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Bor ides  const i tute  a widely used c l a s s  of. r e f r a c t o r y  compounds,  with applicat ions in many branches  of 
engineer ing.  Among compounds known as in te rs t i t ia l  phases  they occupy a specia l  posi t ion owing to the fact 
that,  unlike carbon,  nitrogen, hydrogen,  and oxygen a toms,  boron a toms are  of a s ize  enabling t hem to f o r m  
in a la t t ice  d i rec t  B -  B bonds, whose p r e s enc e  br ings bor ides  c lose  to the l imi t  of applicabi l i ty  of Hagg' s 
rule .  As a resul t ,  a s ta r t ing  meta l l i c  la t t ice  may,  even in the c a s e  of lower  bor ides ,  undergo apprec iab le  
changes .  

The  re la t ionsh ip  between the composi t ion,  s t ruc tu re ,  and type of chemica l  l inkage of bor ides  is a com-  
plex one, and because  of this no comprehens ive  s y s t e m  of c lass i f ica t ion  has as yet  been devised for  these  
compounds.  Kiess l i ag  [1] has a t tempted to c lass i fy  bor ides  according to type of c r y s t a l  s t r uc tu r e .  Taking  as 
a bas i s  the fo rma t ion  by boron atoms of va r ious  s t ruc tu ra l  e lements ,  he has shown that boron a toms in bor ides  
e i ther  occupy i so la ted  posi t ions or  f o r m  pa i r s  or  chains of va ry ing  deg rees  of complexi ty  (straight ,  z igzag-  
shaped, and b ranched  chains ,  bands,  plane or  co r ruga ted  gr ids ,  and two-  and th ree -d imens iona l  cel ls ) .  In Fig.  
1 a re  shown the poss ib le  s t ruc tu ra l  e lements  fo rmed  f rom boron a toms in bor ides .  A c lass i f i ca t ion  according 
to a key s t r u c t u r e - d e t e r m i n i n g  fac tor  - a tomic  s ize  - does not s e e m  to have a suff ic ient ly  b road  ba s i s .  N e v e r -  
the less ,  it enables  us to r e v e a l t o  a f i r s t  approx imat ion the  fundamental  fea ture  dist inguishing bor ides  f r o m  in- 
t e r s t i t i a l  phases  p rope r ,  viz . ,  the format ion  in bor ides  of di rect  B - B  bonds. 

The  type of c r y s t a l  s t r u c t u r e  of a compound is ,  of course ,  de te rmined  by the composi t ion  of the c o m -  
pound and the type  of i ts  chemica l  l inkage.  The  composi t ion of a compound in tu rn  depends on the  valence ,  
e lec t ron  concentra t ion,  and s i ze  of  i ts  a toms and also on ce r t a in  s t ruc tu ra l  c h a r a c t e r i s t i c s .  Examinat ion  of 
this complex  set  of  f ac to r s  p rov ides  information concerning the influence exer ted  by t hem on the fo rmat ion  
of var ious  types  of chemica l  l inkage in bor ides .  

So f a r  80 boron-conta in ing  b inary  s y s t e m s  have been invest igated,  and it is known that  compounds a re  
fo rmed ,  by meta l s  of Groups Ia -VII Ia ,  c rys ta l l i z ing  in m o r e  than 30 s t ruc tu ra l  types ,  only in 60 of t hese  s y s -  
t e m s ;  the e lements  of Groups Ib-IVb do not f o r m  compounds with boron.  

Apar t  f r o m  this ,  it may  be noted that the s t ab i l i t yo fbo r ide s  of me ta l s  of the long per iods  d e c r e a s e s  with 
inc reas ing  a tomic number ,  so that  no copper  bor ides  a re  fo rmed .  C u - B ,  A u - B ,  and A g - B  a re  s imple  eutect ie  
s y s t e m s  analogous to s y s t e m s  composed  of ca rbon  and a Group III or  VIII me ta l .  The  g r ea t e s t  number s  of 
bor ide  phases  of  different  boron contents  a r e  f o rmed  by the  r a r e - e a r t h m e t a l s  and the  Groups I I I -VII I  t r a n s i -  
t ion me ta l s ,  for  which va r ious  va lence  s t a t e s  l inked with the  over lapping of d, f, p, and s o rb i ta l s  a re  poss ib le .  

Among the impor tan t  f ac to r s  on which the composi t ion  of boron compounds depends a re  the d imensional  
fac tor ,  allowing in the f i r s t  place for  the  a tomic  s ize  ra t io  r B / r M e  , the e l ec t rochemica l  factor ,  l inked with 
e lec t ron ic  t r ans i t ions ,  and e lec t ron  concentra t ion ,  de te rmined  by the degree  of  local izat ion and delocal izat ion 
of e l ec t rons .  All t hese  f ac to r s  a re  i n t e r r e l a t ed  and depend on the posit ions of the e lements  involved in the 
Per iod ic  Sys tem.  

During the  fo rma t ion  of  bo r ides ,  at the  instant  of reac t ion  between a toms the s ta tes  of  all  e lec t rons ,  
espec ia l ly  valence  e lec t rons ,  change;  the e lec t rons  of a toms of the s imple  subs tances  mus t  pass  f r o m  the s, 
d, and f s t a tes  to the  p s t a t e s  of boron (configuration 2s22p I of the outer  e lec t ron  shell  of the boron atom) 
with the s imul taneous  fo rmat ion  of sXp y configurat ions of high degree  of s tabi l i ty .  Th is  may  be effected both 
by s ing l e -e l ec t ron  s ~ p t r ans i t ions  (s2p ~ sp 2) and by e lec t ron  exchanges  between boron a toms  (sp 2 + sp 2 ~  

sp 3 + sp). 

Thus,  during the fo rmat ion  of a bor ide  the outer  e lec t rons  become red i s t r ibu ted  and the s p  2 and sp 3 
e lec t ron  conf igurat ions  c h a r a c t e r i s t i c  of  s t rong  covalent  bonds a r e  fo rmed .  The ro le  of the sp ~ and sp 3 
e lec t ron  s ta tes  changes  depending on the donor abil i ty of a toms of the s imple  subs tances  reac t ing  with boron 
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Fig. 1. S t ruc tu ra l  e l emen t s  
a s sembled  f r o m  boron a toms 
in bor ides :  a) i sola ted boron 
a toms ;  b) pa i r s  of boron a toms;  
e) z igzag- shaped  chains;  d) 
s t ra igh t  chains;  e) b ranched  
chains;  f) double chains;  g) 
chain const ruct ion;  11) co r ruga ted  
plane and s tacked  g r id s .  

a toms  to f o r m  bor ide  phases .  It is the var ious  combinat ions  of s2p, sp, sp 2, and sp 3 e lec t ron  configurat ions 
that  account for  the mult i tude of s t r uc tu r a l  types  in which bor ides  c r y s t a l l i z e .  

The d i f fe rences  in s t r u c t u r e  between the va lence  shel ls  of i so la ted  a toms of s imple  subs tances ,  which 
de te rmine  the poss ib i l i ty  of s table  e lec t ron  configurat ions being fo rmed  by the loca l ized  par t  of va lence  e l ec -  
t rons ,  const i tu tes  the bas i s  of a division of all chemica l  e lements  into th ree  main c l a s s e s  of  e lec t ronic  analogs 
[7]. Accordingly,  the  compounds f o r m e d  by the reac t ions  of va r ious  e l emen t s  with boron can be divided into 
t h r ee  c l a s s e s :  

1. Bor ide  phases  f o r m e d  by s e lements  having outer  s e lec t rons  with comple te ly  f i l led o r  comple te ly  
unfilled deeper  e lec t ron  she l l s .  

2. Bor ide  phases  f o r m e d  by ds and fds e lements  with a toms having incomple te ly  f i l led d or  f, d subshe l l s .  

3. Boride  phases  f o r m e d  by sp e lements  having va lence  s, p e l ec t rons .  

To  the f i r s t  c l ass  belong bor ides  of alkali  me ta l s ,  be ry l l ium,  magnes ium,  and a lka l ine -ea r th  me t a l s .  In 
a lkal i  me ta l s ,  whose i so la ted  a toms a re  c h a r a c t e r i z e d  by s i va lence  e lec t ron  conf igurat ions ,  some s table  s 2 
configurat ions a re  f o r m e d  whose energe t ic  s tabi l i ty  d e c r e a s e s  with inc reas ing  pr incipal  quantum number .  
Because  of th is ,  the f i r s t  ionizat ion potent ials  monotonical ly  fall f r o m  l i thium to  ces ium,  a fu r the r  slight fall  
being r eco rded  with f ranc ium (Table 1). The compara t i ve ly  sharp  fall  in ionization potent ial  obse rved  on 
pass ing  f r o m  sodium to po t a s s ium is l inked with a pa r t i a l  t r ans i t ion  of va lence  e lec t rons  to the comple te ly  
vacant  3d s ta tes  of p o t a s s i u m  and following e l emen t s .  Under these  conditions,  the s 2 configurat ions a re  d is -  
tu rbed  and ionization of a toms is faci l i ta ted.  

Thus,  on pass ing  f r o m  l i thium to sodium and po ta s s ium the energe t i c  poss ib i l i ty  of d e lec t rons  p a r t i c i -  
pating in the se t t ing up of bonds during a r eac t ion  with boron  g rows .  Li thium has the leas t  affinity for  boron,  
arid consequent ly  with this  me ta l  compounds of lower  s y m m e t r y  can be expected to f o r m  compared  with 
sodium and potass ium,  and pa r t i cu l a r ly  magnes ium and aluminum, for  which, in accordance  with the  diagonals 
rule,  alkali  me ta l s  have a good affinity [3]. The  a tomic  radius  of l i thium is of the s ame  o r d e r  as that of  m a g -  
nes ium.  F r o m  spat ia l  g e o m e t r y  cons idera t ions  it follows that  in the  Li-- B s y s t e m  the re  should exis t  the 
diboride LiB 2 wi th the  AIB 2 s t r u c t u r e .  Hofmann'  s study of the behavior  of l i thium bor ide  of approx imate  c o m -  
posi t ion LIB2.15 has shown that  l i thium diboride is an e x t r e m e l y  unstable  compound which decomposes  in a i r  
and d i s so lves  in methanol  [4]. 

As r e g a r d s  the  ex is tence  of alkali  meta l  hexabor ides ,  opinions v a r y .  According  to  Nas la in  [5], sodium 
and po ta s s ium f o r m  hexabor ides  with the CaB 6 s t r u c t u r e  in which bor ides  of a lka l i ne -ea r th  and r a r e - e a r t h  
me ta l s  c ry s t a l l i z e ;  l i thium, too,  f o r m s  a hexaboride,  but the s t ruc tu re  of th is  compound is m o r e  complex  than 
CaB 6 . 
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TABLE 1. Some Physica l  Charac te r i s t i c s  of Alkali Metals, Aluminum, and Magnesium 

[Elec- Cova- Atom j [Atom-list (2nd) Ioniz. Electro- Melting Boiling [Den- 
[tronic Metal }st.ucture llent. I~ l~lliC |I~ radius'ltcv~176 ] energy, negati~-t . . . ,s,tv ]~a~zus,~tadiu.%l~ l~3 /potential, kcal/g- ity poznt, C point, C [ g / '  Phases forming with boron 

eV mole [ e r a  s . 

Li sz2s z i ,34 1,57 0,68(+I) 13,1 5,39 124 0,98 186 1336 0,53 LIB,, LIB0(?), LiBz0 
(75,6) 

Na 381 1,54 1.90 0,97(-{-1) 23,7 5,14 119 0,93 97,5 880 0,97 NaBs(?), NaBz5 
(47,3) 

K 481 1,96 2 ,35  1,33(-b I) 45,3 4,34 100 0,82 62,3 760 0,86 KB6(? ) 
(31,8) 

1~ 5s 1 2,11 1 ,49 1,48(q-1) 55,9 4,18 -- 0,82 38,5 700 1,53 Unknown 
( 2 7 , 5 )  

C~ 6sz 2,25 1,65 1 , 5 9 ( - ] - I )  70,0 3,89 - -  0,79 28,5 670 1 , 8 7  

( 2 5 , 1 )  

Fr  78 z - -  1,78 1,76(q- 1) -- 4,24 -- 0,7 23,5 612 2,1 

big 38 ~ 1,30 1,60 0,65(q-2) 14,0 7,63 176 1,2 650 1107 1,74 MgB 2, MgB 4, MgB e, MgBz~ 
(15,1) 

AI 38~3p x 1,18 1,43 0,50(+3) 10,0 5,94 138 1,5 660 2450 2,70 A1B s, A1B~0, AIBz~ 
(18,85) 

Examination of the possibi l i ty of the existence of alkali metal hexaborides based on the principles of 
hexaboride formation formulated in [6] leads to the conclusion that these compounds cannot exist for  the 
following reasons-  Fi rs t ly ,  the second ionization potentials of alkali metals  exceed the maximum allowable 
level of 11.5-12 eV; secondly,  on the outer  ns level of an alkali metal  the re  is only one e lectron and not two, 
as in alkaline-earth and r a r e - ea r th  meta ls ;  thirdly,  the setting up of M e - B  bonds should involve the par t ic ipa-  
tion of par t ia l ly  filled (n-  1) d levels  close to ns levels ,  and in alkali metals  such levels do not exist .  

Thus,  it must be assumed that alkali metals  and boron can only fo rm compounds of low symmet ry ,  in 
which a dominant role in the establishment of bonds is played by the electrons of boron atoms.  Such com-  
pounds, e.g., LiBIo and NaBi5 , have been obtained. 

Magnesium and a lkal ine-ear th  metals  with an s 2 outer  e lectron configuration of isolated atoms have 
many cha rac te r i s t i c s  of  the metals  of the i r  group and of nonmetals .  This  is a consequence of the s -  p 
t rans i t ion  being allowed and of the s 2 configuration being able to change into the sp configuration cha rac t e r -  
is t ic  of  nonmetals .  

A be ry l l ium atom is cha rac te r i zed  by a high probabil i ty of s ~ p t rans i t ions ,  the s 2 - - sp  equilibrium 
shifting to the right with r i se  in t empera tu re  because of the slightly g r ea t e r  energet ic  stabil i ty of sp con-  
f igurations compared  with s 2. The presence  of sp configurations tending to become stabil ized in the configura-  
t ions of higher energet ic  o rde r  sp 2 and sp a promotes  the format ion by beryl l ium atoms of complex s t ruc tura l  
elements in compounds whose atoms are  e lectron donors .  Apart  f rom this,  s ince s 2 configurations determine 
metal l ic  proper t ies  and sp configurations nonmetal l ic  proper t ies ,  bery l l ium is both metal l ic  and nonmetall ic 
in cha rac t e r .  

This cha rac te r i s t i c  fea ture  of beryl l ium manifests  i tself  also in its compounds with boron.  Beryl l ium 
borides  can be divided into two groups, one of which contains the borides BesB and Be2B , whose melt ing points 
are  low, and the other  the compounds BeB4, BeB6, and BeBg, whose melting points are c lose to those of r e -  
f r ac to ry  compounds.  The f i rs t  group of these borides has metall ic conductivity, and the second, like pure boron, 
semiconducting conductivity.  The two groups differ also in the i r  chemical  p r o p e r t i e s -  oxidation and nitriding 
ra tes  and ability to decompose hydrolyt ical ly .  BesB and Be2B and thei r  eutectic alloys hydrolyze with the 
evolution of boron hydrides,  the highest yield of the lat ter  being obtained with BesB. With r i se  in boron con-  
centrat ion in these borides the yield of boron hydrides  falls and the stability of the compounds in air  grows,  
which is indicative of a strengthening of the B - B  bonds .  The beryl l ium borides BeB 2 and BeB 6 reac t  with 
carbon, with the formation of borocarbides  of composit ion BeC2B2(B12). The higher borocarb ide  is s imi la r  in 
proper t ies  to boron carbide,  while the lower borocarb ide  has the proper t ies  of a semimeta l  [8]. 

On passing to magnesium, the energet ic  stabili ty of sp configurations diminishes and consequently the  
s 2 ~ sp equil ibrium shifts to the left.  Because of this, magnesium, while retaining some cha rac t e r i s t i c s  of 
nonmetals owing to the p resence  of atoms with sp configurations,  possesses  more  pronounced metall ic 
p roper t ies .  
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With calcium, s t ront ium,  and ba r ium the electron t rans i t ion  equil ibrium is d ~ s ~ ~ sp owing to the 
presence  in the i r  isolated atoms of a completely  empty 3d shell .  In the direction f rom calc ium to bar ium this 
equil ibrium shifts toward  s ~ d t rans i t ions ,  with a resultant  enhancement of metal l ic  p roper t i e s .  

In an examination of the e lect ronic  s t ruc ture  of  beryl l ium,  magnesium, and a lkal ine-ear th  metal atoms 
it should be borne in mind that with inreas ing principal quantum number stabili ty and the degree of localization 
into p states decrease ,  while the degree of localization into d states inc reases .  Thus, while for  beryl l ium 
(and, to a sma l l e r  extent, for magnesium) s 2 ~ sp t rans i t ions  are  energet ical ly  favorable,  for  a lkal ine-ear th  
meta ls  in the direct ion f rom Ca to Ba s 2 ~ sd  t rans i t ions  become energet ical ly  more  favorable.  

Beryl l ium and magnes ium on react ing with boron strongly resemble  sp elements,  even though they fo rm 
compounds  crys ta l l iz ing  in the A1B 2 s t ruc ture ,  which is cha rac te r i s t i c  of t ransi t ion metal  borides,  and the 
cha rac t e r  of the variat ion of the physicochemical  p roper t i es  is s imi lar  to that observed with the homologous 
se r ies  of d t ransi t ion metal  bor ides .  

Alkal ine-ear th  metals  fo rm borides which c rys ta l l i ze  in s t ruc tu res  typical  of d and f t rans i t ion  metal  
bor ides  and a re  s imi la r  in p roper t i e s  to r a r e - e a r t h  metal  bor ides .  

The second c lass  compr i ses  borides of Groups W-VIII  t rans i t ion  metals ,  r a r e - e a r t h  metals ,  and ac-  
t inides.  Borides of t rans i t ion  metals  with unfilled d electron subshells  occupy in this c lass  a special  position 
owing to the fact that the valence e lec t rons  of isolated atoms of these metals  become part ial ly local ized into 
d ~ d 5, and d 1~ configurations and par t ia l ly  remain  unlocalized and are  the re fo re  capable of passing to p s ta tes .  

Bor ides  of d and f t ransi t ion metals  fo rm homologous se r ies  of s imi la r  compounds,  and are  the re fo re  
par t icu la r ly  suitable for  studies of general  t rends  in the dependence of proper t ies  on the principal  quantum 
number  and the amount of valence electrons in atoms of bor ide- forming  e lements .  In the se r ies  of borides 
ranging f rom Me2B to MeBt2 and then to MeB66_t00 formed by d and f t ransi t ion metals  the diborides have 
received the most  attention. In these diborides the re  a r i se  mainly sp 2 configurations of boron atoms, result ing 
in a specific type of c rys t a l  s t ruc ture  s imi la r  to that of graphite,  which too is based o n  sp 2 configurations and 
is charac te r i zed  by the presence  of plane grids (grid s t ruc tures)  joined together  by collect ivized e lect rons .  
The low donor capaci ty of molybdenum and tungsten, for which the high degree  of stabili ty of d 5 configurations 
is responsible,  explains why under normal  conditions the re  a re  no diborides of these metals  and instead the 
borides Mo2B 5 and W2B 5 a r e  formed.  

It should be noted that with metals  whose isolated atoms have more  than five e lect rons  in the i r  d shells 
diboride format ion is linked with the relat ive weights of d 5 and d 1~ configurat ions.  Metals whose specific 
weights of atoms with the stable d 5 configurations is g r ea t e r  than the i r  specific weights of atoms with d 1~ con- 
f igurations fo rm diborides (these metals  a r e d o n o r s ) .  Typical  metals  of this kind are  ruthenium, osmium, 
and ir idium. Iron, cobalt,  nickel, platinum, and palladium form no diborides .  

The formation of MeB 4 is mainly observed with metals  tending to have the stable f0 fT, and ft4 configura-  
t ions .  The donor capaci ty  of lanthanide atoms is determined by the i r  tendency to form these  configurations 
with vary ing  degrees  of stabili ty.  The proper t ies  of hexaborides are  also p r i m a r i l y  linked with the electronic 
states of boron, while in the donor activity of r a r e - e a r t h m e t a l s  an important  part  is played by f ~  d t rans i t ions .  
t h e  role of metall ic  s tates in the formation of the proper t ies  of borides diminishes on pass ing f rom di- to t e t r a -  
and dodecaborides .  For  the formation of stsble dodecaborides localization of e lec t ronic  states on the boron 
sublatt ice atoms is par t icu lar ly  important .  

In the third  c lass  of borides are  compounds formed by sp elements having valence s, p e lec t rons .  The 
format ion and stabili ty of these  compounds are determined by the interact ion of sp states and the possibil i ty 
of the most  stable s t a t e s -  sp 3 and s2p 6 - ar is ing in them. For  example, in compounds of boron with nitrogen 
and phosphorus (BN and BP) the s implest  modifications form in the case  of boron atoms acquiring the valence 
e lec t rons  of ni trogen or  phosphorus ( B -  s 2 p ~  sp 2, N -  s2p 3 ~ sp 4-~ sp 3 + p, B + N -  sp 2 + sp 3 + p--* sp 3 + 
sp3), when both atoms of  each compound assume sp 3 configurat ions.  With boron nitr ide,  s t rong B -  B bonds are  
combined with - C -  B -  C-- aleinic bonds acting on the diagonals of the e lementary  cell and impart ing to the 
nitride semiconducting p roper t i es .  

Thus,  in the formation of borides the different types of interact ion are  linked with the tendency of each 
sys tem to inc rease  the degree of stability of electronic configurations of a given type.  

There  are  no c lea r ly  defined boundaries between the above c lasses  of bor ides .  Fur the rmore ,  although 
on the bas is  of the e lectronic  s t ruc tures  of metal  and boron atoms all borides can be divided into th ree  c lasses ,  
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they can also be classified according to their  crystallochemical properties into two groups. 

The first  group comprises  metal-r ich borides (phases of compositions Me4B , Me3B , Me2B , Me3B2, MeB, and 
Me~B 4) and the second, boron-r ich borides (phases of compositions MeB2, MeB4, MeB6, MeBI2 , MeB41 , and 
MeBe6_loo). The s tructures  of borides of lower boron contents are  determined by their  metallic lattices, and 
the structures of higher borides by their  boron atoms, which form strong sublattices with pronounced B -  B 
bonds. In a boride of the first  group electrons are t ransfer red  to the metal, the main role in electronic 
s t ruc tu re  being played by metallic states and in interatomic bonds by Me-Me  bonds. In a higher boride elec- 
trons are t r ans fe r red  to the boron sublattice, the main role in the electronic s t ructure  of the compound being 
now played by the sp states of boron and in interatomic bonds by B -  B bonds. The first  group of stable borides 
is made up of metals which, from the point of view of the configurational model of matter,  are acceptors of 
electrons, and the second group, of metals which are donors of electrons.  On transition from the first  to the 
second group of borides the atomic configurations of boron become transformed and the lengths of the Me-  Me 
and B -  B bonds change, the lat ter  growing shor ter  with increasing boron content in the borides, which in turn 
is indicative of an increase in the role played in them by the B -  B bonds. 
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