unreported HfBr. I f  t h i s  compound can be pre- 

pared, it would a l so  be of i n t e r e s t  t o  determine whether it adopts the  

Z r C l  (A-B-C) o r  the  Z r B r  (AX-B) s t ruc ture .  Similar  work on the  Il'i-X arid 

Th-X systems might a l s o  prove f r u i t f u l .  

S ix th ,  using the  technique described i n  t h i s  work (MX + MX4), it may 

be possible t o  prepare high pu r i t y  HfX ( ~ 4 1  , ~ r )  , a t a s k  which Dahl , 3 
e t  al. (15), f o ~ m d   wa war ding" when employing H f  powder. This HfX -- 3 
could i n  t u rn  be used t o  explore the  intermediate region v i a  biphasic 

equ i l ib ra t ions  with HfX.  



Seventh, "d2ssolution" of oxygen by Z r X  ( x - c ~ , B ~ )  t o  give Z r X i  - ,Ox 

products which evident ly  r e t a i n s  the  Z r X  s t r uc tu r e s ,  suggests the  possible 

exis tence of Z r X i  - xSx and o ther  ternary subs t i tu t ion  compounds of Z r X ,  

HfX  , e t c .  Fur ther  research i n t o  the  t e rnary  Group IVB-halogen-chalcogen 

systems might well  open some new doors f o r  fu tu re  work. 





Table A-1. Guinier powder pa t te rn  of Z r I  
1.8 

a Indicat ion of pronounced a t tenuat ion (*-) o r  enhanceme~lt (*+) of 
c e r t a i n  r e f l ec t i ons  by preferred or ien ta t ion  was judged r e l a t i v e  t o  a 
Guinier pa t te rn  of s i x  macroscopic (0.5-1.5 mm diameter) p l a t e l e t s  of t h i s  
phase mounted i n  the  same fashion as a powdered sample, but  with spec ia l  
care  taken t o  assure  t h a t  a l l  p l a t e l e t s  were f i rmly aff ixed p a r a l l e l  t o  
the  tape. 
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Table A-2. ~ u i n i e r  powder pa t t e rn  of Z r B r  mixedwith ?reacted Z r ~ r ~  
. . X 

.. . . ,. 

%ot compositiont ZrBr1,32; 1.4 < x  < 1.6 (est imated).  

b ~ n t e n s i t i e s  f o r  l i n e s  of pure Z r B r  having I c a l c  
> 1 (on a s ca l e  of 

0-10) which may over lap l i n e s  of ZrBrx .  
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Table A-3. Guinier powder pattern of Z r B r  
a 

1.8(2) 

h k l  'obs 
h k l  'obs 

''Based on a primitive hexagonal c e l l  with ?=3.5257 (2) and - c=13.726(2) 

computed by the CDR program from a l l  23 non-ZrBr l i n e s  i n  a powder pattern 

of ZrBrl,42(~able 4, t e x t ) .  The three indicated (*) re f lec t ions  are  'of 

uncertain in tens i ty  because of overlap with Z r B r  l i nes .  



a 
Table A-4. 1;dexed Guinier powder pa t te rn  of ZrCl 1 .6  

h k l  

a A l l  r e f l e c t i ons  except those indicated (*) were used f o r  a f i n a l  
l e a s t  squares l a t t i c e .  refinement t o  give hexagonal c e l l  parameters of 
a=3.3827(2) and p19.390(1) .  - 

B r o d u c t s  prepared a t  temperatures above 600' show an increasing 
tendency toward broad bands i n  these  regions.  



a 
Table A-5. Calculated Guinier powder pa t t e rn  of Z r  C 1  

6 15 

h k l  

%ines  are '  omitted from t h i s  l i s t i n g  i f  the  combined i n t ens i t y  f o r  

a l l  r e f l e c t i o n s  a t  a given d  value is l e s s  than 30 r e l a t i v e  t o  I c ~ l c = l O O O  

f o r  (2 2 . 0 ) .  

b ~ = t h e  number of r e f l e c t i o n s  contr ibut ing t o  Icalc a t  a given d .  

C 
The representa t ive  hkl l i s t e d  when N > ' 1  is the  one with g r ea t e s t  

'talc ' 



Ta;ble A-6. Powder 'd i f f rac t ion  da t a  f o r  ~ r ~ r "  

'obs 'obs 'obs 
h k l  dcalc 'b (Guin.) (D.s.) h k l  dcalc . (Guin.) (D.s.) 

a Guinier i n t e n s i t i e s  -are from a microdensitometer f i l m  scan while 
Debye-~cherrer i n t e n s i t i e s  were v i sua l l y  estimated. 

b~ l l  observed reflsc-t;3=on a r e  within a0.02' of 0 f o r  l a t t i c e  
parameters of a=3.5031(3) and c=28.071(3) . c a l c  

- - 



Table A-7 .  Hexagonal l a t t i c e  constants  f o r  .oC - Z r ,  some indexed zirconium 
ha l i de s ,  and H f C l  

Phase Preparative 
Cornpositidn N~ . Method 

oC - Z r  11 3.2328(4) , 5.1505(9) Z r C l  ZP + z r ~ l ~ ( ~ )  

Z r C l  9 3.4212 (3) 26.693(3) Equi l ib ra t ion  with Z r  (975') 

10 3 .4233 ( )  26.692(4) Equi l ib ra t ion  with Z r  (10549 

ZrBr 23 3.5031 (3) 28.071 (3) ~ t o i c h i o m e t r i c  prep (825') 

Z r B r l  - xOx 22 3.5646(2) 28.479(5) ZrBr + xs  Z r 0 2  (85o0,6d) 

~ f ~ l ~  24 3*3697(3) 269582(6) HfClle3 + xs  H f  (650°,6d) 

zrC1l ,6  28 3.3830(2) 19.390(1) ZlC13+xsZrCl'(6000,35d)'  

Z r B r  1.8 21 3.5257(2) ' 13.726(2) Z r B r  + x s  Z r B r  (600°,28d) 
. . 3 

a ~ h e  number of unambiguously assigned r e f l e c t i o n s  input t o  the  CDR 
program. 

b ~ a s e d  on a DebyeGcherrer f i l m  read and corrected f o r  shrinkage by 
.A.M. S t ru s s  and reported i n  an e a r l i e r  publication (22). 
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