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Ligand Field Splitting in Seven (~oordinated NbF~--Type Complexes 
By 

M. RANDI~ and Z. MAKSI~ 

The splittings of d-orbit~ls for seven coordinated complexes of the type NbF7 2- is calcu- 
lated using a point charge model. The perturbed energies are expressed as ~ function of 
)~ ~ G.2/Gt.  The results are very sensitive on assumed geometrical angles of the molecule. 

Es wurde die Aufspaltung der d-Zust~nde fiir siebenkoordinierte Komplexe des NbIO~2- 
Typs mittels eines Punktladungsmodells bereelmet. Die St6rungsenergien werden als Funk- 
tion yon 2. = G 2 / G t  gegeben. Die Ergebnisse h~ngen empfindlich yon den angenommenen 
Bindungswinkeln ab. 

La s6paration des orbitales d dans les complexes s sept ligandes du type NbF~2-est caleul6e 
d'apr~s la m6thode ~ charges ponctuelles. Les 6nergies de perturbation sont donn6es elI fonc- 
tion de ~ = G J G  a. Les r6sultats sont tr~s sensibles envers los angles de valence adopt6s. 

I n t r o d u c t i o n  

Calculat ions of e lec t ros ta t ic  pe r tu rba t i ons  of  d-orbi ta ls  in complexes  based  on 
the po in t  charge model  involve  severe s implif icat ions [ l, 5]. However ,  the  refine- 
men t s  which i t  is necessary  to  in t roduce  are based  on empir ica l  es t imates  of  the  
cont r ibu t ions  of  the  l igands,  and  in mos t  cases there  is a considerable  u n c e r t a i n t y  
as to  the  sui table  choice of  pa ramete rs ,  so t h a t  the  results ,  especial ly  for less 
symmet r i ca l  molecules wi th  several  non-equ iva len t  bonds,  are no t  ve ry  reliable.  
Crys ta l  field calculat ions give some ins ight  in to  the  re la t ive  energies of  d-orbi ta ls  
for such molecules and  are useful  for a discussion of  the i r  bonding  and spectra .  
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Pig. 1. The molecular structure and the orientation of Nbt~7 ~- relative to x,  y ,  z coordinate axes 
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I n  th is  p a p e r  we will consider  the  sp l i t t ing  of  the  d-orbi ta ls  for a seven coor- 
d ina t ed  oc tahedra l  p y r a m i d - p r i s m  of  t : 4 : 2  s t e reochemis t ry  ( symmet ry  C2v, Fig.  1). 
This a r r angemen t  of hgands  is fo rmed i f  a seventh  a tom is p laced  outs ide a rectan-  
gu la r  face of  a d i s to r t ed  trJgonal  pr ism.  I t  has  been r epor t ed  for N b l ~ -  and  T a F t -  
in  K 2 N b F  7 and K2Tal~ 7 respec t ive ly  [d]. The  numer ica l  example  given la te r  is 
based  on the  geometr ica l  pa r ame te r s  of  the  N b F ~ -  complex.  A shor t  discussion on 
the  choice of  app rop r i a t e  basis  funct ions  is presented .  

Symmet ry  Considerations 

H A ~ r M A ~  and  K6~r [3] have  eva lua t ed  the  e lec t ros ta t ic  p e r t u r b a t i o n  
m a t r i x  e lements  for d-orbi ta ls  due to  a hgand  in a genera l  posi t ion.  Their  formulae  
for H ~  =_ <m~ I V I ink>, where m = 2, t ,  0, - 1, - 2 are va l id  for any  number  of  
l igands  and  a n y  geometry .  They  are well su i ted  for geometr ies  wi th  axia l  sym-  
met r ies :  Cn, Cnv, and  Dnh with  n = 3, 5 and  higher.  I n  these cases, orb i ta l s  
forming _+ m pairs  r ema in  degenera te  and  the  q u a n t u m  n u m b e r  m re ta ins  i t s  

Table t 
Coordinates ~, ~vl /or ligands in NbF27--type structures 

Atom 
idealized geometry 

45 ~ 
135 ~ 

76 ~ 225 o 
3~5 ~ 

0 o 
142 ~ 180 ~ 

0 o 

actual geometry 

50 ~ 
130 ~ 

76 ~ 230 ~ 
310 ~ 

0 o 
142 ~ 180 ~ 

0 ~ 

significance. I n  sys tems  wi th  C2 and  C 4 axes however ,  a be t t e r  choice for t he  
basis are d-orb i ta l s  in the i r  real  form, namely ,  dxy, dxz, dyz, dx2-~ and  dz~, since 
these  orb i ta l s  are  also eigenfunct ions of  the  s y m m e t r y  opera t ions  and  t hus  
op t ima l ly  factorize the  secular  equat ions .  The  resul t  is a larger  n u m b e r  of  zero 
off-diagonal  elements .  Thus,  for example ,  in the  case of  a seven coord ina ted  
s t ruc ture  such as we will consider  an  add i t iona l  six off-diagonal  e lements  are 
zero when su i t ab ly  or ien ted  real  d-orbi ta ls  are employed  as the  basis.  

The  re la t ionship  be tween  the  two bases is :  

0 0 0 0)(0  
) = o ilV  ilV  o o 

o o o 

The l igand field m a t r i x  e lements  of  the  two represen ta t ions  are  r e l a t ed  th rough  

H~k = T -1 H/~ T 

where T is the  above  men t ioned  t r ans fo rma t ion  m a t r i x  be tween  the  d-orbi ta ls .  
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The l igand field ma t r ix  elements  with real d-orbitals used as the  basis have  been 
recent ly  given b y  Co~rA~Io~  and K o M ~ Y ~ s K Y  [2] ~. 

Results 

The magni tude  of the  spli t t ings of  the  d-orbitals and the  relat ive order of  the 
new energy levels for a par t icular  molecule depend, to some extent ,  on the details 
of  the assumed molecular  pa ramete r s :  its geomet ry  (bond angles and bond  lengths) 
and the  assumed analyt ical  form of  the  central  a t o m  orbitals. We consider two 
models:  t .  an idealized geomet ry  for seven coordinated NVbF~ - complex b y  assuming 
the  equator ia l  ligands to  form a square;  2. the real geomet ry  defined by  a dis tor ted 
square, the  angles ~t being a l te rna t ive ly  changed b y  + 5 ~ All bonds are assumed 
of equal  length, and the observed values for angles ~ are used [4] (see Tab.  t). 
Bo th  models  belong to the s y m m e t r y  point  group Csv. The non-vanishing elements  
H~j are given in Tab.  2, where the  secular de te rminan t  is factorized into blocks 
belonging to different representat ions  of  the group Cur. Here  e 2 = l ,  G~/G a = 2 
and Go = 0, G4 -- l ,  i.e. G o is the zero posit ion on the  energy scale, while Ga is a 
uni t  of  t h a t  scale. 

o o  

= (r) r ~  1 r ~ dr.  
0 

The per tu rbed  energies we expressed as funct ion of 2. They  are listed in Tab.  3 
for 2 = 2, 3, 4, together  with linear combinat ions  of dz2 and dx~-y2 associated with 
the corresponding roots  of  the quadrat ic  equat ion  for the  representa t ion  A r 

D i s c u s s i o n  

I t  is difficult to es t imate  accurate ly  the order  of  the  d-orbitals for cases in 
which two or more  orbitals are oriented in similar ways towards  ligands. In  our 
example,  should dyz be more  stable t han  dx~-y, ? Bo th  these orbitals avoid ligands 
fairly efficiently. I t  appears  t h a t  for the  idealized geomet ry  dyz is more  stable t h a n  
the  orbi ta l  W1 associated with El,  a l though the  difference in stabil ization is small. 
Another  feature  of  the  calculations to notice is the dependence of the  coefficients 
of  Y~I and ~0~ on 2. Al though W1 orbitals are p redominan t ly  dx2-y~ they  do contain 
an increasing fract ion of d~ as 2 increases. When  the  ac tual  geomet ry  is con- 
sidered however,  a considerable change in the  orbi tal  energies occurs, par t icular ly  
for dxz and duz. The result  is t h a t  the orbi tal  ~01 (predominant ly  dx~-y~) which 
remains  approx ima te ly  cons tant  in energy on changing the  geometry ,  is now 

* Some corrections have to be made in ref. [2] and [3]. In ref. [2] in Tab. 1 replace sin 2 ~0~ 
by sin ~0~ in the definition of G~r In ref. [3] the elements (2 I V I l ) and ( - 2 I V [ - i ) 
should read: 

(21 v t ~ ) =  - < - ~ l v ] - 2 >  

= e ~ r . f {  5 sin a~ (, cos ~ ,  - 3 cos ~0 G,} 7 e - t ~  - 3 cos v~i sin vq~ G2 + ~ -  

( - 2 1 V l - t > = -  (~ I V12> 

= - ~ T  ~ ~'~' { -  3 oos a, sin ~ G ~ +  A~2 ~in a, (7 oo~ ~ a , - 3  co~ a,)G,} 

In the elements (1 [ V [ 0 ) and ( - I ] V [ 0 ) insert similarly sin vat as a factor of G a. 
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subs t an t i a l l y  more  s table .  There  is also a difference in  the  behav iou r  of ~01 to a 
change of  4: as ~ increases the  con t r ibu t ion  of  dz~ (wbJch is now of  oppos i te  sign!) 
decreases.  I t  is in te res t ing  to  note  how s t rong ly  the  spl i t t ings  of  d-orbi ta ls  depend  
on small changes in the  geome t ry  of the  molecule.  This is a ve ry  i m p o r t a n t  fact  
to  be k e p t  in m i n d  when simplif ied models  are considered,  or calculat ions  for 
s imilar  molecules  are compared .  
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