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A b s t r a c t  - The r e a c t i v i t y  o f  many "naked" c l u s t e r s  and t h e  means by which these 
may be i s o l a t e d  as s t a b l e  "chemical"  c l u s t e r s  a r e  b r i e f l y  cons idered f o r  t h e  
o r b i t a l l y - r i c h  t r a n s i t i o n  meta ls ,  where c l u s t e r s  must be sequestered by 
c o o r d i n a t i o n  w i th  l i gands ,  and f o r  t h e  heav ie r  main group elements t h a t  u t i l i z e  
o n l y  t h r e e  p o r b i t a l s  i n  bonding. 
s h e l l  c o n f i g u r a t i o n s  a r e  known f o r  t h e  l a t t e r  group bo th  as s o l i d s  a t  room 
tempera ture  and i n  c l u s t e r  beams. 
a t  e l e v a t e d  temperatures a re  ob ta ined  w i t h  c h l o r i d e ,  s u l f i d e ,  e t c .  as l i g a n d s .  
Grea te r  v e r s a t i l i t y  and v a r i e t y  have r e c e n t l y  been found f o r  e l e c t r o n - p r e c i s e  
c l u s t e r s  t h a t  r e q u i r e  an i n t e r s t i t i a l  atom Z w i t h i n  M6X12-type c l u s t e r s  f o r  
s t a b i l i t y ,  as w i t h  t h e  Ai[Zr6(Z)XI2]X, f a m i l y  and ra re -ea r th -e lemen t  analogs where 
2 2  d i f f e r e n t  examples o f  Z and many s t r u c t u r e  t ypes  a r e  known f o r  X = C1, Br,  I .  
A newer and even broader  area o f  c l u s t e r  chemis t r y  i n v o l v e s  i n t e r s t i t i a l s  bonded 
w i t h i n  cha ins  o f  c o n f a c i a l  octahedra i n  a v a r i e t y  o f  p o l a r  i n t e r m e t a l l i c  phases 
t h a t  occur  i n  t h e  Mn5Si3 s t r u c t u r e  (-&[Mn3Si3-Mn2]), where t h e  l a r g e  d i f f e r e n c e s  i n  
va lence s t a t e  ene rg ies  o f  t h e  component atoms g e n e r a l l y  assure  t h a t  va lence 
bonding l e v e l s  on t h e  main-group element a r e  f i l l e d  f i r s t .  The e l e c t r o n - r i c h  
Zr5Sb3 hos t  is found t o  fo rm Zr5Sb3Z phases w i t h  a t  l e a s t  16 examples o f  Z. 
c a l c u l a t i o n a l  r e s u l t s  f o r  t h e  b i n a r y  hos t  and f o r  t h e  s u l f i d e  a r e  cons idered.  
Examples o f  s i m i l a r  i n v e s t i g a t i o n s  a r e  desc r ibed  f o r  t h e  Zr5Sn3, Zr5Pb3, La5Ge3, 
La5Pb3, and M&, M = Ca, S r  o r  Ba and 6 = Sb o r  B i .  
phases a r e  achieved i n  some M5B3Z compounds f rom t h e  l a s t  two groups. 

Numerous "naked" c l u s t e r s  w i t h  f a v o r a b l e  c lose -  

A few b i n a r y  t r a n s i t i o n - m e t a l  c l u s t e r s  s t a b l e  

Band 

Va lence-prec ise  ( Z i n t l )  

INTRODUCTION 

Clus te rs  o f  metal  atoms a r e  o f  g r e a t  i n t e r e s t  i n  m a t e r i a l s  chemis t r y  as w e l l  as i n  imp ing ing  
areas o f  chemis t r y  and phys ics .  
c l u s t e r s  s t u d i e d  i n  t h e  gas phase and a t  t h e  o the r ,  condensed nanoscale t o  m ic ron -s i zed  
p a r t i c l e s  w i th  cons ide rab le  p o t e n t i a l  f o r  c a t a l y s i s ,  m ic rodev ices ,  e t c .  ( r e f .  1). However, 
metal  c l u s t e r s  seen i n  beam s t u d i e s  u s u a l l y  e x h i b i t  l i t t l e  s t a b i l i t y  d i s c r i m i n a t i o n  w i t h  
respec t  t o  s i z e  i n  t h e  range o f  rough ly  5 - 25 o r  more atoms, many appear ing  t o  have more o f  
t h e  c h a r a c t e r  o f  van d e r  Waals o r  " j e l l i u m "  molecules than o f  "chemica l "  c l u s t e r s  w i t h  we l l  
de f ined,  c losed  s h e l l  e l e c t r o n i c  c o n f i g u r a t i o n s  and h i g h  s t a b i l i t i e s  such as a re  known i n  
more mo lecu la r  systems, P4 and Cb0 f o r  example ( r e f .  2 ) .  The e q u i l i b r i u m  e l e c t r o n i c  
s t r u c t u r e s  o f  smal l  "chemica l "  c l u s t e r s  o f  me ta l s  shou ld  n a t u r a l l y  be b e t t e r  desc r ibed  by 
mo lecu la r  o r b i t a l  r a t h e r  than  by band methods s u i t a b l e  t o  t h e  b u l k .  However, i t  appears 
l i k e l y  t h a t  few i f  any metal  c l u s t e r s  w i t h  these c losed  s h e l l  c o n f i g u r a t i o n s  and r e l a t i v e l y  
h i g h  s t a b i l i t i e s  a r e  achieved i n  most s i n g l e  component beams because o f  n a t u r a l  l i m i t a t i o n s  
on t h e  va lence e l e c t r o n  counts  t h a t  can be achieved. 
course unknown i n  condensed systems because o f  t h e i r  i n t r i n s i c  r e a c t i v i t y .  
w i l l  b r i e f l y  e x p l o r e  t h e  bases f o r  t h e  above behav io rs  and some excep t ions  t h e r e t o  and then 
w i l l  o u t l i n e  t h e  newer aspects o f  t h e  more s t a b l e  "chemica l "  c l u s t e r s  t h a t  may be achieved 
i n  b i n a r y  and t e r n a r y  systems. A new f e a t u r e  o f  t h i s  chemis t r y  i s  t h e  added v e r s a t i l i t y  and 
s t a b i l i t y  achieved f o r  t r a n s i t i o n  metal  c l u s t e r  h a l i d e s  th rough m a n i p u l a t i o n  o f  t h e  c l u s t e r  
e l e c t r o n  c o n f i g u r a t i o n s  and the reby  t h e  phases formed v i a  t h e  ehcapsu la t i on  o f  i n t e r s t i t i a l  
atoms w i t h i n  t h e  c l u s t e r s .  We w i l l  a l s o  r e l a t e  t h e  beg inn ings  o f  a new c l u s t e r  chemis t ry  
t h a t  can be achieved i n  i n f i n i t e  cha in  s t r u c t u r e s  o f  some e l e c t r o n - r i c h  p o l a r  i n t e r m e t a l l i c  
phases w i t h  t h e  Mn5Si3 s t r u c t u r e  and t h e  broad i n t e r s t i t i a l  chemis t r y  t h a t  i s  p o s s i b l e  
t h e r e i n .  

A t  one end o f  t h e  spectrum a r e  t h e  "naked" homoatomic 

Examples o f  these same c l u s t e r s  a re  o f  
T h i s  a r t i c l e  

NAKED CLUSTERS 

T r a n s i t i o n  me ta l s  owe much o f  t h e i r  p r o l i f i c  chemis t r y  t o  t h e  p r o f u s i o n  o f  good bonding 
o r b i t a l s ,  namely ( n - l ) d ,  ns and np, b u t  i t  i s  t h i s  same o r b i t a l  abundance t h a t  p rec ludes  t h e  
i s o l a t i o n  o f  smal l  naked t r a n s i t i o n - m e t a l  c l u s t e r s  t h a t  a r e  s t a b l e  i n  b u l k .  As an example, 
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a s i x -me ta l  c l u s t e r  w i t h  oc tahedra l  symmetry w i l l  e x h i b i t  7 o r  8 good c l u s t e r - b o n d i n g  
o r b i t a l s  and an equal  number t h a t  a r e  s t r o n g l y  an t i bond ing ,  b u t  t h i s  w i l l  s t i l l  l eave  about 
h a l f  o f  t h e  d o r b i t a l s  unused, r o u g h l y  nonbonding, and, f o r  most meta ls ,  p a r t i a l l y  occupied 
by va lence e l e c t r o n s .  Many o f  these o r b i t a l s  w i l l  be outward p o i n t i n g  and c l e a r l y  t h e  
source o f  f u r t h e r  r e a c t i o n s ,  condensat ion,  e t c .  As a r e s u l t ,  t r a n s i t i o n  metal  c l u s t e r s  w i l l  
be s t a b l e  i n  dense systems o n l y  when these o r b i t a l s  a r e  f u l l y  occupied, as i s  commonly 
encountered when t h e  c l u s t e r s  a re  e f f e c t i v e l y  sheathed by n e u t r a l  1 igands (CO, phosphines, 
e t c . )  o r ,  sometimes, an ions .  The use fu lness  o f  t h e  1 8 - e l e c t r o n  r u l e  f o r  each meta l  atom i n  
so many o rganometa l l i c  examples a t t e s t s  w e l l  t o  these o r b i t a l  requ i rements  and t o  t h e  
ex i s tence  o f  a s h a r p l y  l i m i t e d  number o f  e l e c t r o n i c  c o n f i g u r a t i o n s  o f  s p e c i a l  s t a b i l i t y  i n  
what we chose t o  c a l l  "chemica l "  c l u s t e r s .  N a t u r a l l y ,  t h e  presence o f  fewer l i g a n d s  o r  
anions on a c l u s t e r  su r face  can be thought  of as f u r t h e r i n g  t h e  condensat ion  o f  these 
c l u s t e r s  th rough a d d i t i o n a l  meta l -meta l  bonding i n t o  l a r g e r  c l u s t e r s ,  o l igomers ,  and so 
f o r t h .  T a n t a l i z i n g l y  l a r g e  c l u s t e r s  may be so achieved, e.g., w i t h  RhI3, Pt2.5, o r  A u ~ ~  u n i t s  
s u i t a b l y  encased by l i g a n d s  ( r e f .  3 ) .  However, most o f  t h e  u s e f u l  l i g a n d s  i n  these cases 
f a l l  i n t o  t h e  mo lecu la r /o rgan ic  ca tegory ,  and t h e  upper l i m i t s  o f  s t a b i l i t y  f o r  these 
c l u s t e r s  a re  low, seldom exceeding a coup le  o f  hundred degrees C.  

Be fore  moving t o  t h e  more l i m i t e d  v a r i e t y  o f  c l u s t e r  systems t h a t  a r e  s t a b l e  a t  e leva ted  
temperatures,  i t  i s  wor th  n o t i n g  t h a t  t h e r e  i s  an area  o f  excep t ion  t o  t h i s  naked c l u s t e r  
r e a c t i v i t y ,  and t h i s  occurs  l a r g e l y  because t h e  c o n s t i t u e n t  elements have a v e r y  l i m i t e d  
number o f  good bonding o r b i t a l s  a v a i l a b l e .  T h i s  c i rcumstance a p p l i e s  bes t  t o  c l u s t e r s  o f  
t h e  p o s t - t r a n s i t i o n  o r  main-group elements f rom t h e  s i l i c o n ,  phosphorus and s u l f u r  f a m i l i e s  
i n  l ow  o x i d a t i o n  s t a t e s  where p o r b i t a l s  a re  t h e  p r i n c i p a l  means f o r  bonding, t h e  i nc reas ing  
s-p separa t i on  f o r  e lements i n  t h e  l a t e r  groups o r  heav ie r  p e r i o d s  l e a d i n g  t o  s o r b i t a l s  
t h a t  e x h i b i t  e s s e n t i a l l y  o n l y  nonbonding f u n c t i o n s .  As i n  boranes, t h e  t h r e e  va lence 
o r b i t a l s  genera te  s t r o n g l y  bonding, c losed  s h e l l  c o n f i g u r a t i o n s  i n  seve ra l  ca tegor ies ;  those 
w i t h  2n t 2 e l e c t r o n s  i n  c l o s o  ( r e g u l a r  d e l t a h e d r a l )  geomet r ies  c o n t a i n i n g  n s k e l e t a l  atoms, 
2n t 4 e l e c t r o n s  i n  t h e  r e l a t e d  n i d o  po lyhedron where one v e r t e x  i s  m iss ing ,  e t c .  Another 
problem i n  t h e  i s o l a t i o n  o f  these, as i l l u s t r a t e d  by t h e  Sb4 and B i 4  analogs o f  P4, i s  t h a t  
t h e  n e u t r a l  spec ies  i n e v i t a b l y  rear range t o  t h e  common elemental  s t r u c t u r e s  i n  t h e  condensed 
s t a t e .  T h i s  tendency can be a l t e r e d  s u b s t a n t i a l l y  by  work ing  w i t h  t h e  i s o e l e c t r o n i c  i o n s  so 
t h a t  d i s p r o p o r t i o n a t i o n  i s  t h e  l i m i t i n g  r e a c t i o n ,  v i z . ,  NazBi4 -> 2NaBi t 2Bi,  and by 
reduc ing  t h e  l a t t i c e  energy change t h a t  f a v o r s  t h e  decomposi t ion p roduc t  e i t h e r  th rough 
s t rong  complexing o f  t h e  sodium c a t i o n s  i n  bo th  b i n a r y  phases w i t h  2,2,2 c r y p t ,  a p o l y e t h e r  
amine, o r  by s u b s t i t u t i o n  o f  a l a r g e  c a t i o n ,  e.g., NR4+. 
t h e  s o - c a l l e d  Z i n t l  anions, t h a t  have been i s o l a t e d  i n  t h i s  way i n c l u d e  t h e  c l o s o  Sn52:, Pb5z- 
and T1Sn93-, t h e  n i d o  PbzSbzz- and Sn94-, and square p l a n a r  Bi42- ( r e f .  4 ) .  O f  course, h i g h  
temperature s t a b i l i t y  i s  l o s t  by these l a s t  t r i c k s ,  b u t  some o f  these anions, o r  t h e i r  
i s o e l e c t r o n i c  analogs, may s t i l l  be found i n  a l i m i t e d  number o f  h i g h  tempera ture  systems. 
Thus, B i82+  and B i 5 3 +  can be i s o l a t e d  f rom mol ten  AlC14- systems ( r e f .  5 ) ,  and some o f  t h e  
sma l le r  o r  more s t a b l e  po l yan ions  a r e  found as h i g h  m e l t i n g  a l k a l i - m e t a l  compounds, v i z . ,  as 
AS?- and Te3z- as w e l l  as t h e  P4 analogs Ge44-, Sn44-, e t c  ( r e f .  6) .  

Naked c l u s t e r  spec ies  w i t h  e l e c t r o n i c  c o n f i g u r a t i o n s  l i k e  t h e  boranes and Z i n t l  i o n s  above 
e x h i b i t  s t a b i l i t i e s  t h a t  f a r  exceed those w i t h  o t h e r  e l e c t r o n  counts.  However, i t  appears 
t h a t  none o f  t h e  known, o r  p r e d i c t a b l e ,  c losed  s h e l l  examples c i t e d  above can be achieved as 
n e u t r a l  o r  l ow  charged c l u s t e r s  i n  a beam generated f rom a s i n g l e  t y p e  o f  atom, except o f  
course f o r  analogs o f  t h e  l o n g  known P4. On t h e  o t h e r  hand, these s p e c i a l  "chemica l "  
c o n f i g u r a t i o n s  w i t h  t h e i r  v e r y  l a r g e  s t a b i l i t y  enhancements can be r e a d i l y  observed i n  mixed 
element beams as what have been c a l l e d  "compound c l u s t e r s " ,  f o r  example, as Pb3Sbz, PbzSb3+ 
(2Sn52-), Pb5Sb4 (2Pb94-), Cs5Sn9+ (2Sn94-) and Bi41n+ (2Bi53+) ( r e f .  7-10). 

Examples o f  such naked c l u s t e r s ,  

SOLID STATE CLUSTERS BY HIGH TEMPERATURE ROUTES 
I no rgan ic  groups t h a t  sheath t r a n s i t i o n  metal  c l u s t e r s  and render  them s t a b l e  a t  h i g h e r  
temperatures have t r a d i t i o n a l l y  i n v o l v e d  t h e  chalcogenides and h a l i d e s ,  a l t hough  examples o f  
t h e  p n i c t i d e s  (As, Sb, e t c . )  w i l l  a l s o  be cons idered l a t e r .  
chalcogenides a r e  t h e  famous Chevrel  phases b u i l t  f rom u n i t s  l i k e  Mobs8, i n  which a nominal 
metal  octahedron has s u l f u r  s t r o n g l y  bound over  each t r i a n g u l a r  face .  S t r o n g l y  bonding 
o r b i t a l s  t h a t  remain a t  each metal  v e r t e x  cause these t o  l i n k  f u r t h e r ,  s i x  o f  t h e  face -  
capping s u l f u r s  i n  one c l u s t e r  a l s o  bonding t o  v e r t i c e s  i n  s i x  o t h e r  c l u s t e r s  and v i c e  
versa, an arrangement t h a t  a l s o  p rov ides  a Mo-Mo i n t e r c l u s t e r  conduct ion  pa th  and 
m e t a l l i c i t y .  Many d e r i v a t i v e s  such as MIxMo6S8 ( x  5 4 ) ,  o l igomers  S(Mo3S3)Jm-, and i n f i n i t e  
polymer cha ins  .&[Mo3S3-] as w e l l  as molybdenium and n iob ium ox ide  examples have been 
d iscovered and a re  w e l l  desc r ibed  elsewhere ( r e f .  11-13). 
t r a n s i t i o n  me ta l s  i n  which i n t e r s t i t i a l s  p r o v i d e  an a d d i t i o n a l  v e r s a t i l i t y  rep resen t  a s t i l l  
newer chemis t r y  and p r o v i d e  broader  i n s i g h t s  on c l u s t e r  s t a b i l i t y .  

T r a d i t i o n a l  meta l  c l u s t e r  ha1 i d e s  a re  almost always based on t r a n s i t i o n - m e t a l  oc tahedra  t h a t  
a re  edge-br idged by 12 h a l i d e  atoms. The number o f  b i n a r y  c l u s t e r  h a l i d e s  t h a t  a r e  p o s s i b l e  
i s  r e l a t i v e l y  low, r e f l e c t i n g  a h i g h l y  r e s t r i c t e d  range o f  s t a b l e  e l e c t r o n i c  c o n f i g u r a t i o n s ,  
p a r t i c u l a r l y  a t  e leva ted  temperatures where e q u i l i b r i u m  c o n s i d e r a t i o n s  app ly .  Accord ing ly ,  

The c l a s s i c  examples among t h e  

C l u s t e r  h a l i d e s  o f  t h e  e a r l y  
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t h e  known examples i n v o l v e  o n l y  (Nb,Ta)6X122+13+ u n i t s  f o r  X = F, C1, Br,  and some I, 
cor respond ing  t o  c l u s t e r s  w i t h  15 o r  16 bonding e l e c t r o n s  a f t e r  t h e  l ower  l y i n g  halogen 
va lence l e v e l s  a r e  f i l l e d .  The b i n a r y  compounds t h a t  c o n t a i n  these c l u s t e r s  u t i l i z e  t h e  
a d d i t i o n a l  h a l i d e  anions i n  i n t e r c l u s t e r  b r i d g i n g  r o l e s ,  e.g., i n  Nb6Cl14, Ta6Cl15, w h i l e  
t e r n a r y  ve rs ions  w i t h  t h e  same e l e c t r o n  counts  may be formed w i t h  a d d i t i o n a l  a l k a l i - m e t a l  
h a l i d e ,  CsNb6Cl15 and Na4Nb6Cl18 f o r  example. The an ion  i n  t h e  l a s t  i s  w r i t t e n  more c l e a r l y  
as (Nb6Cl12)C164- t o  show t h a t  t h e  l a s t  s i x  c h l o r i d e s  a r e  i n d i v i d u a l l y  bonded a t  t h e  c l u s t e r  
v e r t i c e s .  An even 
sma l le r  group o f  face-capped oc tahedra l  c l u s t e r  h a l i d e s  a r e  known i n  (Nb618)13 and (Mo6X8)X4 
( X  # F), b u t  t h e  l i s t  can be expanded by i n c l u d i n g  mixed ha l i de -cha lcogen ide  c l u s t e r s  o f  
molybdenum and rhenium ( r e f .  11, 12) .  

Several new t ypes  o f  c l u s t e r  u n i t s ,  as w e l l  as a much g r e a t e r  v e r s a t i l i t y  i n  s t o i c h i o m e t r y  
and s t r u c t u r e s ,  have r e c e n t l y  been found f o r  t h e  e l e c t r o n - p o o r e r  t r a n s i t i o n  me ta l s  i n  groups 
3 ( r a r e - e a r t h  elements R) and 4 (Z r ,  H f ) .  S ince  t h e  average o x i d a t i o n  s t a t e  o f  t h e  metal  i n  
an M6X12mc c l u s t e r  w i t h  a p o s i t i v e  charge o f  0 s m s 3 ( l i k e  t h e  group 5 examples above) i s  
t2 t o  t2.5, analogous c l u s t e r s  composed o f  these e a r l i e r  e lements would c o n t a i n  o n l y  3 - 6 
(R) o r  9 - 12 ( Z r )  meta l -meta l  bonding e lec t rons ,  s i g n i f i c a n t l y  below those i n  any known 
examples s t a b l e  a t  h i g h  tempera ture .  The genera t i on  o f  t h e  z i r con ium c l u s t e r s  w i t h  an 
apprec iab le  n e g a t i v e  charge m igh t  he lp ,  b u t  i n  f a c t  o n l y  those i n  t h e  r a r e - e a r t h - m e t a l  group 
seem t o  fo rm c l u s t e r  anions. Nature  i n s t e a d  p rov ides  a new and remarkable way around t h i s  
shortage o f  c l u s t e r  bonding e lec t rons ,  t h e  encapsu la t i on  o f  an i n t e r s t i t i a l  atom ( Z )  w i t h i n  
t h e  c l u s t e r s  t o  f u r n i s h  n o t  o n l y  a d d i t i o n a l  e l e c t r o n s  b u t  a l s o  s t r o n g  hos t  - Z bonding. The 
c l u s t e r  example shown i n  F i g .  l ( a )  emphasizes t h e  s t r o n g  Zr-Z bonding and t h e  h a l i d e  bonded 
a t  each ve r tex .  A cons ide rab le  range o f  va lence c h a r a c t e r i s t i c s  among t h e  workable Z 
examples now a l l o w s  access t o  a l a r g e  v a r i e t y  o f  c l u s t e r  charge t ypes  ( compos i t i ons ) ,  
s t r u c t u r e s  and new chemis t ry ,  i n  marked c o n t r a s t  t o  t h e  smal l  v a r i a b i l i t y  known w i t h  niobium 
and tan ta lum.  

On ly  s i x  s t r u c t u r e  t ypes  and t h r e e  X:M r a t i o s  a r e  known f o r  t h e  l o t .  

F i g .  1. (a) An example o f  a centered  z i r con ium c l u s t e r  [(zr6(z)xl,)]x6 w i t h  12 
edge b r i d g i n g  and 6 t e r m i n a l  h a l i d e  atoms. 
w i t h  Zr-Z bonding emphasized; C1 - open e l l i p s o i d s .  
i n t e r s t i t i a l  example i n  t h e  Y6II2Ru c l u s t e r  (below).  

Z r  - shaded e l l i p s o i d s ;  Z - crossed, 
(b )  A heavy metal  

Three r e l a t i v e l y  d i s t i n c t  f a m i l i e s  o f  cen tered  oc tahedra l  (M6Xlz-type) c l u s t e r s  a re  
encountered: 1) z i r con ium c h l o r i d e s ,  2) z i r con ium i o d i d e s  and, 3) ra re -ea r th -me ta l  i od ides .  
Some o f  these p r o v i d e  remarkable p a r a l l e l s  i n  host-Z combina t ions  w i t h  i n t e r m e t a l l i c  systems 
t o  be desc r ibed  s h o r t l y .  The c l u s t e r  h a l i d e  work i s  q u i t e  recen t ,  and o n l y  l i m i t e d  amounts 
have been pub l ished,  e s p e c i a l l y  f o r  t h e  ra re -ea r th -me ta l  i o d i d e s .  

Centered zirconium chlorides 

The breadth  o f  z i r c o n i u m  c h l o r i d e  examples t h a t  can be achieved a r i s e s  f rom t h r e e  aspects o f  
bonding o r b i t a l  conse rva t i on .  The f i r s t  comes f rom i n t e r n a l  Z r -Z r  and Zr-Z bonding and t h e  
v a r i a b i l i t y  i n  t h e  number o f  va lence e l e c t r o n s  p rov ided  by t h e  i n t e r s t i t i a l s  Z t h a t  may be 
accommodated, namely H, Be, B, C o r  N i n  a l a r g e  range o f  s t r u c t u r e s  o r  t h e  t r a n s i t i o n  
meta ls  Mn, Fe, Co o r  N i  i n  j u s t  a few. The s t r u c t u r a l  v a r i e t y  a r i s e s  f rom two o t h e r  
remarkable f e a t u r e s  o f  these (and o t h e r )  c l u s t e r s ,  t h e  dominance o f  s i x -me ta l  octahedra,  
always w i t h  twe lve  edge-b r idg ing  h a l i d e s  (M6X12), and t h e  e v i d e n t  n e c e s s i t y  o f  bonding some 
s o r t  o f  h a l i d e  a t  t h e  s i x  metal  v e r t i c e s  o f  each c l u s t e r  ( F i g .  l ( a ) ) .  As t h e  C1:Zr r a t i o  
inc reases  f rom 12 t o  18, t h e  c h l o r i d e  used f o r  t h e  l a s t  t y p e  o f  bonding changes f rom t h a t  
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which is also edge-bridging halide in other clusters through chloride that bridges between 
clusters (Zr6-C1-Zr6) to chloride that is bound at only one vertex. Finally, alkali metal 
cations A+ may also be accommodated within the cluster network. All three variables allow 
for a large family with compositions 

Alx( Zr6C112z) Cln 

where examples are known with x and n each ranging through all values between zero and six. 

Much of the driving force that affords this versatility appears to originate with the need 
to achieve an optimum electron count within the Zr6Z cluster. M.O. calculations show, and 
experimentation confirms, that this number is about 14 with a main-group Z atom and 18 with 
a centered transition metal. Two isoelectronic series that exemplify the former class'are 
Zr6Cl12Be, Zr6cl13B, zr6c114c, Zr6C115N and Zr6cl13B, RbZr6Cl14B, Rb2Zr6C115B, Rb3Zr6Cll6B, etc. 
(The 14-electron count in each case comes from 6 - 4  t x - (n t 12) plus those contributed by 
Z.) From another viewpoint, the bonding can be thought o f  in terms of the bonding orbitals 
and valence electrons that are both contributed by Z to the formation o f  four strong Zr-Z 
bonds, together with three filled orbitals (tZg or tl,) in each octahedron that are only 
Zr-Zr bonding. The transition metal-interstitial examples hold four more electrons because 
of a nonbonding eg4 orbital centered on Z (ref. 14-18). A general description has been 
given elsewhere (ref. 19). 

Centered zirconium iodides 
The zirconium cluster iodides seem to be somewhat more flexible than the chlorides in both 
the size o f  Z that can be accommodated and deviations from the optimum electron count. 
effects probably originate with the larger size of iodide (matrix effect) (ref. 17). The 
list o f  known interstitials in a periodic table format is as follows: 

Both 

Cr Mn Fe Co 

B C N 
A1 Si P 

Ge 

These all occur with either Zr6112 or Zr6114 compositions and structures, in contrast to the 
chlorides, and without incorporation of the heavier transition metals, in contrast to the 
following rare-earth-metal systems. The different interstitial sizes that are accommodated 
in this group is surprising, corresponding to a range of 0.27 A (11%) in a(Zr-Z), which pro- 
duces a difference of 0.38 A in d(Zr-Zr) (ref. 20-22). 

Centered rate-earth-metal iodides 
Examples o f  centered clusters for group 3 metals (R) exhibit a somewhat different collection 
of structure types appropriate to their electron-poorer status, forming R6XI2Z3- anions for 
example, and with an even more surprising variety of interstitials than before. Iodides are 
again the more prolific. 
within the chloride clusters (B, N), whereas yttrium chlorides seem to be quite sterile as 
far as centered clusters are concerned. On the other hand, iodide clusters, typically 
sampled for but likely not limited to R = Y, Pr or Gd, occur in R(R6II2Z) or R6110Z structures 
for 

Only the small scandium is known to exhibit some variety of Z 

Mn Fe Co Ni cu 
Ru Rh Pd 

Re 0s Ir Pt 

(ref. 23-26). 
gadolinium ha1 ide carbides (ref. 12). 
in Figure l(b) without the interconnecting iodides that are bonded at all vertices. 

Condensed clusters 
Condensed examples involve clusters that share opposite metal edges (and halogens), and 
these are found in a number of binary systems, for example, as infinite chains in 
(Gd,Y)2C13, double chains in Sc7Cll0, and infinite double metal sheets in Zr(Cl,Br), as 
discussed before (ref. 13, 27). More examples occur only as interstitial compounds, 
including some in hitherto supposed binaries that are really ternaries like Sc5C18(C,N) and 
Sc4C16(B,N). Recent examples include Y415C (single chains), a portion o f  which is shown in 
Fig. 2, and Y617C2 (double chains) (ref. 28). The binary zirconium monohalides in which 
cluster chains have been condensed into double metal sheets have an extensive interstitial 
chemistry as well, involving H, B, C, N, or 0 but not heavier examples (yet) (ref. 13). 
Rare-earth-metal monohalide analogs with H, B, C, etc. are also found but now only as the 
ternary phases (ref. 12). Tetrahedral interstices are available in these layered monohal ide 
structures as well and are utilized by H, N or 0. 

A striking feature in all of this chemistry is the predominance of only six-metal-atom 
cluster halides. 

The main-group Z possibilities have not been thoroughly researched beyond the 
The tetragonally compressed Y6112Ru example is shown 

Surprisingly, no larger cluster units have been found except in the chain 
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F ig .  2. A p o r t i o n  o f  t h e  i n f i n i t e  c l u s t e r  cha in  i n  Y415C. Note t h a t  t h e  cha in  
i s  cons t ruc ted  o f  carbon-centered  Y6112C c l u s t e r s  t h a t  have been condensed 
th rough  s h a r i n g  o f  oppos i te  metal  edges and a d j o i n i n g  h a l i d e s .  The Y-C bonding 
i s  n o t  shown ( r e f .  28). 

and sheet condensat ion  p roduc ts  j u s t  noted; even i s 0 1  a ted  o r  condensed t e t r a h e d r a  a re  very  
r a r e .  I n  o t h e r  words, t h e  l a r g e r  ha l i de -shea thed  Zr13 c l u s t e r  (c lose-packed 3-7-3)  must be 
uns tab le  w i t h  respec t  t o  t h e  Zr6Xlz u n i t  p l u s  z i r con ium meta l .  The s m a l l e r  s i x -a tom c l u s t e r  
may be favo red  by s t rong ,  p o l a r  Zr-X bonding i n  an e f f e c t i v e  s p a c e - f i l l i n g  r e s u l t  t oge the r  
w i t h  e n e r g e t i c a l l y  b e t t e r  bonding i n  t h e  b u l k  meta l ,  as w i l l  be d iscussed elsewhere ( r e f .  
29). 

S u b s t a n t i a l l y  a l l  o f  t h e  h a l i d e  compounds d iscussed above a re  ob ta ined  i n  >go% y i e l d  f rom 
r e a c t i o n s  o f  t h e  components i n  welded n iob ium o r  tan ta lum c o n t a i n e r s  a t  750' - 950'C f o r  1 - 
4 weeks. T h e i r  h i g h  thermodynamic s t a b i l i t i e s  r e l a t i v e  t o  a l t e r n a t e  p roduc ts  make v i r t u a l l y  
q u a n t i t a t i v e  y i e l d s  common, which i n  t u r n  p r o v i d e  u s e f u l  assessments t h a t  t h e  
s t o i c h i o m e t r i e s  have been c o r r e c t l y  deduced. An a t tempt  t o  i n s e r t  an u n s u i t a b l e  Z accord- 
i n g l y  g i v e s  o n l y  a b ina ry ,  and o f t e n  r a t h e r  o r d i n a r y ,  phase, ZrC1, Zr13, Y13 and Pr12, f o r  
exampl e. 

POLAR INTERMETALLICS 

Our i n q u i r y  r e g a r d i n g  bo th  c l u s t e r s  and t h e i r  i n t e r s t i t i a l  chemis t r y  now extends beyond 
h a l i d e s  and cha lcogen ides  t o  t r a n s i t i o n - m e t a l - r i c h  compounds o f  t h e  p n i c t i d e s ,  As, Sb and B i  
p a r t i c u l a r l y  b u t  a l s o  even f u r t h e r  t o  compounds o f  S i ,  Ge, Sn, and Pb. These compounds do 
no t  i n v o l v e  any ma jo r  changes i n  concepts, a l though t h e  l a s t  two t ypes  a re  a p t  t o  be a good 
deal  l e s s  f a m i l i a r .  A l l  compounds formed between one o f  t h e  e a r l i e r  t r a n s i t i o n  meta ls  (M) 
and one o f  these main-group (6 )  nonmetals, m e t a l l o i d s ,  o r  ne ighbor ing  me ta l s  possess some 
common c h a r a c t e r i s t i c s  r e g a r d i n g  e l e c t r o n i c  and bonding fea tu res ,  namely those t h a t  a r i s e  
because o f  s i z a b l e  d i f f e r e n c e s  i n  va lence s t a t e  i o n i z a t i o n  energ ies  ( - e l e c t r o n e g a t i v i t i e s )  
o f  t h e  two t ypes  o f  atoms. As a r e s u l t ,  t h e  main-group elements i n  a l l  o f  t hese  w i l l  be t h e  
major  components o f  l ow  l y i n g  (and t h e r e f o r e  f i l l e d )  va lence p bands, and s t r o n g  
he teroa tomic  M-B bonding t h e r e w i t h  w i l l  c o n t r i b u t e  g r e a t l y  t o  t h e  s t a b i l i t y  o f  these 
compounds. 
ant imonides f o r  example as " s a l t s " ,  t h e i r  p o l a r  n a t u r e  does make t h e  f o r e g o i n g  e l e c t r o n i c  
r e l a t i o n s h i p  v e r y  p robab le .  The metal  - r i c h  phases o f  i n t e r e s t  g e n e r a l l y  c o n t a i n  i s o l a t e d  
main group elements and t h e r e f o r e  e x h i b i t  no B-B bonding, so p a r t i c u l a r l y  s imp le  (8-N) 
valence expec ta t i ons  app ly  t o  these anions. (Use o f  t h e  te rm "an ion "  n a t u r a l l y  r e f e r s  t o  
t h e  p o l a r i t y ,  n o t  t h e  presence o f  something approaching a " f r e e "  i on . )  

Phases t h a t  a r e  r i c h  i n  t h e  t r a n s i t i o n - m e t a l  component w i l l  l i k e l y  a l s o  e x h i b i t  s i g n i f i c a n t  
M-M bonding. Valence e l e c t r o n s  t h a t  remain a f t e r  t h e  p redominan t l y  main group element (6 )  
valence s t a t e s  (bands) a r e  f i l l e d  w i l l  occur  i n  a conduct ion  ( o r  meta l  va lence)  band t h a t  
has major  c o n t r i b u t i o n s  f rom e l e c t r o p o s i t i v e  metal  ( M ) .  
p e r i o d i c  t a b l e  t h e  main-group element can l i e  and s t i l l  have t h e  compound e x h i b i t  no ove r lap  
between t h e  f i l l e d ,  n o m i n a l l y  B, va lence band and t h e  metal  conduc t ion  band remains t o  be 
determined. However, we can a n t i c i p a t e  t h a t  t h e  more e l e c t r o p o s i t i v e  me ta l s  and many o f  t he  
main-group me ta l s  o r  m e t a l l o i d s  w i l l  fo rm what we have termed " p o l a r  i n t e r m e t a l l  i c s " ,  
compounds i n  which s t r o n g  he teroa tomic  bonding and t h e  above v a l e n t e  g e n e r a l i t i e s  app ly  
( r e f .  30).  

The change f rom h a l i d e  t o  cha lcogen ide  t o  p n i c t i d e  c l u s t e r s  o r  o t h e r  a r r a y s  requ i res ,  a l l  
o t h e r  t h i n g s  be ing  equal ,  an inc reased number o f  e l e c t r o n s  t o  meet t h e  va lence requ i rements  
o f  t h e  anions, o r  a decrease i n  t h e  r e l a t i v e  number o f  anions. 
and approximate e l e c t r o n  count,  t h e  cha lcogen ide  analog o f  a h a l i d e  c l u s t e r  shou ld  i n  t h e  

A l though i t  would be s i m p l i s t i c  and m is lead ing  t o  i d e n t i f y  a l l  o f  t h e  

J u s t  how f a r  t o  t h e  l e f t  i n  t h e  

Fo r  t h e  same s t r u c t u r a l  u n i t  
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f i r s t  case be found f o r  a l a t e r  t r a n s i t i o n  meta l ,  as i s  observed (Mo vs Nb), a l though a 
s imultaneous change f rom a M6Y12- t o  a M6Y8-type c l u s t e r  and thus  i n  t h e  optimum e l e c t r o n  
count a l s o  p e r t a i n .  
p l a t i n u m  meta l s  e v i d e n t l y  does n o t  occur;  ins tead,  another  v a r i a b l e  comes i n t o  p l a y .  
A l t e r n a t e  ways t o  compensate f o r  an e l e c t r o n  count  p e r  c l u s t e r  t h a t  i s  t o o  l ow  a r e  th rough 
t h e  i n c l u s i o n  of an i n t e r s t i t i a l ,  as we have seen, o r  v i a  c l u s t e r  condensat ion  i n  t h e  
presence o f  fewer anions. 
t h e  f i r s t  f o u r  t r a n s i t i o n - m e t a l  groups w i t h  t h e i r  p a u c i t y  o f  va lence e l e c t r o n s .  Increases 
i n  an ion  p o l a r i z a b i l i t y  ( - formal charge, covalency) a re  p robab ly  a l s o  impor tan t  i n  these 
r e s u l t s ,  Of  course, these "exp lana t ions "  a re  n o t  s u f f i c i e n t  t o  p r e d i c t  phase s t a b i l i t y .  
Nonetheless, what i s  found may o f t e n  be viewed as t h e  r e s u l t  o f  condensat ion  o f  smal l ,  o f t e n  
s i x -me ta l ,  c l u s t e r s  th rough sha r ing  o f  v e r t i c e s ,  edges o r  faces  i n t o ,  most o f t e n ,  i n f i n i t e  
a r rays .  Sometimes t h e  condensat ion i s  so ex tens i ve  t h a t  t h e  sense o f  a s imp le  c l u s t e r  i s  
v i r t u a l l y  l o s t .  The v a r i e t y  o f  p o s s i b i l i t i e s  has been tho rough ly  d iscussed by Simon ( r e f .  
11). An i n t e r s t i t i a l  chemis t r y  comparable t o  t h a t  i n  t h e  h a l i d e s  desc r ibed  above does no t  
seem t o  have been i n v e s t i g a t e d  ( o r  stumbled upon) f o r  most o f  t h e  p n i c t i d e s  ( o r  
chalcogenides) o t h e r  than  f o r  a few hyd r ides .  
Mn5Si3 s t r u c t u r e ,  and a broad one i t  i s .  

The Mn5 Si3 structure 
Compounds i n  Mn5Si3 s t r u c t u r e  have l o n g  been known o r  suspected t o  t a k e  up i n t e r s t i t i a l s ,  
carbon and oxygen most o f ten ,  o r  even t o  r e q u i r e  t h e  same f o r  s t a b i l i t y  ( r e f .  31-34). 
few q u a n t i t a t i v e  s t u d i e s  o f  s t r u c t u r e  o r  compos i t ion  have appeared i n  suppor t  o f  these 
ideas, however. 
appear t o  be cand ida tes  i s  remarkable as w e l l ,  some 155 by one count  ( r e f .  33), i n  phases 
t h a t  encompass t r a n s i t i o n  (M) me ta l s  f rom groups 2 th rough 6 t o g e t h e r  w i t h  main-group 
elements (B) i n v o l v i n g  a l l  members o f  t h e  boron, carbon and n i t r o g e n  f a m i l i e s .  Pearson's 
handbook has 264 e n t r i e s  f o r  t h i s  s t r u c t u r e  t y p e  when mixed systems a r e  i n c l u d e d  ( r e f .  35). 
It would be s u r p r i s i n g  indeed i f  o t h e r  m e t a l - r i c h  s t r u c t u r e s  i n v o l v i n g  many o f  these same o r  
ne ighbor ing  elements,  cha lcogen ides  i n  p a r t i c u l a r ,  d i d  n o t  a l s o  e x h i b i t  a s i m i l a r  
i n t e r s  t i t i  a1 c hemi s t ry .  

The impor tan t  s t r u c t u r a l  f e a t u r e s  o f  t h e  Mn5Si3 arrangement a re  i l l u s t r a t e d  i n  F i g .  3 f o r  
t h e  p a r t i c u l a r  case o f  Zr5Sb3 ( r e f .  30). The hexagonal s t r u c t u r e  c o n t a i n s  two types  o f  
i n f i n i t e  metal  cha ins .  F i g .  3 (a)  d e p i c t s  a p o r t i o n  o f  t h e  c h a i n  o f  c o n f a c i a l  ( f ace -sha r ing )  
metal  oc tahedra  Zr6&b6,, t h a t  l i e s  a long O,O,z i n  t h e  u n i t  c e l l ,  and i n  F i g .  3 (b ) ,  t h e  
l i n e a r  cha in  o f  metal  (Zr,) t h a t  occurs a long 1/3,2/3,z and 2/3,1/3,z and i s  rem in i scen t  o f  
those i n  t h e  A15 s t r u c t u r e .  The two cha in  t ypes  a r e  n o t  as i s o l a t e d  and t h e  bonding i s  n o t  
as a n i s o t r o p i c  as i m p l i e d  by these views; t h e  antimony ( o r  B) elements t h a t  b r i d g e  edges o f  
t h e  shared faces  o f  t h e  oc tahedra  ( l e f t )  a r e  t h e  same as those t h a t  a re  s i x - c o o r d i n a t e  about 
z i r con ium (M) atoms on t h e  l i n e a r  cha in  ( r i g h t ) .  I n  f a c t ,  t h e  Z r - Z r  d i s t a n c e s  between t h e  
cha ins  a r e  comparable t o  those w i t h i n  t h e  shared octahedra,  though t h e  i n t e r c h a i n  ove r lap  
p o p u l a t i o n  (- bond s t r e n g t h )  i s  n o t  as l a r g e .  
i n  Chevrel  phase d e r i v a t i v e s  i n v o l v i n g  J,[Mo3(Ch)r] u n i t s  (Ch = cha lcogen ide ) ;  i n  f a c t ,  t h e  
s t r u c t u r e  o f  KMo3S3 can be d e r i v e d  f rom t h a t  o f  Mn5Si3 by r e p l a c i n g  p a i r s  o f  atoms i n  t h e  
l i n e a r  (Zr,) cha ins  by s i n g l e  potassium ions .  

Interstitial derivatives 
Many s i n g l e  c r y s t a l  s t u d i e s  have now s e t t l e d  t h e  ques t i ons  o f  t h e  amounts o f  i n t e r s t i t i a l s  
i nco rpo ra ted  and where t h e y  go - i n  t h e  r a t h e r  obvious oc tahedra l  c a v i t i e s  i n  t h e  cha in  on 
t h e  l e f t  (smal l  c i r c l e ,  F i g .  3 (a ) )  and o f t e n  a t  f u l l  occupancy ( r e f .  36). 
what had been es t ima ted  e a r l i e r  i n  o t h e r  systems, l a r g e l y  on t h e  b a s i s  o f  powder d i f f r a c t i o n  
and l a t t i c e  cons tan ts .  

Syntheses o f  bo th  t h e  b i n a r y  M5B3 hos ts  and t e r n a r y  M5B3Z compounds c o n t a i n i n g  i n t e r s t i t i a l  Z 
have g e n e r a l l y  been aimed a t  ach iev ing  q u a n t i t a t i v e  y i e l d s  s o  t h a t  t h e  s t o i c h i o m e t r i e s  a re  
c l e a r ,  t h e  h i g h  s e n s i t i v i t y  o f  G u i n i e r  powder d i f f r a c t i o n  be ing  r o u t i n e l y  employed f o r  t he  
y i e l d  de te rm ina t ion .  T r a d i t i o n a l  methods o f  a r c  m e l t i n g  (= 3000'C) f o l l o w e d  by annea l ing  as 
w e l l  as powder s i n t e r i n g  have been employed most f r e q u e n t l y ,  a l t hough  meta l  - f l u x e d  and 
vapor -phase- t ranspor t  r e a c t i o n s  have a l s o  been u s e f u l .  
t y p i c a l l y  necessary t o  g e t  e q u i l i b r i u m .  S e l f  i n t e r s t i t i a l s  i n  phases l i k e  Zr5Sb3+x, 0 5 x 5 
0.4, o r  Zr5Sn4 a re  sometimes found ( t h e  f u l l y  occupied example i s  c a l l e d  t h e  Ti5Ga4 
s t r u c t u r e ) .  L a t t i c e  cons tan t  changes produced by s e l f - ( B ) i n t e r s t i t i a l s  may sometimes mimic 
those produced by f o r e i g n  ( Z )  elements, so more than  a q u a l i t a t i v e  change i n  l a t t i c e  dimen- 
s ions  may be necessary t o  e s t a b l i s h  t h e  fo rma t ion  o f  a g i v e n  t e r n a r y  phase. The wide range 
of  main-group elements t h a t  fo rm t h e  b i n a r y  phases a l s o  means t h a t  some B-Z in te rchange may 
occur  i n  some systems, p a r t i c u l a r l y  a t  a r c  temperatures,  b u t  o r d e r i n g  seems t o  be achieved 
f a i r l y  r e g u l  a r l y  on anneal i ng , 

The chemis t r y  and va lence p r o p e r t i e s  o f  these extended c l u s t e r  systems a r e  s i g n i f i c a n t l y  
more v a r i a b l e  than  f o r  t h e  f a i r l y  e l e c t r o n - p r e c i s e  c l u s t e r  and extended c l u s t e r  h a l i d e s  
no ted  above. 
s i m i l a r .  As m igh t  be a n t i c i p a t e d  f rom t h e  e a r l i e r  remarks r e g a r d i n g  t h e  va lence 

Con t inua t ion  o f  t h i s  t r e n d  t o  g i v e  i s o l a t e d  c l u s t e r  p n i c t i d e s  o f  t h e  

The l a t t e r  seems t o  app ly  r e g u l a r l y  t o  m e t a l - r i c h  p n i c t i d e s  o f  

One major  excep t ion  i s  compounds w i t h  t h e  

Very 

The b read th  o f  t h e  b i n a r y  M5B3 phases t h a t  fo rm w i t h  t h i s  s t r u c t u r e  and 

The c o n f a c i a l  cha in  i s  ve ry  s i m i l a r  t o  those 

T h i s  con f i rms  

Temperatures o f  900 - 1200°C are  

On t h e  o t h e r  hand, t h e  l o c a l  Zr-Z bonding i n t e r a c t i o n s  shou ld  be r a t h e r  
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( a )  ( b )  

Fig. 3. 
Zr5Sb3 (ref. 30). Antimony - large circles, zirconium - medium circles, 
interstitial Z - small circles. The confacial chain of zirconium(2) octahedra 
in (a) contains the interstitial site for Z. 
linear zirconium(1) chain in (b) are the same as those sheathing the octahedral 
chain in (a). 

The separate chains in the Mn5Si3 type structure, as determined for 

The antimony atoms about the 

characteristics of "polar intermetallics", many of these host M5B3 phases are metallic, and 
we shall keep book not on the cluster-centered bonding electron population but on the total 
number of electrons in the conduction band in the hosts and in the ternary products with Z. 
Thus Zr5Sb3 has 5.4 - 3-3 = 1 1  electrons per formula unit in the conduction band, a quantity 
that we designate as n. 
achieve the n = 0 state through choice o f  the host or Z, or both, has also been investigated 
in several systems. 
compound (Zintl phase), conventionally a semiconductor. Resistivity studies relating t o  
this end point are underway. Distortions in low-n systems that might be o f  a Peierls or 
other character and lead to band splitting have not been seen; on the other hand, fractional 
occupancy by Z in an ordered manner does lead to some interesting superstructures (ref. 
36,37). 

Zr, Sba host: n = 11 
The amazing ability of the Zr5Sb3 host to bond interstitial atoms with a wide range of 
chemical properties is summarized by the following list of those that have been incorporated 
(ref. 37): 

The ability to tune these systems s o  as to either approach or 

The n = 0 limit naturally represents the formation of a valence 

C 0 
A1 Si P S 

Co Ni Cu Zn Ga Ge As Se 
Ag Sb 

The majority of the Zr5Sb3Z products have been identified on the basis of the formation of 
single phase samples with appropriate and reproducible shifts in Guinier-based lattice 
parameters following stoichiometric reactions by powder sintering or vapor phase transport. 
Several single crystal studies have naturally been much more informative about both 
dimensional changes within the host and the stoichiometry. 
occurrence of self interstitials in the solution Zr,Sb,,,, 0.0 I. x 5 0.4 (x # l ) ,  correlates 
with an apparent ease of mixed Sb-Z interstitial formation in single crystals grown under 
arc-melting conditions. For example, an early report of the formation of Zr5Sb30, (ref .  31) 
probably pertained to a Zr5Sb3cx sample instead, since an authentic oxide sample exhibits 
significantly smaller dimensions than the binary solution. 
particularly complicated by both self interstitials with antimony and an antimony-poorer 
ternary phase (ref. 36). 

On the other hand, the 

The system with Z = Fe is 
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The d e n s i t i e s - o f - s t a t e s  r e s u l t s  f rom an extended-HUckel band c a l c u l a t i o n  f o r  t h e  Zr5Sb3 hos t  
a re  shown i n  F i g u r e  4. T h i s  emphasizes t h e  va lence c h a r a c t e r i s t i c s  a l ready  a n t i c i p a t e d  i n  a 
general  way. P r o j e c t i o n s  o f  t h e  Sb 5p and Z r  4d o r b i t a l  c o n t r i b u t i o n s  show t h a t  a l l  o f  t h e  
antimony 5p (and 5s) bonding and nonbonding s t a t e s  occur  i n  a l ow  l y i n g  va lence band(s) 
w h i l e  o n l y  t h e  Z r l  ( l i n e a r  cha in )  and Zr2 ( cha in  o f  oc tahedra)  atoms (F ig .  3) make 
s i g n i f i c a n t  c o n t r i b u t i o n s  t o  t h e  conduct ion  band. The f o r m a t i o n  o f  an i n t e r s t i t i a l  
d e r i v a t i v e  f rom t h i s  w i l l  i n  a genera l  sense u t i l i z e  some o f  t h e  e l e c t r o n s  and z i r con ium 
o r b i t a l s  i n  t h e  (approx imate ly  nonbonding) conduct ion  band t o  fo rm Zr-Z bonds w h i l e  
r e t a i n i n g  w i t h  l i t t l e  a l t e r a t i o n  t h e  dimensions and s t r o n g  va lence bonding o f  t h e  hos t .  

-7  - 6  -5 - 4  -3 - 2  - 1  0 1 2 3 4 

eV 

F i g .  4. 
c a l c u l a t i o n ,  24 k p o i n t s ,  EF = 0)  w i t h  t h e  Z r  4d and Sb 5p o r b i t a l  c o n t r i b u t i o n s  
p r o j e c t e d  ou t .  
(a)  and (b),  r e s p e c t i v e l y ,  i n  F ig .  3. Other  a tomic  o r b i t a l s  a re  un impor tan t  i n  
t h i s  r e g i o n .  

The d e n s i t i e s - o f - s t a t e s  r e s u l t s  f o r  Zr5Sb3 (extended-Huckel  

The Zr2  and Z r l  atoms a r e  i n  t h e  c o n f a c i a l  and l i n e a r  cha ins ,  

F igu re  5 shows f o r  comparison t h e  comparable c a l c u l a t i o n a l  r e s u l t  f o r  Zr5Sb3S. As 
genera l i zed  above, t h e  p r i n c i p a l  r e s u l t  i s  t h e  l o s s  o f  two e l e c t r o n s  (and some Z r  4d s t a t e s )  
f rom t h e  conduc t ion  band and t h e  appearance o f  S 3p (and some more Z r  4d) bonding s t a t e s  
t h a t  ove r lap  t h e  l ower  energy p a r t  o f  t h e  antimony va lence band. (The Sb 5s and S 3s l e v e l s  
appear a t  h i g h e r  b i n d i n g  energ ies  (--20 eV) and a re  r e l a t i v e l y  un impor tan t . )  Ca lcu la ted  
ove r lap  p o p u l a t i o n s  emphasize t h e  g a i n  o f  Zr-Z bonding and t h e  l o s s  o f  what was o n l y  modest 
Zr-Zr bonding i n  t h e  c o n f a c i a l  cha ins  i n  fo rm ing  t h e  s u l f i d e .  On t h e  o t h e r  hand, t h e  
ove r lap  p o p u l a t i o n s  f o r  Zr-Sb, Z r l - Z r l  and Zr l -Zr2  i n t e r a c t i o n s  and a l l  Zr-Sb d i s tances  are  
v i r t u a l l y  unchanged i n  t h e  process. 
i n t e r s t i t i a l  i n c l u s i o n  show up as a l a t e r a l  expansion o f  t h e  shared faces  o f  t h e  hos t  chain,  
w h i l e  t h e  Z r l - Z r l  d i s tances  a long t h e  l i n e a r  cha in  and, t he rew i th ,  t h e  c a x i s  e x h i b i t  much 
l e s s  inc rease,  perhaps because t h i s  dimension i s  more de termined by s t r o n g  bonding i n  t h i s  
cha in .  The d r i v i n g  f o r c e  f o r  these r e a c t i o n s  seems t o  d e r i v e ,  as w i t h  t h e  e a r l i e r  i s o l a t e d  
c l u s t e r  examples, f rom t h e  fo rma t ion  o f  s t r o n g  Zr-Z bonds, b u t  w i t h  t h e  necessary va lence 
e l e c t r o n s  r e q u i r e d  coming f rom t h e  conduct ion  band supp ly .  The Zr-Z bonding l e v e l s  f o r  a l l  
o f  t h e  Z examples l i s t e d  above w i l l  n a t u r a l l y  n o t  l i e  w i t h i n  t h e  Sb 5p (-Zr) va lence band as 
descr ibed above f o r  s u l f u r .  

Zr5 Sn3, Zr5 Pb3 hosts: n = 8 
The t i n  system a t  e q u i l i b r i u m  near  11OO'C con ta ins  o n l y  t h e  l i n e  phases Zr5Sn, and Zr5Sn4, 
a l though homogeneous samples near  Zr5Sn3.3 t h a t  c o n t a i n  i n t e r s t i t i a l  t i n  can be ob ta ined  by 
a rc  m e l t i n g .  
temperature g r a d i e n t s  d u r i n g  a r c  m e l t i n g  was apparen t l y  r e s p o n s i b l e  f o r  an e a r l i e r  r e p o r t  o f  
t h e  fo rma t ion  o f  two d i s t i n c t  phases w i t h  t h i s  s t r u c t u r e  ( r e f .  38) .  
accommodated by Zr5Sn3 i s  s i m i l a r  t o  t h a t  g i v e n  f o r  antimony, v i z ,  

I n  genera l ,  t h e  g r e a t e s t  d imens iona l  changes on 

Segregat ion  o f  samples i n t o  -Zr5Sn3 and -Zr5Sn3.3 compos i t ions  induced by 

The l i s t  o f  Z elements 

B C N 0 
A1 S i  P S 

Fe Co N i  Cu Zn Ga Ge As Se 
Ag Sn 
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F i g .  5 .  The d e n s i t i e s - o f - s t a t e s  r e s u l t s  f o r  Zr5Sb3S w i t h  Z r  4d, Sb 5p and S 3p 
o r b i t a l  c o n t r i b u t i o n s  p r o j e c t e d  ou t .  
ove r lap  t h e  va lence band o f  t h e  hos t ;  compare F i g .  4 .  

The s u l f u r  bonding and nonbonding p s ta tes  

F u r t h e r  examples w i l l  d o u b t l e s s l y  be found, b u t  t h e  m a j o r i t y  o f  t h e  omissions i n  t h i s  t a b l e  
rep resen t  nega t i ve  r e s u l t s .  The Zr5Pb3 hos t  systems have been i n v e s t i g a t e d  l e s s  tho rough ly ,  
b u t  t h e  behav io r  seems s i m i l a r ,  w i t h  t h e  f o l l o w i n g  p o s i t i v e  r e s u l t s  f o r  Z: 

A1 S i  S 
Mn Fe Co Cu Zn Ga Ge Se 

Ag I n  Sb Te 
Pb 

La5 Ge3, La5 Pb3 hosts: n = 3 
The lanthanum systems a r e  s t i l l  under e x p l o r a t i o n ,  b u t  severa l  aspects a re  a l ready  i n  
evidence. Expanded Mn5Si3 s t r u c t u r e s  r e a d i l y  r e s u l t  f o r  La5Ge3Z w i t h  Z = Fe, Ru, Co, N i ,  Cu, 
B, C, P o r  As, and new s u p e r c e l l s  occur  w i t h  some meta l s  f o r  ordered, f r a c t i o n a l  Z .  
L ikewise ,  t h e  l e a d  analog forms i s o s t r u c t u r a l  compounds w i t h  B, C, Mn, Fe, Ru, Co, N i ,  Cu, 
Sb o r  B i ,  It i s  i n t e r e s t i n g  t h a t  b i n a r y  La-Fe compounds a r e  unknown. 

React ions o f  these La5(Ge,Pb)3 (n  = 3) hos ts  w i t h  equ imolar  amounts o f  Z = S i ,  Ge, Sn (and Z 
= Pb f o r  B = Ge), a l l  o f  which r e q u i r e  f o u r  more va lence e l e c t r o n s ,  u n i f o r m i l y  g i v e  a 
q u a n t i t a t i v e  y i e l d  o f  La5(Ge,Pb)3Z i n  t h e  Sm5Ge4 s t r u c t u r e .  (Whether t h e r e  i s  o r d e r i n g  o f  Ge 
o r  Pb and Z i s  n o t  known.) 
a l ready  o u t l i n e d  s i n c e  occupa t ion  o f  t h e  va lence l e v e l s  o f  b o t h  t h e  main group element (6 )  
and Z shou ld  produce n = -1, i .e., w i t h  one h o l e  i n  t h e  va lence band. The usual  consequence 
o f  t h i s  p o s s i b i l i t y  i s  t h e  same as w i t h  many o t h e r  Z i n t l  phases ( r e f .  6), t h e  fo rma t ion  o f  
B-B (6-Z o r  Z-Z) d imers  equal  i n  number t o  o n e - h a l f  t h e  number o f  p o t e n t i a l  ho les ,  and t h i s  
i s  e x a c t l y  what t h e  Sm5Ge4 s t r u c t u r e  rep resen ts .  A phase w i t h  an i n t e r s t i t i a l  occupancy o f  
0.75 o r  l e s s  wh ich  would s t i l l  a l l o w  r e t e n t i o n  o f  t h e  Mn5Si3 s t r u c t u r e  (n 2 0) does n o t  
appear t o  be s t a b l e  f o r  Z = S i ,  Ge. The occupancy w i t h  Z = B, C i s  n o t  c l e a r  a t  t h i s  t i m e .  

M5 B3 hosts: n = 1 
F i n a l l y ,  t h e  same Mn5Si3 s t r u c t u r e  i s  known t o  r e s u l t  f o r  most members o f  t h e  f a m i l y  
(Ca, S r ,  Ba)5(As,Sb,Bi)3. A few a l s o  e x h i b i t  t h e  r e l e v a n t  /?-Yb5Sb3 t y p e  s t r u c t u r e  - below. 
A l l  o f  these M5(Sb,Bi)3 examples have r e c e n t l y  been found t o  a l s o  fo rm i s o s t r u c t u r a l  
c h l o r i d e s  M5(Sb,Bi)3C1 ( n  = 0) and, f o r  t h e  t h r e e  examples s tud ied ,  bromides as w e l l .  The 
volume increases  observed on c h l o r i d e  fo rma t ion  a r e  o n l y  o n e - f o u r t h  ( w i t h  ca lc ium)  t o  one- 
h a l f  (bar ium) o f  t h e  s tandard  va lue  f o r  a c h l o r i d e  ion ,  i n d i c a t i n g  how much o f  t h e  c a v i t y  i s  
a l ready  a v a i l a b l e  i n  t h e  b i n a r y  phase. Again, t h e  p r i n c i p a l  d imens iona l  change appears t o  
be i n  t h e  shared face  o f  t h e  oc tahedra l  cha in .  The compounds Ce5(Sb,Bi)3 (n  = 3) a l s o  form 
analogous c h l o r i d e s  and bromides (n  = 2 ) .  The 5:3 a l k a l i n e - e a r t h - m e t a l  compounds w i t h  B = 
S i ,  Ge, e t c .  ( n  = -2) occur  i n  t h e  Cr5B3 s t r u c t u r e  w i t h  B-B  dimers,  i n  complete analogy w i t h  
t h e  l an than ium examples c i t e d  above. 

It was no ted  above t h a t  some o f  these a l k a l i n e - e a r t h - m e t a l  b i n a r i e s  fo rm a r e l a t i v e l y  
complex 8-Yb5Sb3 s t r u c t u r e  as w e l l .  A s u i t a b l e ,  preformed b u t  smal l  i n t e r s t i t i a l  c a v i t y  and 

T h i s  re . su l t  i s  i n  complete accord  w i t h  va lence expec ta t i ons  
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one va lence e l e c t r o n  a re  a l s o  a v a i l a b l e  i n  t h e  known o r  h y p o t h e t i c a l  examples o f  t h i s  
s t r u c t u r e  t y p e  f o r  t h e  b i n a r y  ca l c ium phases, and t h e  f l u o r i d e s  Ca5(Sb,Bi)3F w i t h  t h i s  
s t r u c t u r e  can a l s o  be syn thes ized (bu t  n o t  Ba5Sb3F). Approp r ia te  amounts of  i od ide ,  ox ide  
o r  s u l f i d e  a l l  fo rm Z i n t l  phases w i t h  o t h e r  s t r u c t u r e s  ( r e f .  39). 

Both f l u o r i d e  and c h l o r i d e  a re  p l a u s i b l e  i m p u r i t i e s  i n  t h e  a l k a l i n e - e a r t h - m e t a l  samples t h a t  
were a v a i l a b l e  i n  p a s t  decades, and so e a r l i e r  r e p o r t s  on t h e  A5B3 b i n a r y  compounds may have 
a c t u a l l y  p e r t a i n e d  t o  t h e  t e r n a r y  ha1 ides .  Un fo r tuna te l y ,  l a t t i c e  dimensions a re  t h e  o n l y  
p r a c t i c a l  means o f  comparison, and some o f  t h e  o l d e r  va lues  were n o t  v e r y  accura te .  
However, i n  a l a r g e r  con tex t ,  t h e r e  a re  p robab ly  many r e p o r t e d  phases t h a t  unknowningly 
conta ined,  o r  were s t a b i l i z e d  by, a d v e n t i t i o u s  i m p u r i t i e s  i n  s i m i l a r  r o l e s .  Whether the re  
are  such chemical  and s t r u c t u r a l  r o l e s  f o r  e s s e n t i a l  i n t e r s t i t i a l s  i n  impor tan t  a l l o y  
systems i s  g e n e r a l l y  unknown b u t  a t a n t a l i z i n g  prospec t .  
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